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Abstract

Knowledge in the cognitive sciences Is
becoming more and more holistic, as
opposed to fragmentary, in order to be real.
An encompassing definition of cognition is
then necessary. Evidence is reviewed here
which allows to the conclusion that
cognition stands for an adaptive ability to
environmental changes, operating through
non-linear search for coherent conservation
of complex organismal features.
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Cognitive science has wiinessed a grea.
advancement which has much to do with
its multidisciplinary character. As a new
branch of science, however, it still
deserves the aims of classification. More
specifically, a generally accepted lexicon
is desirable in order to avoid
misconceptions or misunderstandings, to
enable easy information exchange and
also as a guide to address experimental
approaches.

For the sake of achieving these
aims, it is worthwhile to make use of
different tools from distinct sciences -
including those that are usually
maintained apart from each other. Chagas
(1990) pointed out that a particular
science can only be regarded as
autonomous just in those respects in
which less progress has been achieved,
The reason for that, according to Chagas’
view, has to do with the realization that
knowledge is becoming more and more
holistic, as opposed to fragmentary, in
order to be real.

To date, some definitions of
cognition or cognitive systems, such as "a
device to organize knowledge" (Berrios
1984), “the use or handling of knowledge”
(Gregory 1987) or "the overall function”
of all "mental abilities" (Glass, Holyoak &
Santa 1979), remain scientifically
unsatisfying. Further definitions, despite
being more elaborated, are either too
particular or ambiguous (compare with
Costall 1984, Goldberg 1989).

A definition should be as much
encompassing as possible in order to
appropriately reflect a phenomenon in its
distinct manifestations. As a statement, it
is a law if it satisfies the following criteria:
(a) it is genmeral in the sense that it
contains a universal quantifier; (b) it is
general in the sense that it does not
mention particular individuals, times or
places; (c) it has empirical content; (d) it
is well-confirmed, and (e) it is well-
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entrenched (i.e. it belongs to a theory)
(Van der Steen & Kamminga 1991).

The evidence reviewed here allows
for an encompassing definition for
cognition, from an  evolutionary,
biophysical and molecular point of view.
The definition fulfils the above criteria,
and is based on some basic concepts:
conservation, evolution, thermodynamics,
natural selection and some concepts of
the chaos-theory, which are highlighted

next.

Conservation and evolution

_ Conservation is a major attribute of living
systems. Here we define this feature as
follows:

Throughout a process of change or
transformation, conservation is the dynamic
matching of innovative features (o
preexisting ones

It has been suggested elsewhere that
replication - a copying process achieved
by a special network of interrelationships
of components and component-producing
processes that produce the same network
as the one which has produced them -
characterizes the living organization
(Maturana & Varela 1980, Csdnyi &
Kampis 1985). This replicative ability
(referred to as autopoiesis), nevertheless,
could not account for evolution of living
systems, if only preexisting features were
to be nmaintained. This would be
preservation, in the sense of immutability.

Conversely, innovations alone are
not capable of inducing evolution if they
can not be incorporated to preexisting
features (compare with Monod 1985), in
such a way that "a small change (..) be
accompanied by many simultaneous
compensating changes elsewhere” (Marr
1976) or by a "precise readjustment of all
other components of the system" (Ashby
1960; see also Macnair 1991).

The ultimate basis of conservation
in living organisms lies on the remarkable
physico-chemical features of at least three
elements: carbon (C), nitrogen (N) and
hydrogen (H). The covalent bounds
between these elements make it possible
reproducible chemical combinations to
occur along with the physical properties
elicited by the resulting molecular
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systems. These include the hability to
allow for transformations or innovations.
These mechanisms sometimes involve the
displacement of so extremely small
particles that they can be operated
analogously to the probability fields of
quantum physics, as described by
Margenau &984), but also in accordance
to deterministic chaos, as proposed by
Crutchfield et al. (1986) (compare with
Feigenbaum 1978, Prigogine & Stengers
1984, Elskens & Prigogine 1986, Ko
1991). As a result, conservation can be
viewed as a "generator of variety” (Simon
1969, Changeux & Dehaene 1989),
starting from the molecular level.

Purely mathematical reasoning
shows that relatively simple systems can
develop quite complex behavior even

after slight perturbations, if non-linear

interactions are involved (Van der Steen
& Kamminga 1991, May 1976). This
phenomenon is regarded as important for
empirical research since it is exhibited by
certain physical and chemical systems.
Relatively ~simple instances of such
systems have been long recognized:
protobiotic coacerbation of lipoprotein
membranes  maintained by  weak
intermolecular attractive forces of the van
der Waals type. This system s instructive
because it leads us to the considerations
about the fundamental relationships
between conservation and life at its very
beginning.

More complex systems invoive
associations between peptides and
nucleotide sequencies that are capable of
self replication, modulation  and
modification, the most readily recognized
example of which is desoxiribonucleic
acid synthesis, recombination,
transcription and repair. Recently, it has
been possible to synthesize very simple
self-replicating molecules that are also
capable of "successful mutation” (Amato
1992, Hong et al 1992). This evidence
constitutes a strong experimental support
for the molecular theory of evolution and
for the definition of conservation.

However, not only complex
molecular (Turing 1952, Britten &
Davidson 1969, Strehler et al 1971,
Tonegawa 1983), but also microscopic
and macroscopic living systems undergo
combinations and reciprocal modulation,
which are attributable to conservative
mechanisms. The successful association of
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an akaryotic (Forterre 1992) system like a
mitochondrion with a synkaryotic (ibidem)
cell, the epigenesis of neural networks
(Changeux, Courrége & Danchin 1973) or
the phenomenon of ecological successions
are instructive examples. In summary.
conservation accounts for evolution and
for the occurrence of complexity in living
systems.

Thermodynamics and
conservation

The realization that living organisms obey
to the laws of physics can help us
understand ourselves, as antecipated by
Goethe:

"Wir® nicht das Auge sonnenhaft, die Sonne
konnt’ es nie erblicken”

Living organisms are open systems.
They change mass and energy with the
environment. As energy must be
conserved throughout transformations
(First Law of Thermodynamics, attributed
to H. von Helmholtz). an energy inflow to
such a system can produce new
combinations or alter preexisting ones.
This capacity to perform "useful” work has
been related to free-energy changes
within the system. J.W. Gibbs defined

such variations in the free energy
function, G, as:
AG=H-aTS [Eq.1]
where H is the enthalpy; T,

temperature and S, entropy. In a steady-
state, the variation of S (4S) equals zero,
so that a positive 4S is balanced by a
negative A4S, and the system feeds on
negentropy from the surroundings (see
Welch 1991). It results that living
organisms build up and maintain low-
entropic states at the expenses of a net
increase in the entropy of the universe.
Nevertheless, free energy tends to
increase within a system, Le., entropy (or
chaos) tends to increase internally
(Second Law of Thermodynamics). The
maintenance of the corresponding
changes that can be either vital (e.g.
nutrition, photosynthesis) or deleterious
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(e.g. letal mutations after ionizing
radiations)  renders  the  putative
conservative forces consistent with the
First Law of Thermodynamics.

Similarly, the assumption that the
quite complex living systems that we know
are just the sustainable portion of the
total number of complex living systems
that alreadv existed (compare with
Stanley 1987) renders conservation
compatible with the Second Law' of
Thermodvnamics as well: individual
organisms can disappear, by means of
extinction or evolution, thanks to their
conservative features that maintain not
only novel sustainable combinations, but
also the highly entropic, unsustainable
ones.

Natural selection, environment,
and cognition

Whereas conservation agrees well with
the first and second laws of
thermodynamics, it alone does not suffice
as to determine whether particular
innovations are to be sustainable or not. It
is the dynamic relationships established
within  the ‘“inner" and ‘“outer"
environments of the living system that
account for this (compare with Mayr
1963, Jerne 1967, Simon 1969, Monod
1970, Changeux & Danchin 1976, Purves
& Lichtman 1980, Lumsden & Wilson
1981, Heidmann, Heidmann & Changeux
1984, Changeux & Dehaene 1989). The
role played by these relationships in
cutting out the "less fitted" living forms or
combinations has been classically
described as natural selection in the
Darwin-Wallace theory of the evolution
of species (Darwin 1859).

Although natural selection is not
necessarily  intrinsic to  individual
organisms, living systems can survive
novel genetic and epigenetic acquisitions
as a result of a somewhat random
production of new sustainable patterns for
the aforementioned dynamic relationships
(compare with Fodor & Pylyshyn 1988),
by selection-adaptive  forces.  This
mechanism seems to operate through the
matching  between entropy-derived
combinations and preexisting features
(conservation), in an innovative, though
coherent manner. A "compensatory',
"buffer" or "reset" effect results. by which
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conservative mechanisms could no more
threaten the sustainability (survival) of
the system, at least within a given
environmental condition and time.

This feature or "natural probability”
is, in fact, the determinant of what has
been frequently called cognition. In other
words. cognition should be understood as
the intrinsic adaptive ability of living
systems to environmental changes. As a
non-linear function, cognition would
operate in molecular, micro- and
macroscopic levels, by continuously
"resetting” such systems within coherent
limits. These limits are made up by the
interaction between intrinsic "behavior
norms” and multipie environmental
factors, eliciting a given number of
possible phenotypes. The siwation is
analogous to ‘the principle of the
"attractors’ of chaos theory (more
detailed descriptions of attractors can be
found in Hénon 1976, and Gleick 1987).
Summarising our definition:

Cognition is the intrinsic adaption of the
system by the unstable search for coherent
conservation in respect to the environment

Relationships  between  intrinsic
factors to environmental factors have
attracted attention  of  foremost
researchers, and there is work in which
"the species-typical environment s
regarded as being an equal partner to the
genotype”  (Morton ~ 1992). French
physiologist Claude Bernard (1878) talked
about a "perpetual communication of the
anatomical element with the medium
surrounding it, (..) a continuous
relationship of exchange, (..) the
continuous mutation of the particles

“which constitute the living being,(...) [the

trait] which ought and could (by itself)
suffice to characterize life, (...) the most
constant and  universal of its
manifestations  (...)". Young (1964)
sustained that “the organism is (or
contains) a representation of its
environment". Changeux & Dehaene
(1989) stated that "the achievement of
such ~ adequacy (fitness) with the
environment (or with a given cognitive
state) would then become the basic
criterion for selection”.

In the neurophysiology the matching
between a percept [("in which™ the
correlation of firing among the
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component neurons is directly determined
by the interaction with the outside world
and ceases when the stimulation has
stopped”)] and a pre-representation
[("analogous 10 the Darwinian
variations")] has been referred to as
resonance and its unmatching as
dissonance (Changeux 1983, Toulouse,
Dehaene & Changeux 1986). In the chaos
theory, "the existence and location of
attractors is not set in stone but is a
function of the environment - though no
a linear one" (Firth 1991). :

Validation

The above definition of cognition can be
tested and validated in a variety of
settings. Though it is not the aim of this
paper to explore all possibilities, some
general exemplification should be of
interest.

Ecosystems

Ecosvstems are a setting for validation in
the macro-scale. In 1838 Grisebach (1814-
1879) proposed the modern concept that
plants and animals occur in integrated
communities, The work of Clements
(1874-1945) then consolidated the
concept of biotic unity of ecosystems,
which allows for considerations involving
cognition in such systems.

Intrinsic ~ adaptive  ability  of
ecosysiems to environmental changes are
sometimes referred to as homeostasis, 2
term proposed by Claude Bernard to
account for the constancy of the milieu
interne. A deforestation, for instance, can
elicit a dynamic ecological succession
within a given biom. Empirically, this
succession operates analogously to the
search for coherent conservation.
Depending upon the grade of the
destruction ("entropy"), it will lead or not
to the reconstitution of the ecosystem’s
original complements and patterns of
biodiversity, starting from atypical ones
(compare with Gough & Marrs 1990,
Overpeck, Bartlein & Webb III 1991).

This dichotomical pattern of non-
linear ‘"decision making" has been
referred to as analogous to the geometry
of fractals and attractors, thus definitely
linking cognition with chaos theory
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(Feigenbaum 1978, Mandelbrot 1982,
Prigogine & Stengers 1984, Elskens &
Prigogine 1986, Goldberger, Rigney &
West 1990) (Figure 1-a).
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Figure 1. Fractals can be easily obtained
by splitting apart two clean glass slides
joined by a drop of ink (a). A break in
expected patterns is observed in the center
of (b), which corresponds to a track that
had been previously covered with a thin
layer of fat, resembling the interplay of a
"strange attractor”.

LRIRES

Immune systems

A given infectious agent is capable of
eliciting a cascade of humoral and cellular
events in the synkaryotic host organism,
namely the immunological response of
the host’s immune system. The ability of
the immune systern in differentially
dealing with the "self" and the "non-selt”
can be regarded as cognitive {compare
with Jerne 1967).

At the molecular level, it has been
suggested that a bacterial population may
switch recognition sequences of its "type I"
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gene restriction-modification systems by
single recombination events and thus
being able to maintain an akaryotic
analogue of the immune system of
variable specificity (Gubler et al. 1992).

Alternatively, both somatic
recombination and mutation may
contribute tgreatly to an increase in the
diversity of antibody synthesized by a
single organism (Tonegawa 1983).

Systems of enzymes

Allosteric properties of enzymes have
been referred to as "cognitive" (Monod
1970, see also Monod 1966a, Monod
1966b, Schmitt 1967).

Nervous systems

In no other instance, the concept of
cognition has been so deeply employed as
in the study of the CNS. Therefore, we
would like to discuss this setting to some
depth.

Nervous systems are syncytium-like
neuron and glia systems, and neurons are
hi%hly differentiated cells. The process of
differentiation is fully impregnated by
cognition. It implies that a primitive ceil
type undergoes a progression of changes
that results in changing capacity 1o
perform activities that the cell was

previously uncapable of performing
(Hayflick 1991).
Neuronal function correlates

directly with its structure (Jackson 1932,
Chomsky 1979, Changeux 1983b, Babb &
Brown 1986, Benes & Bird 1987, Eccles
1990). During  development,  the
neuroarchitecture is achieved by cell
proliferation and migration, followed by
neurite outgrowth, and finally
synaptogenesis (see Lund 1978, Purves &
Lichtman 1980, Purves & Lichtman 1985,
Chagas, Linden & Lent 1987). In the
adult organism, the neuroarchitecture
may change adaptively and undergo
remodeling, with formation of new
synapses and breaking or modification of
old ones. All these phenomena should be
regarded as cognitive ones, in the inner
and outer environmental aspects. As
pointed out by Changeux & Dehaene
(1989), “"the formation of brain
architectures is not independent of
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cognitive processes but, rather, is deeply
impregnated by them, starting from the
early stages of pestnatal development’.

Neuronal plasticity, modulation and
transmission have been the major
morphofunctional basis for observable
cognitive processes in the CNS (compare
with Von der Malsburg 1987, Alkon et al.
1991). Assessment of cognitive function
has = been possible through field
observations, tests of psychometric
intelligence, clinical neuropsychologic
tests and laboratory tests (Meyer et al
1988, Colsher & Wallace 1991, Chen
1991). Consequently, the main functions
attributed to cognitive processes in the
CNS to date are those related to
acquisition, storage and retrieval of visuo-
spatial, auditory, tactile, kinesthetic,
gustatory and olfactory information.

In" the human species, the direct
assessment of these informations has
become possible thanks to our highly
developed symbalic representations, such
as language and speech. It is noteworthy
that language, as a "manner of living", has
been "conserved reproductively’ in the

form of an ontogenetic phenotype
(Maturana 1989). Interesting
demonstrations of the relationships

between genom and language in humans
can be found in DeFries et al. (1976) and
Pennington & Smith (1983).

Mental function

It has been ventured that mental function
is based on the ability to keep ideas - units
of information, specific representations -
distinctly and apart, so that attempts to
achieve novel solutions could be made by
rearranging the data until the final
arrangement corresponds to the desired
goal (Kinsbourne 1981).

According to Glassman (1974),
creative  problem  solving  consists
fundamentally of the activation of global
structures derived from past experience
and a selection process based on feedback
resulting from the interaction of these
internal structures with each other or with
the environment, The activation of the
structures may result from associative
(Hebb 1949) "and spontaneous arousal
processes. Also in this latter instance one
can suppose that a basal "noise"
corresponding to the oscillation of the
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system within the fields or boundaries
defined by an attractor or set of attractors
(generating the rest potential, for
instance) can be shifted to an unstable
state, influenced by the interplay of
another attractor (generating an action
potential, in the given instance; compare
with Freeman 1988).

The event-related potential (ERP)

The major source of information
concerning the neurophysiology of
cognitive processes in humans is the
scalp-recorded event-related  potential
(ERP) (John and Schwartz 1978). ERP’s
can, by habituation and long-term
potentiation - an ubiquitous phenomenon
of the cerebral cortex (Creutzfeldt 1990,
Singer 1990a) - imprint new circuitry
patterns in the brain.

Changeux & Dehaene (1989)
commented that self-reinforcing circuits
may be built at the level of neuronal
receEtors (Changeux & Heidmann 1987,
Crick 1984, Lisman 1985), gene receptors
(Britten & Davidson 1969, Monod &
Jacob 1961), and at the level of the
synapse, on the basis of a sequence of
chemical reactions (Changeux, Klarsfeld
& Heidmann 1987, see also Petit 1988).

The hypotheses that the CNS
produces coherent patterns of linear or
cyclic sequences of activity (Grillner 1975,
Stent et al 1978, Getting 1981), that

neuronal connections are selected
according to functional criteria and
convey temporally

stabilized if the
coherent activity (‘{Changeux et al. 1973,
Dehaene, Changeux & Nadal 1987, Singer
1990b) and that oscillatory responses of
neurons can synchronize across spatially
separate columns if elicited by stimuli
sharing coherent features (Gray et al
1989) have been put forward.

Brains and computational machines

The comparison between information
processing in brains and information
processing by contemporary
computational machines also offers a
setting for the validation of our definition
of cognition.

Comparative studies have led to "a
picture in which disanalogies are more
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fundamental than analogies" (Conrad
1989). One of the most significant
conclusions derived may be the statement
that current computational machines are
not capable of cognition just because they
are not endowed with the capacity of
adaption to environmental changes, in
other words, probably because of the lack
of coherent conservative processes.

This paradigm is well illustrated by
the statement: "brains know what they do,
while computers do what they know".

Cognitive impairments

Once cognition relies upon conservative
mechanisms, and conservation obeys to
the first and second laws of
thermodynamics, it follows that cognition
is subject to the effects of energy and
mass conservation throughout
transformations. It is also subject to
entropy  increase in  underlying
conservative processes (instances from
the medical practice are given by Fukui e
al. 1991, and Halberg et al. 1991).

- A cognitive impairment would then
take place when conservation overwhelms
the system with such an amount of
changes that the probability that they
could be met to preexisting acquisitions in
a sustainable, balanced or coherent
manner would decrease critically. When
this critical threshold has been achieved,
the organism would undergo cognitive
dystunction ("incoherence”, "dissonance"),
the severity of which correlating to an
increase in disease, death or extinction
probabilities  (compare with some
theoretical reasoning by Mézard, Nadal &
Toulouse 1986, Nadal er al. 1986).

These deviations from stability to

irreversibility, in the chaos theory, are
ossible when there is a "continuous
injection of enough energy to drive the
system to a high enough excitation that
non-linearity becomes appreciable” (Firth
1991).

The encompassing definition of
cognition should be of some utility aiso in
the  controversial assessment  and
classification of cognitive impairments,
especially in gerontology and pathology.
Discrepancy between field and laboratory
findings and also weak inter-rater
reliability are frequent and contribute to
hinder a comprising understanding of
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these issues (see Avorn  1983).
Nevertheless, the assumption that
cognition operates through the search for
coherent conservation until a given limit,
at which entropy reaches a critical point
and cognitive impairment supervenes,
seems to be a rationale for further studies.

Brain pathology is a quite instructive
standpoint. Neuronal populations display
varying sensibility to different
environmental changes such as hypoxia,
vitamin B-deficiency or, much
interestingly for our discussion, to the
incidence of microscopic aging lesions in
the cerebral cortex, e.g., neuritic plaques
and neurofibrillary tangles (Ball 1978,
Brun & Englund 1981, Braak & Braak
1985, Braak, Braak & Kalus 1989, Dani
1994a). The realization that these aging
changes are rather focal dysfunctions
affecting susceptible neuronal populations
(Tomlinson, Blessed & Roth 1968, Brun
& Englund 1981, Gibson 1983,
Rafalowska er al 1988) seems to be
consistent with the notion of cognitive
impairment: they can be regarded as the
result of incoherent  conservative
processes, a dissonant, chaotic deviation
("alienation") of susceptible neurons from
expected patterns (Figure 1-b).

Aging

A relatively great amount of evidence of
aging at the molecular level has been
gathered recently (see, for instance,
Strehler et al. 1971, Hayflick 1991, Robert
1991, Rose 1991, Macieira-Coelho 1991).
Kfyriazis (1991) proposed an application
of chaos theory for the description of
proteolysis, the failure of which could
reflect in an increased rate of
accumulation of abnormal protein, which
has been related to the generation of
neuritic plaques and neurofibrillary
tangles in the aging brain: when abnormal
protein (AP) concentrations rise, there
would be an increased synthesis of heat-
shock proteins, for example, ubiquitin
(Ub). Ubiquitin in turn, would bind
covalently to the abnormal protein
(compare with Mori, Kondo & Ihara
1987, Harrison & Mullan 1991, Goedert,
Spilantini & Crowther 1991) with the help
of a number of enzymes. Some of the
steps involved would be energy-
dependent.  Following this, the
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polyubiquitinated protein (PUbp) would
be degraded by energy-dependent
proteases (e.g., unfoldase, isopeptidase,
etc.), and the concentration of the
abnormal proteins would fall again [It is
interesting to remark the similarity of
such model with predator-prey models in
ecology, "one of the pathbreakers in the
study of chaos” (Firth 1991, see also May
1976)]. The initial steps for a
mathematical  description  of  this
operation would be in the form of the
equation:

x = G(s) f(x) [Eq.2],

where x is the normalised concentration
of the intracetlular PUDbP, f(x) is the
dependence of AP on PUDGP in
normalised coordinates and G(s) depicts
the sequence of intermediate biochemical
steps between synthesis of ubiquitin and
the onset of the decrease in the
concentration of abnormal proteins.

The enhanced incidence of neuritic
plaques and neurofibrillary tangles in the
human cerebral cortex has been
correlated to the severity of cognitive

impairment (dementia) as assessed
clinically by  psychometric  tests
(Tomlinson et al. 1968, Blessed,

Tomlinson & Roth 1968, Tomlinson,
Blessed & Roth 1970, Wilcock & Esiri
1982, Zubenko et al 1991). Severely
demented patients (Alzheimer's disease)
usually die within 5-10 years after
diagnose of first clinical signs of the
disease. It seems that, thanks probably to
a feedforward effect (see Rosen 1978), an
imbalance between incoherent and
coherent conservation operates in the
definition of the future cognitive state of
the organism; ultimately, in its adaptive
ability to  environmental changes
(compare with Elskens & Prigogine 1986,
Freeman 1988, Dani 1994b).
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Conclusion

Cognition, defined as the adaption ability
of living systems to environmental
changes, operates through the unstable
search for coherent conservation and is
instrumental for life. The term "unstable’
refers to dynamic and chaotic features of
the search for adaption and accounts also
for environmental influences on the
destiny of a given cognitive process.

In the words of Firth (1991), "non-
linearity is necessary for, and is
fundamental to, chaos, but it can also
endow stability. Non-linear systems can
seek out and maintain essentially the
same optimum state in response to a wide
variety of external conditions: it is

recisely this feature that gives us
individuality and continuity".
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