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act ion potent ia l  t ransfer  occurred with no measurable  delay. 
However ,  in a part ial ly uncoupled  cell pair  displaying an r n 
of  the order  of  1000 MQ,  there was no act ion potent ia l  
t ransfer  detectable.  

Conclusions 

The experiments  described in this paper  have been carr ied 
out  on  cell pairs isolated f rom adul t  ra t  and  guinea pig ventri-  
cles by means  of  an enzymat ic  procedure.  Electrical measure-  
ments  indicated tha t  the pairs  of  myocytes  remained coupled 
electrically. They represent  a convenient  cellular p repa ra t ion  
for invest igating the electrical and  pharmacologica l  proper-  
ties of  the nexal membrane .  Fu r the rmore ,  cell pairs provide  a 
useful model  to explore the characteris t ics  of  act ion potent ia l  
t ransfer  at  the single nexus level. 
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Summary. A model  for cellular prol i fera t ion  is described according to which prol i fera t ion  ensues when  metabol i sm evolves 
towards  c o m m i t m e n t  to D N A  synthesis, and  inhibi t ion  of  prol i fera t ion  occurs when  enzymic interact ions are i terated within 
a few metabol ic  pathways,  ano the r  l imiting factor  being the supply of  metaboli tes .  The  model  successfully describes cellular 
growth and  division as a 'cognit ive process '  based  on  in terac t ion  within enzymic e lements  and  the genome,  and  affords an  
explana t ion  in these terms of  some empirical p h e n o m e n a  which have previously been unders tood  only as isolated obser- 
vations.  
Key words. Cognit ive processes; metabol i sm;  evolut ion;  b iomathemat ica l  models ;  cell prol i fera t ion;  cell growth.  

Introduction 

N o  simple model  to explain the observed relat ionships be- 
tween cell volume,  cell mass,  p ro te in  synthesis, metabol ism,  
cellular morphology ,  and  cell prol i fera t ion  has  so far been 
presented,  a l though  correlat ions between these entities have 
been amply investigated. F o r  example,  a corre la t ion  exists 
between the f requency of  cell division and  growth  of  cell 
mass,  cell volume and  cell surface area per  uni t  t ime ~-6. This 
corre la t ion  tends to be s t ra ightforwardly  linear, i.e. the cells 
ma in t a in  their  size under  permissive nutr i t ive  condi t ions,  
while under  excessive or deficient nutr i t ive condi t ions  %s or 
dur ing  moru la  fo rmat ion  in embryogenesis ,  the t iming of  the 

de te rmina t ion  of  size may  lag one or more  cell generat ions.  
Both  c o m m i t m e n t  to D N A  synthesis 9' 10 and  subsequent  met-  
abolic evolut ion 7 tend to be probabi l is t ic  events. There  is also 
a corre la t ion  between cell division and  various metabol ic  
rates, such as t r anspo r t  of  metabol i tes  ~ tT, Ca~+_entry into 
the cell 9' 18, Na+_entry19, Na+K+_pump activityl9-zl, Na+H +_ 
exchange with cytoplasmic a lkal inizat ion 2>24 and  phospho-  
inosit ide tu rnover  25 27. Other  mitogenic  events which do not  
themselves belong to the category of  changes  of  flux include 
e.g. b ind ing  to the cell surface of  growth  factors 2~,28 3o or 
o ther  specific l igands 2~ and  prote in  kinase C-act iva-  
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tion 28,32,33, and are mostly effective via the plasma mem- 
brane 34'3s. Furthermore, a lack of distinct morphology of 
cells the metabolism of which is directed towards division has 
been noticed 36~4~ something which is also related to the lack 
of topoinhibition of growth and movement of tumorous 
cells 9, 41,42, and is one of the fundamental unsolved questions 
in cancer research 43, 44. Suppression of growth of animal cells 
is observed when the internalized quantity of the required 
metabolites has been insufficient to reach the threshold for 
commitment to DNA synthesis 7 10,45~7. This is the case, 
either when the medium contains a sub-optimal amount of 
metabolites46,47 or when the transport of metabolites is sup- 
pressed, for example by limited diffusion 9,48 or in the pres- 
ence of mitotic inhibitors 4~s4. The latter is typical of cells 
resting in the nutritious internal environment of an orga- 
nism, where morphological disassembly, enhancement of 
metabolite transport and cell division can be initiated even 
by a slight specific 2~ 22, 28 31 (or unspecific) perturbation of the 
cellular envelope 34, 3s. A reversal of this is the reversed trans- 
formation of tumor cells obtained by covering their surface 
with macromolecules 55 57 or by increasing the intracellular 
level of cyclic AMP s8 61. Following such treatment, there is a 
morphological assembly sometimes accompanied by differ- 
entiation, inhibition of transport of certain metabolites, and 
a delay or interruption of cellular division. 
The above is interpretable in terms of fluxes of metabolites, 
which mediate probabilistic interactions between enzymic 
volume elements leading to metabolic evolution within the 
framework supplied by the genome. In stationary cells, the 
same enzymic and morphological contexts are stabilized by 
iteration, while in proliferating cells the metabolic 'attention' 
is focussed along an evolving string of genomic elements, 
leading to destabilization of transient structures or enzymic 
'concepts'. This is adequately described by the formalism of 
'cognitive processes '62, 63. The model presented is compatible 
with the idea of self replication (iteration, stability) and evo- 
lution (diversity) as being the essential principles of life 6466 
and reduces the concept of metabolic control to a notion 
equivalent to 'inhibition of metabolic evolution' or 'desup- 
pression of metabolic iteration'. 

Sets of enzymes 

In order to describe cellular growth and division, the for- 
malism of 'cognitive processes '62, 63 is chosen. Metabolism is 
represented by a process involving dynamically interacting 
cognitive elements, the enzymes. Two sets of partly overlap- 
ping enzymic elements, Qx and QD, are defined; these are the 
operative enzymes working in time intervals tx and tD in the 
Go (G1) phases, and the enzymes effective from commitment 
to DNA synthesis until completion of division, respectively. 
Each element is composed of a number of sub-elements Qi, 
which represent the species of enzymes, interacting via their 
sub-elements, the metabolites, reducing equivalents and elec- 
trons. An enzyme is then considered in its widest sense, i.e. as 
an element of a biological cell which can carry and transfer 
moving sub-elements. 
After commitment to DNA synthesis, the enzymes belonging 
to QD are automatically switched on ~1~ These carry out 
identical functions irrespective of the stage of differentiation, 
while the operative enzymes identify the stage of differ- 
entiation. In subsequent cell generations, different properties 
are often expressed such that the cell line evolves according 
to the partly overlapping scheme QA -~ QD ~ Q~ ~ Qo 
Q 

C - - ~ . . .  

There is a positive correlation between the frequency of cell 
division and the rate of anabolic metabolism as reflected by 
the increase in cell mass, cell volume, and cell surface area 1-6, 
observed under permissive nutritive conditions. The timing 
of the molecular events regulating the proportionality is 

METABOLIC EVOLUTION 

% 07 2a Z ...... --% 
METABOLIC ITERATION 

Figure 1. Illustration of metabolic evolution and iteration. Sets of en- 
zymes expressed during a time interval, t, are represented by the letter Q, 
where the indices represent that at least one different enzyme is included 
or excluded relative to other time intervals. Either metabolism evolves 
towards DNA synthesis or focusses in a limited number of enzymic 
pathways (iteration). The main categories of metabolism essential for the 
survival of the cell, catabolism, movement, sporulation, anabolism, DNA 
synthesis and cell division, are indicated in the lower half of the figure, and 
the circulation or iteration of the main focus of enzymic interactions 
illustrated by arrows. 

complex 7'8 but the final outcome is that proliferating cells 
that are dependent on exogenous supply of metabolites grow 
to a size which is of the same order of magnitude as that of 
the cell from which they originated, which in the majority of 
cases implicates a linear relationship. Tbis can be interpreted 
as being due to the successive desuppression of more operons 
by the various metabolites and end products arising in a well 
nourished cell. The metabolic evolution can be described by 
the scheme Ql ~ Q2 -~ Q3 --" Q4" " " QD, i.e. the activity is fo- 
cussed at one point at a time, the transition from one set of 
enzymes to another partly overlapping one being a probabil- 
ity function of the metabolites and other desuppressive fac- 
tors present in the cell. In contrast to this, if suppressors 
operate at any point of transition between different sets of 
enzymes, or if the incoming metabolites are otherwise taken 
care of by a restricted number of pathways, the metabolic 
evolution will be replaced by iteration, concentrating on a 
few metabolic points, as described by the scheme 
QI ~-~ Q2 ~ Q 3 ~ . - -  As a consequence of the continuous input 
of metabolites and environmental changes, the emphasis on 
these points will be weighted in favor of the set of enzymes 
which most adequately responds to the actual environment 
(fig. 1). The successive activation of operons and metabolic 
pathways is rather similar, at least superficially, to the suc- 
cessive population of higher energy levels of electron shells in 
an atom. In the former case, more and more metabolic div- 
ersity and, in most cases, energy, is required to realize the 
basic elements of metabolism, while the pathways of cellular 
replication are ultimately activated. 

Probabilities of interaction 

For any rate of metabolism, there are two ways in which the 
probabilities of interaction between two enzymes, k and I, 
can increase. These are either an increase in the number of 
copies of the receiving enzyme, 1, or a decrease of the distance 
between the two interacting enzymes. The first of these mech- 
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anisms is the ' induction' of new copies of enzyme using DNA 
and RNA as templates. If an enzyme, k, can interact with Ck 
other equally accessible enzymes and one of these, 1, is vari- 
able in amount as a result of induction and breakdown, the 
probability of interaction from k to 1, Pk~, is proportional to 
the number of copies of 1 present, i f  the number of copies of 1 
is kl, the probability is given by p = kl/Ck and this increases 
for each additional copy of l  which is synthesized so that: 

k l + X  
Pkl -- ( l )  

Ck+ X 
where X is unity if a copy of the enzyme 1 has been synthe- 
sized as a result of induction and zero otherwise. 
The probability of interaction also increases if the enzymes 
are brought closer as a result of previous interactions. This is 
common in living cells, e.g. when glycolytic enzymes become 
insoluble as a result of glycolytic activity, leading to a de- 
creased pH 67, or when myosin becomes regularly spaced and 
organized during contraction 6s,69 Electron microscopic evi- 
dence indicates that most cellular proteins and enzymes are 
insoluble in cytoplasmic trabeculae which are broken down 
when metabolism stops after cytolysis 7~ The mechanisms by 
which such structures, which are called direct transfer path- 
ways 71 could be held together on the cellular level has pre- 
viously been discussed in terms of long range forces requiring 
metabolism ~. The proximity of two interacting enzymes 
means that other enzymes are shielded from the possibility of 
interaction, which can be described by replacing the number 
Ck with a smaller number Ck such that k I _< c k < C k. 
In addition to these factors increasing the probability of 
interaction, there are mechanisms which strive in the op- 
posite direction. These are physical, such as diffusion, or 
chemical, such as proteolytic breakdown or end-product in- 
hibition, and are especially evident in the Brownian motion 
observed when metabolism stops 73. Many of these processes 
are time-dependent exponential decays, either of the simplest 
kind, or with slight variations. 
Considering the above, it is reasonable to describe the pro- 
cess of metabolic interaction from one enzyme k to another 
enzyme I by the probability of interaction, Pk~+: 

k l + X  
P k l + -  e Aklr (2) 

Ck+X 

where X is unity i fa  new molecule of enzyme, 1, is synthesized 
for example as a result of induction when a metabolite has 
escaped the enzyme k to interact with the genome, k~ is the 
number of copies of the enzyme l, and c k the number of all 
enzymes with which the enzyme k can interact, taking into 
account the effective steric exclusion of other enzymes. Ck 
equals kl when the two enzymes are held together in a tight 
structure, and is a higher number than k 1 when the enzymes 
are randomized. The use of Ck in the interval kl ~< Ck < Ck 
occurs when the enzymes are compartmentalized, a common 
empirical observation. ~ is the time between a previous meta- 
bolic interaction and the actual moment when the enzyme k 
binds a metabolite to account for the interaction described 
by the equation. A is a parameter relating to the stability 
against breakdown of the enzyme 1 and of the enzymic struc- 
ture of which it forms a part. It is an inverse function of the 
amount of previous interactions within the same enzymic 
context, and is called the 'association parameter '63. Inas- 
much as c k decreases when A decreases, eq. (2) accounts for 
stabilization of an enzymic concept that is iterated. An exact 
empirical investigation is presently out of reach, but it suf- 
fices to note that with the given prerequisites, eq. (2) can be 
elaborated to describe stabilization of the probability of in- 
teraction between two enzymic elements as a consequence of 
iteration. Since the enzymes have volume, the metabolic sta- 
bilization also means stabilization of volume elements, i.e. 
increased order. Evidence of metabolic structures has pre- 

viously been reported as the 'phenomenological topography' 
of enzymes in the plasma membrane of Ehrlich ascites tumor 
cells 74. They also occur inside the cell 7~ 71 and may actually be 
obvious from the existence of sub-cellular organelles. 
The expression means that unless metabolism proceeds at a 
certain rate, r will increase, and the probability of interaction 
between the two enzymes decrease, allowing for other inter- 
actions, for example between k and m. At the same time, the 
parameter c k may increase. Therefore, eq. (2) allows for ex- 
tinction of metabolic pathways which are not used, or which 
are inhibited by end products, and for their replacement by a 
stage of metabolic 'trial and error',  which includes increased 
access to DNA of previously caged or consumed metabo- 
lites. This is compatible with the finding that the number of 
enzymic sites often exceeds that of the appropriate metabo- 
lites in the animal cell 7~. 
The expression in eq. (2) describes that interactive enzymic 
structures are maintained by the ongoing metabolism and, in 
particular, if the metabolized substances are qualitatively 
identical and there is no accumulation of inhibitory end 
products, that the same structures are maintained for a long 
time. This may be evidenced, for example, by the increasing 
structuredness of the cytoplasmic matrix as the cell cycle 
proceeds 75. It is also commonly observed in the constant 
internal environment of an organism (or cell culture dish) 
that the flux of metabolites occurs in well-defined morpholo- 
gical structures within the stationary cell, as opposed to the 
case of a proliferating cell. These structures often extend to 
neighboring cells through holes in the plasma membrane 
(tight junctions 76-79) providing means of enzymic inter- 
actions beyond the cellular hierarchy (elementary reduc- 
tionism62). They are broken down if the cellular communica- 
tion with the surrounding fluids is changed, for example by a 
perturbation of the cellular envelope 34, 35, 80 prior to division 
or prior to DNA synthesis. 
A further modification of the conditions may be that the two 
interacting enzymes are held together by covalent bonds 
which, of course, will slow down the decay of the probability 
of interaction relative to the case of enzymes that are only 
held together by weak hydrogen bonds or forces that are 
dependent on metabolism 72. This could be expressed in terms 
of a decreased association parameter. 
Empirical support for the idea that eq. (2) can describe cellu- 
lar metabolism comes from the fact that tumorous and proli- 
ferating cells have a less distinct morphology than do station- 
ary cells T M  59, 60, 81-83 Eqs. (l)  and (2) essentially conform to 
the corresponding equations regulating cognitive processes 63 
and this also holds for the association parameter, A, given in 
eq. (2). A is given by the logarithm of the inverse of the 
iterated previous interactions between different elements 
within the appropriate enzymic concept times a constant 63, 
implying here that a multi-enzyme cluster or an organelle 
which has been used many times is stable. There is no experi- 
mental evidence in support of this on a quantitative basis, but 
this definition of  A provides an interesting starting point for 
further descriptive analysis not only of the metabolic stabil- 
ity described above but also of the stabilization of metabolic 
pathways during the course of the evolution of the species. 

Rate of the cognitive process and of metabolism 

The rate of the entire metabolic cognitive process, q/A t, i.e. 
the flow of metabolic 'attention' along the enzymic constella- 
tions of Qx and QD provided by the genome, under permis- 
sive nutritive conditions, and in the absence of delaying met- 
abolic iterations, is proportional to the rate of metabolism, 
which equals the number of enzymic interactions per unit 
time. This means that under permissive nutritive conditions, 
a higher rate of metabolism favors a more rapid cell prolife- 
ration, something which is commonly observed, for example 
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List of metabolic events that can be interpreted to represent increased flux 
rates and/or increased rate of molecular interactions, and that are com- 
monly associated with proliferating cells relative to their stationary coun- 
terparts 
Entry of calcium ions 
Sodium-proton exchange (antiport) 
Actomyosin contraction (motility) 
Phosphoinositide turnover 
Activation of the sodium and potassium -stimulated ATPase 
Amino acid transport (sodium symport) 
Glucose transport followed by glycolysis 
increased glycolysis at the plasma membrane 
Increased oxidation-reduction 
Increased fluidity of membrane lipid 
Increased operation of membrane ATPases 

in the increased heat generation of tumor cells, hyperplasia 
of tissue that is used, etc. 
The increase of metabolism and increased heat production of 
proliferating cells is related to increased randomness also 
from the view-point of classical thermodynamics, namely in 
terms of entropy. Increased randomness is a feature com- 
monly observed in tumor cells. The less differentiated they 
are, both in terms of morphology and metabolism, the more 
advantage they have relative to other cells in the same orga- 
nism, the metabolism of which is directed towards itera- 
tions 44. This observation cannot easily be explained in terms 
of irreversible thermodynamics. However, based on cogni- 
tive processes, morphological disorder, constituting evidence 
of metabolic randomness, would favor cell proliferation 
based on the reasonable assumption that the presence of a 
diversified pool of metabolites, acting as desuppressors of 
operons, increases the likelihood that iterative metabolic 
events will be replaced by ones favoring metabolic evolution. 
Each enzymic pathway is characterized by its influx of me- 
tabolites, %/A t, and rate of iteration, which equals the num- 
ber of end product metabolites formed, denoted nn/At. 
These, in their turn, mediate other enzymic interactions and 
interactions with DNA. There is not necessarily equality 
between % and nn since some metabolites may escape the 
chain of enzymes before they are fully converted. Therefore, 
nn/A t equals the product of the probabilities of interaction 
between the N preceding enzymes in that particular path- 
way: 

N 

nn/A t = qn/A t [ I  Pkl (3) 

These probabilities are given by equations of the same type as 
eq. (2). 
Then, of course, there is a sum of input metabolites and a 
sum of output metabolites, such that: 

N 

2nJ A  t = ~,%/A t IF[ Pki (4) 
l 

Y%~/A t is close to the rate of cellular transport of various 
metabolites to be converted in a cell, but may also depend on 
various forms of storage of chemical or other forms of 
energy, lbr example glycogen, lipid, ion gradients, gradients 
ofpH and of charges. ~,nn/A t, on the other hand, lies close to 
the purpose of cellular life, which is anabolism aiming at self 
replication. ~,n,]A t is a function not only of the rate of trans- 
port but also of the number of copies of enzyme and conse- 
quently reflects the stage of anabolism and maturity preced- 
ing commitment to division. Under permissive nutritive con- 
ditions, this quantity is proportional to the rate of evolution 
of the metabolic cognitive process, q/A t: 

q/A t = Kj ~,nn/A t (5) 

where K~ is a constant, reflecting the fact that biological cells 
tend to maintain their size. Another quantity of interest is 
n/A t, the rate of appearance of new end-product metabolites. 
This rate is also proportional to the actual rate of metabolic 
evolution, q/A t: 

q/A t = K2n/A t (6) 

where K2 is another constant. This is to say that the type of 
end products of metabolism changes continuously and it is 
this change of quality rather than the quantity expressed in 
eq. (5) which brings about the desuppression of more ope- 
rons. Eq. (6) affords considerable flexibility to account for 
the fact that the rate of progression through the cell cycle 
may not depend straightforwardly on the growth of cell 
mass. In some cases, the timing of cell division is determined 
in the preceding cell generations ~'8'45, which may be de- 
scribed by: 

K2 = f ( t ,  KI) (7) 

wherefis  a function which varies with the nutritive condi- 
tions. 
Also empirically, end product metabolites are important in 
cellular life, as illustrated by e.g. ATP, GTP, cAMP, py- 
ruvate and lactate. A key metabolite is pyruvate, the end 
product of glycolysis, which can enter either fermentation, 
the citric acid cycle, amino acid synthesis (anabolism) or the 
synthesis of complex carbohydrates. Leakage of end-product 
metabolites may be associated with a withdrawal from fur- 
ther division 84. Some end-product metabolites have been di- 
rectly implicated in the commitment to DNA synthesis 85' 86 
The expression in (5), though compatible with empirical ob- 
servations, is difficult to understand at the molecular level 
while the expression in (6) can be interpreted as representing 
the successive desuppression of operons by newly formed 
end-products. The formation of new elements as a conse- 
quence of iterative cycles as represented in (5) has previously 
been discussed in connection with the mutability of hyper- 
cycles 65. It is also inherent in the time-dependent evolution of 
cognitive processes, when the probability of interaction be- 
tween two elements becomes unity and a third element is 
formed 63. This is a process which is linearly related to time. 
At the molecular level, an explanation would have to be 
found in the interplay between the genome and the cyto- 
plasm. 

Modulation of metabolic rate 

The main metabolic responses which serve the survival of the 
cell are catabolism, movement, sporulation, anabolism, and 
cellular (or nuclear) division (fig. 1). Of these, transport and 
catabolism occur more or less always, and are the basic ele- 
ments of the process which have to exist before the other 
pathways are engaged. Metabolic evolution towards other 
pathways will occur if the rate of end-product formation is 
sufficient to activate more operons through desuppression. 
Therefore, as expressed by eqs. (4) and (5) ceIiular prolifera- 
tion can be enhanced by an increased rate of transport of 
metabolites, and, as expressed by eq. (6) if metabolism is 
'scrambled' in such a way that new end product metabolites 
further ahead in the chain of metabolic events arise. In agree- 
ment with this, an increased rate of transport of various 
metabolites seems to be the common denominator of action 
of several completely unrelated stimuli of division of station- 
ary cells 9 such as seruml~' 87, 88, growth factors 24, 29, 88, or lec- 
tins ~1. The effect of an enhanced metabolism in speeding up 
cellular proliferation is also evident in the increased heat 
generation of tumor cells and in the hyperplasia of tissue 
which is used. Also the initiation of proliferation by lowered 
oxygen pressure 89,9~ and the initiation of DNA synthesis by 
sustained depolarization 9~3 may fall into this category. In 
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Resting cell 
Metabolic iteration 
Structure 

JV ~ Increased metabotic rate Increased transport and flux rates 
Metabolic "scrambling" 

Proliferating cell 

Metabol ic  evo tu t ion  

Randomness 
Figure 2. Illustration of the stationary and proliferating states of cellular 
metabolism and the connections between these states and morphology. 
As illustrated, a transition from the stationary state to the proliferating 
state can be brought about by increasing the rate of metabolism, or by 
increasing its diversity by other means (metabolic scrambling). 

the former case, the switch to glycolysis and in the latter, the 
appearance of  futile cycles can be interpreted as an increased 
diversity and rate of  metabolism respectively. In some cases, 
however, a metabolic switch seems to be sufficient to initiate 
D N A  synthesis 13' 94. 
Some of  the biochemical events that can be interpreted as 
increased flux rates and an increased number  of  interactions 
between molecules, and which are typical of  proliferating 
cells, have been summarized in the table. 
It is noteworthy that the effect of  the increased transport of  
metabolites to induce cell division is reversible. In trans- 
formed cells (which are characterized by a continuous pro- 
teolytic breakdown of  cell surface molecules95), division can 
be slowed down by adding certain macromolecules which are 
adsorbed to the cell surface 55-57, presumably physically 
blocking the transport of  metabolites, or indirectly doing so 
by increasing the level of  cyclic A M P  5~1. This kind of  treat- 
ment leads to restoration of  a type of  morphology which is 
typical of  normal cells 55 57. The combined effect of  a decrease 
of  the transport  of  certain metabolites and the appearance of  
a more well-defined morphology can also be brought about  
by the addition of  cyclic A M P  and some of  its derivatives to 
proliferating cells 58 61,96-99. 
These data, which are representative of  the huge literature in 
this field, provide a firm link between the transport  of  certain 
metabolites and cellular morphology such that in the major-  
ity of  cases, there is an inverse relationship between the rate 
of  transport  of  substances being metabolized and the amount  
of  well defined structure in the animal cell. In some spe- 
cialized tissue such as epithelium, most of  the transported 
compounds  escape metabolization. Another  consequence of  
the presence of  c A M P  is often that  specialized functions 
available on the genome of  a particular cell are activated, for 
which reason this compound profoundly affects differ- 
entiation. The flux of  metabolites may then be diverted from 
proliferation (or a stationary state) to these specialized func- 
tions (which may include controlled cell division) in such a 
way that the cells can carry out  and iterate their specialized 
functions within the organism 1~176 
The above empirical findings, illustrated in figure 2, can be 
interpreted in terms of  the formalism presented here and 
previously 63. A necessary and reasonable 7~ postulate is 
that the enzymes act as volume elements and, as such, pro- 
vide the basis of  the visible cellular structures. Namely,  in the 
resting cell, metabolism is concentrated on a few enzymic 
pathways where iteration of  enzymic interactions according 
to eq. (2) increases the likelihood that the same interactions 
will occur again. On the one hand, the induction of  new 
enzyme leads to an increased quotient  of  kl/Ck, and on the 

other, compartmentat ion leads to the replacement of  Ck by 
the smaller number  c k. This is descriptive, but also inherent in 
cognitive processes inasmuch as Ck decreases as a function of  
a decreasing association parameter  63. When the frequency of  
interaction between k and 1 decreases, either by a decreased 
input of  substrate to fuel the enzymic interaction, or by end- 
product  inhibition on either k or 1, this means that  the time r 
will increase and the metabolic and morphological  structure 
will become more likely to dissolve. Therefore, the expres- 
sion in eq. (2) in combinat ion with those in eqs. (5) and (6) 
have morphological  implications which conform with empi- 
rical findings in that proliferating cells are characterized by a 
more random morphology than stationary cells, with few 
exceptions, and that a switch to the proliferating state can be 
brought  about  by increasing the rate of  metabolism (fig. 2). A 
most  common  way to do this is via a perturbat ion of  the 
plasma membrane,  this organelle being the key to the release 
of  topo-inhibit ion or contact  inhibition of  transport,  growth 
and movement .  A second possibility for achieving this is by 
forcibly dissolving metabolic structures and compartments  
in order for the possibilities of  interactions within enzymes 
and with the genome to become more diversified. This is 
equivalent to the randomness which is the charter that gives 
the proliferating cell its advantage, and is best linked to the 
evolution of  the metabolic process as described in eq. (6). 
In summary, the treatment of  metabolism as a 'cognitive 
process'  is useful for understanding qualitative relationships 
between the rate of  transport ofmetaboli tes ,  metabolic itera- 
tion in stable phenotypes, morphology,  and metabolic evolu- 
tion in proliferating cells (fig. 2). Even though the treatment 
may be incomplete or incorrect in some respects, it is note- 
worthy that physical life may be a thermodynamic and a 
cognitive process as well. The rapidly proliferating cell corre- 
sponds to an evolving string of  cognitive elements while the 
stationary (or slowly proliferating) cell corresponds to 
thoughts that are iterated in a stable (and greedy) environ- 
ment. 
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