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Summary. Clinical evidence and numerous results from ani-
mal experimentation indicate that cognitive functions have to
be learned. Brain structures subserving these functions re-
quire sensory experience for their maturation. Genetic in-
structions are in principle not sufficient to specify neuronal
connections with sufficient precision. Self-organization pro-
cesses are implemented in addition which allow to optimize
genetically determined blue prints of connectivity by making
use of functional criteria. Thus, neuronal activity becomes an
important shaping factor in the development of the structural
and functional architecture of the forebrain. To the extent
that this neuronal activity is modulated by sensory signals, en-
vironmental factors can influence the development of neu-
ronal networks. Recent experiments indicate that these shap-
ing processes are additionally controlled by modulatory sys-
tems. Both, the noradrenergic projection from the locus
coeruleus and the cholinergic projection from the basal fore-
brain facilitate activity-dependent long-term changes of neuro-
nal connections during development. The activity of these
modulatory systems in turn depends on central states such as
arousal, attention, and perhaps also motivation. It is inferred
from this evidence that experience-dependent self-organiza-
tion should not be considered as a passive imprinting process
but rather as an active dialogue between the brain and its en-
vironment, The hypothesis is discussed that many develop-
mental disturbances which are commonly attributed to depri-
vation are in fact due to defaults of the CNS which either lead
to the formulation of wrong questions or to the reduction of
exploratory drive.
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Neuronal Activity as a Shaping Factor in Brain Development

The information contained in the organization of organs as
complex as the mammalian nervous system exceeds by far the
information that can be stored in the genome. The reason is
that the neurones in the brain are specified not only with re-
spect to their position within the brain, but also with respect to
their inter-connections. Because of the vast number of neu-
rones — in the human brain this number amounts to 10** ~ the
degrees of freedom for combinatory permutations are un-
imaginably high. With the increasing refinement of neuro-
anatomical techniques it has become obvious that the connec-
tions between neuronal populations are by no means random
but highly specific. This is true not only at the macroscopic

level of projection patterns between receptor and effector or-
gans and the respective neural centres, but also at the micro-
scopic level of intrinsic circuitry. The amazing complexity and
the magnitude of the ensuing specification problem are illus-
trated by the following numbers: 1 mm® of cortical tissue con-
tains approximately 4 X 10* neurones, and each of these neu-
rones receives between 1x 10* to 4 x 10° synaptic contacts
and through local axon collaterals and far-reaching projec-
tions interacts with comparable numbers of target neurones.
The iength of the connections which assure these interactions
has been estimated to amount to about 6 km within 1 mm®
of cortex. This raises the question of how these myriads
of cross-connections can be specified in a reproduceable and
functionally meaningful way. This question presents itselfin a
particularly accentuated form in higher mammals and man,
where corticalization has led to an enormous increase of
neuronal elements and connections, an increase that exceeds
by far the disproportionally small increase of the genome.

It follows from these considerations that genetic instruc-
tions alone are not capable of specifying with great precision
the connections between individual neurones. Nature has
overcome this problem by implementing algorithms of self-
organization which allow extraction of information for further
specifications from epigenetic cues which are available within
the micro-environment of the structures that need to be
specified. During early phases of brain development this addi-
tional information is conveyed mainly by biochemical signals,
which are produced by nearby neuronal and glial elements.
Later, however, when nerve cells become electrically excit-
able their activity becomes an increasingly important factor
for the self-organization process. Thus, the very neuronal sig-
nals which serve information processing in the mature system
are used to structure developmental processes. These activity-
dependent self-organizing processes are not confined to em-
bryogenesis but extend far into post-natal life whereby the
basic strategy appears to be similar at the various stages of
embryonic and post-natal development. Specificity of neuro-
nal connections is achieved in two steps. First, connections are
formed with rather low precision but with considerable exub-
erancy. Subsequently, certain connections are selectively
stabilized and others are removed and this selection process is
guided by neuronal activity. The nervous system becomes
spontaneously active in early embryogenesis and this self-gen-
erated activity is used to guide selection according to func-
tional criteria.

A classical example for such an activity-dependent acquisi-
tion of specificity in neuronal connectivity is the removal of
double innervation of limb muscles by motor neurones of the



spinal cord. Initially, the motor units of peripheral muscles
have multiple innervation by several motor neurones, in ex-
treme cases this includes even cross-innervations by synergis-
tic and antagonistic motor neurones. Later, these ectopic in-
nervations are removed, and this removal depends on the pat-
terned activation of the motor-neurone pool in the spinal
cord. The early movements of embryos can thus be considered
as an epiphenomenon of a self-organizing process which
serves to increase the specificity of neuronal connections using
functional parameters as selection criteria. Meanwhile such
activity-dependent shaping of initially exuberant neuronal
connections has been observed not only in motor centres but
in virtually all structures of the CNS (for review of the exten-
sive literature on these developmental processes see Singer
1986).

Of particular importance in the present context is the fact
that these activity-dependent pruning processes extend for
several months, in humans perhaps even years into post-
natal ontogeny. Neuronal activity, especially in sensory
centres, is now modulated by sensory signals from the en-
vironment. Hence, during this developmental stage activity-
dependent shaping of neuronal connectivity occurs not only as
a function of self-generated activation patterns but also as a
function of sensory experience. It is this phase of brain de-
velopment that I shall be dealing with in this brief review.

The Visual System as an Example

Most of the work related to these problems has been perform-
ed in the visual system, probably because of the ease with
which visual experience can be manipulated. There is ample
evidence both from clinical studies and from animal exper-
imentation that “seeing” has to be learned during a critical
period of post-natal development. The most dramatic evi-
dence in human pathology comes from cases who suffered
from congenital cataract or perinatally acquired corneal
opacities and were therefore unable to process signals from
spatial contours. With the development of lens and corneal
transplants the optical media of these patients could be re-
stored but to the great distress of the eye surgeons these pa-
tients were unable to recover visual functions when operated
upon as juveniles or adults (for review see Valvo 1971). These
patients experienced the newly available visual signals as pain-
ful or noisy and were unable to evaluate spatial relations and
to recognize patterns. Despite intensive visual training most of
the patients failed to acquire these visual functions and many
of them, after phases of severe depression, returned to their
previous way of living as blinds. Experiments in visually de-
prived animals have revealed that these functional deficits are
not due to retinal factors, but result from abnormal develop-
ment of visual centres in the brain (for a recent review see
Frégnac and Imbert 1984).

Before describing the mechanisms involved in experience-
dependent development of cortical functions, I want to ad-
dress a teleological question to illustrate the problem. Why is
the development of cortical centres dependent on the avail-
ability of sensory experience with the consequence that trans-
itory disturbances in the uptake of sensory signals, which are
quite frequent during early development, lead to severe and
irreversible impairments of cognitive functions? One is tempt-
ed to speculate that this vulnerability is compensated by the
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acquisition of functions which cannot be realized by genetic
instructions alone but require additional epigenetic informa-
tion for their development. The following example illustrates
and supports this conjecture. Higher mammals and man who
have frontally positioned eyes with overlapping visual fields
have the ability to match the images encoded by the two eyes
and to calculate from the disparities of these two images the
distance of objects in space. This ability has two obvious ad-
vantages: first, the distance of an object in space can be asses-
sed even if object and observer are stationary and do not pro-
duce any motion parallaxes. Second, the separation of figures
from ground, a primordial prerequisite for pattern recogni-
tion, is greatly facilitated by evaluating spatial cues. To realize
the function of stereopsis, however, it is necessary to develop
neurones in the visual cortex which possess two receptive
fields, one in each eye, which have to be precisely superim-
posed in visual space. Thus, the 1 x 10° afferents arriving from
each eye have to be arranged in a way which assures that only
those pairs of afferents converge onto common cortical target
cells which originate from precisely corresponding retinal loci.
The problem is that there is no way to predict with any great
precision which retinal loci will actually correspond in the
mature visual system. Retinal correspondence depends on
parameters such as the size of the eye balls, the position of the
eye balls in the orbit, and the interocular distance. These para-
meters do depend on a number of epigenetic factors and hence
cannot be anticipated by the genome. It follows that genetic
instructions alone cannot suffice to determine with the re-
quired precision the pattern of interocular connections. An
elegant possibility exists, however, to identify fibres as coming
from corresponding retinal loci by evaluating functional cri-
teria. Whenever a target is fixated with both eyes, correspond-
ing retinal loci are stimulated by the same points of the target
and hence neuronal responses originating from corresponding
retinal loci are likely to be more similar than neuronal re-
sponses originating from non-corresponding retinal loci. A
selection process which is capable of identifying similarities in
the activation patterns of fibres arriving from the two eyes and
which is furthermore able to selectively consolidate pathways
on a common target cell which convey correlated activation
patterns would be ideally suited to achieve the required
specificity in neuronal connections. Clearly, such a mech-
anism could only work post-natally when visual signals from
the environment are available for the identification of path-
ways.

In the following paragraphs I shall briefly review evidence
suggesting that such mechanisms do indeed exist in the mam-
malian brain. I shall further demonstrate that they are not sole-
ly dependent on local interactions but are in addition controlled
by more globally organized modulatory systems, the latter
being implicated in the control of central states such as arousal,
attention and motivation.

The Rules of Activity-dependent Circuit Selection

By the time kittens open their eyes most neurones in the visual
cortex respond to stimulation of both eyes and with normal
visual experience this condition is maintained (Hubel and
Wiesel 1962, 1963). However, when signals from the two eyes
are incongruent, either because one eye is occluded (Wiesel
and Hubel 1965) or because the images on the two retinae are
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not in register — as is the case with strabismus (Hubel and
Wiesel 1965), cyclotorsion (Blakemore et al. 1975; Crewther
et al. 1980; Yinon 1975), or anisometropia (Blakemore and
Van Sluyters 1974; Wolfe and Owens 1979) — cortical cells
lose their binocular receptive fields. In the first case they stop
responding to the deprived eye; in the other cases they segre-
gate into two approximately equally large groups, one respond-
ing exclusively to the ipsilateral and the other exclusively to
the contralateral eye. During the critical period of early de-
velopment these changes are fully reversible indicating that
the efficacy of connections does not only decrease but can also
increase as a function of retinal stimulation (Blakemore and
Van Sluyters 1974; Wiesel and Hubel 1965).

From a series of related experiments (Singer et al. 1977;
Rauschecker and Singer 1979, 1981) it was concluded that
these modifications of excitatory transmission follow rules
which closely resemble those postulated by Hebb (1949),
Stent (1973), Changeux and Danchin (1976) and Changeux et
al. (1984) for adaptive neuronal connections. The basic as-
sumptions are that changes of synaptic efficacy require activa-
tion of the post-synaptic structure and that the direction of the
change — increase or decrease of efficacy — depends on the
correlation between pre- and post-synaptic activation. The ef-
ficacy of excitatory transmission appears to increase when pre-
synaptic afferents and the post-synaptic cell are active in tem-
poral contiguity and to decrease when the post-synaptic target
is active while the pre-synaptic terminal is silent. These rules,
when applied to circuits where two (or more) afferent path-
ways converge onto a common post-synaptic target cell, have
the effect of selectively stabilizing and hence associating path-
ways that convey correlated activity. The only requirement is
that the conveyed activity patterns are capable of driving the
post-synaptic neurone. Likewise, these selection criteria lead
to competition between converging pathways if these convey
uncorrelated activity. In that case there is always one subset of
afferents inactive while the other is driving the post-synaptic
cell. Hence, one subset will increase its gain at the expense of
the other. Eventually, those afferents which have the highest
probability of being active in temporal contiguity with the
post-synaptic target cell will win. These rules have so far pre-
dicted correctly the results of the numerous studies in which
vision has been manipulated in a way that interferes with the
correlation between the responses arriving from the two eyes.

It is obvious that this modification algorithm is ideally
suited to stabilize selectively those afferents from the two eyes
which convey correlated activity and hence originate from cor-
responding retinal loci. There is, however, an additional and
indispensable condition that needs to be fulfilled to render this
experience-dependent selection process successful. Reshaping
of afferent connections may only occur at instances when the
animal is attentively fixating with both eyes and must not take
place when the two eyes are moving in an uncoordinated way.
In this latter case, retinal signals will be uncorrelated even if
they originate from corresponding retinal loci because the im-
ages processed by the two eyes are different. If adaptive
changes occurred under these conditions, all afferents from
the two eyes would compete with each other and the conse-
quence would be complete disruption of binocular connec-
tions. Therefore, one is led to postulate that the selection pro-
cess is not solely dependent on retinal signals, but is in addi-
tion gated by non-retinal control systems capable of determin-
ing the instances at which retinal activity may be used to in-
duce changes in circuitry. The evidence reviewed in the fol-

lowing paragraphs does indeed suggest the existence of such
gating systems.

The Role of Non-retinal Signals
in Ocular Dominance Plasticity

The evidence reviewed above suggests that the activation of
post-synaptic target cells is a necessary prerequisite for the in-
duction of experience-dependent modifications. However, it
has now become clear that the generation of action potentials
in the post-synaptic cell is not sufficient to produce a change.
Even when contour vision is unrestricted and retinal signals
readily elicit responses in the neurones of the visual cortex,
vision-dependent modifications of excitatory transmission fail
to occur in a variety of rather different conditions. Thus,
neurones of the kitten’s striate cortex may remain binocular
despite monocular deprivation when the open eye is surgically
rotated within the orbit (Singer et al. 1982), when large angle
squint is induced in both eyes (Singer et al. 1979) or when
strabismus is induced by bilateral cyclotorsion (Crewther et al.
1980). In this case contour vision per se is unimpaired but the
abnormal eye position and motility lead to massive disturb-
ance of the kittens’ visuo-motor co-ordination. Initially the in-
appropriate retinal signals cause abnormal visuo-motor reac-
tions and during this period are effective in influencing corti-
cal ocular dominance. Subsequently, however, the kittens rely
less and less on visual cues and develop a near complete neg-
lect of the visual modality. In this phase, retinal signals no
longer modify ocular dominance and they also fail to support
the development of orientation-selective receptive fields.

These latter results suggest that retinal signals only influ-
ence the development of cortical functions when the animal
uses them for the control of behaviour. This view is compat-
ible with two lines of evidence: firstly, independent results
from several laboratories indicate that retinal signals do not
lead to changes of cortical functions when the kittens are para-
lyzed and/or anaesthetized while exposed to visual patterns.
Even though the light stimuli undoubtedly drive corticals cells
they fail to bring about changes of ocular dominance (Free-
man and Bonds 1979; Singer 1979; Singer and Rauschecker
1982) or to develop orientation selectivity (Buisseret et al.
1978). Further evidence comes from experiments in which a
sensory hemi-neglect was induced in dark-reared kittens by
placing unilateral lesions in the intra-laminar nuclear complex
of the thalamus (Singer 1982). In addition, in order to insti-
gate changes of ocular dominance, these kittens had one eye
sutured closed before they were exposed to light. Later electro-
physiological analysis revealed that the neurones in the visual
cortex of the normal hemisphere had become monocular as
is usual with monocular deprivation. However, neurones in
the visual cortex of the hemisphere with the lesion had re-
mained binocular. In addition, the vigour of the neuronal re-
sponses and the selectivity of the receptive fields were nearly
as low as if this hemisphere had been deprived of vision alto-
gether. Thus, although both hemisphere had received identi-
cal signals from the open eye, these signals induced the ex-
pected modifications only in the normal hemisphere and re-
mained rather ineffective in the hemisphere which — because
of the diencephalic lesion — “attended” less to retinal stimula-
tion. A further consequence of the diencephalic lesion was
that it diminished the typical effects of reticular arousal in the
lesioned hemisphere.



Another manipulation which prevents retinal signals from
inducing cortical modifications is the abolition of propriocep-
tive signals from the extra-ocular muscles. When this input is
disrupted by severing the ophthalmic branch of the IIIrd cra-
nial nerve bilaterally, retinal signals neither stimulate the de-
velopment of orientation selectivity (Trotter et al. 1981) nor
do they induce changes of ocular dominance (Buisseret and
Singer 1983). In this case eye movements are virtually normal
(Fiorentini and Maffei 1977) and the uptake of visual signals is
not hindered at all. Thus, non-retinal signals about eye position
and/or motility appear also to be involved in gating vision-de-
pendent modifications. In agreement with this conclusion is
the finding that changes in ocularity can be induced in an-
aesthetized preparations when the eyes are passively moved
while the retina is stimulated with contours (Freeman and
Bonds 1979).

Stimulation experiments support the notion that central
core structures which are related to the ascending arousal sys-
tem have a permissive role in cortical plasticity. By pairing
monocular light stimulation with electrical activation of cen-
tral core structures it proved possible to induce changes of
ocular dominance in kittens that were anaesthetized and para-
lyzed (Singer and Rauschecker 1982). Effective sites for the
electrical conditioning stimuli were the mesencephalic reticu-
lar formation and that thalamic region whose destruction had
prevented cortical modifications in the lesion study. Signifi-
cant modifications of ocular dominance were observed in the
population of cortical cells sampled after 812 h of condition-
ing stimulation (Singer and Rauschecker 1982). More recently
it became possible to observe the effects of such conditioning
in individual continuously recorded cells. This revealed that
measurable changes of ocular dominance and orientation pre-
ference can be induced within 30 to 60 min (Geiger and Singer
1986).

The Chemical Nature of Permissive Gating Signals

Kasamatsu and Pettigrew (1979) had shown that neurones of
the kitten striate cortex remain binocular despite monocular
deprivation when cortical norepinephrine (NE) is depleted by
local infusion of the neurotoxin 6-hydroxydopamine (6-
OHDA). Since they demonstrated that micro-perfusion of the
depleted cortical tissue with NE reinstalls ocular dominance
plasticity (Kasamatsu et al. 1979), these authors have pro-
posed that normal NE levels are a necessary prerequisite for
ocular dominance plasticity. Subsequently, however, several
independent investigations have indicated that ocular domi-
nance changes can be induced despite NE depletion. In these
investigations 6-OHDA was either injected prior to mono-
cular deprivation or the noradrenergic input to cortex was
blocked by means other than local 6-OHDA application (Ad-
rien et al. 1985; Bear and Daniels 1983; Bear et al. 1983; Daw
et al. 1984, 1985). This apparent controversy may now have
been resolved by the demonstration that ocular dominance
plasticity is influenced both by noradrenergic and cholinergic
mechanisms (Bear and Singer 1986). Ocular dominance plas-
ticity is abolished only if both the noradrenergic pathway from
the locus coeruleus and the cholinergic projection from the
basal forebrain are lesioned. Disruption of either system alone
is not sufficient to arrest plasticity. The initial finding that
intra-cortical or intra-ventricular application of 6-OHDA
blocked ocular dominance plasticity can probably be attributed
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to an unexpected pharmacological property of 6-OHDA. This
drug, in addition to its neurotoxic effect, antagonizes the ef-
fects of acetylcholine (Bear and Singer 1986). These results
suggest that both neuromodulators, acetylcholine and nor-
epinephrine, have a permissive function in cortical plasticity,
either system being capable of substituting the other.

Self-organization and Learning

On a formal level the activity-dependent refinement of projec-
tion patterns shares the characteristic features of a learning
process. Two sets of variables, in the case of the kitten visual
cortex the afferents from the two eyes, become permanently
associated with a common effector, the cortical target cell.
The criterion for this association is coherency of activation,
just as in classical or operant conditioning. For this association
to occur it is furthermore required that the activity patterns
match some predispositions of the learning organism. In our
case the minimal requirement appears to be that the retinal
signals conform with the response properties of cortical neu-
rones, i.e. the visual stimuli have to contain spatial contrast
gradients. Moreover, as with normal learning, selective as-
sociations occur only when the stimulus patterns are processed
by an awake and attentive brain. Finally, in our case the as-
sociations tend to be very stable once they are established. In
this respect similarities exist at least with certain forms of pro-
cedural learning and with classical conditioning. The only
marked difference between developmental plasticity and adult
learning seems to be the existence of a critical period for the
expression of the former. In this respect the refinement of
binocular correspondence resembles a special form of learn-
ing, namely imprinting. Here, too, associations are formed
during early ontogeny and these become fixed and irreversible
after the end of a critical period (for review see Horn 1981;
Immelmann 1984). The adaptive value of such a critical period
is obvious in our case. Once binocular correspondence is es-
tablished this variable must become fixed to serve as a refer-
ence frame for higher level processes which compute distance
from retinal disparities.

The Nature-Nurture Dichotomy

Although we are still at the very beginning of understanding
the interactions of genetic and epigenetic factors in brain de-
velopment some preliminary conclusions can be drawn. Avail-
able evidence suggests that nature has implemented very
elaborate algorithms of self-organization to economize and
complement genetic instructions. The genome specifies the
general layout of the system and the rules of the self-organiza-
tion process. The latter in turn serves to subsequently opti-
mize the relations between the components of the system and
between the system and its particular environment.

Based on these new insights the classical nature-nurture
question can be re-addressed and some preliminary answers
can be formulated. In the visual system, and probably in other
sensory systems, too, the genome determines the development
of feature detectors whose specific response properties emerge
independently of experience. This specification process de-
fines the criteria according to which the brain classifies sen-
sory signals from the outer world. The blue print according to
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which feature detectors and processing areas in the brain are
inter-connected is predetermined. The resulting connectivity
pattern in turn determines the set of possible relations that can
be established between the various feature domains and dif-
ferent sensory modalities. Furthermore, the genome specifies
the rules according to which these predetermined connections
can be changed as a function of their activity. We have seen
that these modification rules can mediate associative func-
tions, associations of connections occurring whenever there is
contingency of activity in time and space. This then is the fun-
damental principle according to which the self-organizing sys-
tem establishes relations between its building blocks and be-
tween the central representation of sensory activation pat-
terns. These are also the rules according to which relations
between the phenomena in the outer world are evaluated and
internalized through structural modifications of connectivity.
It can be assumed that these premisses are well adapted and
reflect the knowledge which the genome has accumulated du-
ring phylogeny about the physical reality within which the de-
veloping organism evolves.

Experience-dependent self-organization, thus, has little in
common with passive imprinting of a tabula rasa but rather
appears as an interactive process which is subject to numer-
ous genetically determined constraints. It became clear that
sensory activation patterns have to match prespecified re-
sponse properties of the already existing and highly active
nerve nets in order to promote long-term modifications.
Moreover, the adaptive processes appear to have a threshold
which is different from the activation threshold that needs to
be trespassed to relay sensory signals. To induce a long-term
modification it was not only necessary to appropriately excite
the respective neuronal pathways, but modulatory systems
had to be activated in addition. These modulatory systems in-
fluence the functional state of virtually all cortical and sub-
cortical areas through widely distributed efferent connections
and receive their input from numerous centres of the brain.
Thus, large neuronal arrays are involved in the decision pro-
cess which determines from moment to moment whether a
particular activation pattern should lead to long-lasting mod-
ifications of circuitry. The modulatory systems identified so
far as having a permissive function in neuronal plasticity, the
noradrenergic and the cholinergic projections, seem to be in-
volved in the central control of the arousal level, in the
maintenance of attention and their activity probably also re-
flects fluctuations in motivation.

I suggest therefore that the developing brain ought to be
considered as a highly active and primarily self-containing sys-
tem which, when born, already possesses substantial knowl-
edge about the structure of the world to which it is going to
adapt istself. As deduced above this knowledge is stored in the
brain’s architecture and in the rules allowing for activity-de-
pendent modification of this architecture. Thus, when the
brain is born and confronted with a dramatic expansion of ac-
cessible environment, it poses a number of precise questions
to this environment with the purpose of optimizing and adapt-
ing its internal structure to reality. In a number of neuronal
systems these questions are raised only during a brief and crit-
ical period. If answers are not available the prospective func-
tions do not develop and these deficits are in most cases irre-
versible. There is thus an early and very active dialogue be-
tween the developing brain and its environment, whereby it
soon becomes impossible to distinguish between cause and
consequence of certain developmental bifurcations. The brain

and its environment appear as components of a closed, highly
interactive system.

Clinical Perspectives

To conclude I want to emphasize one aspect of this self-organ-
izing process which may have an unexpected clinical relevance.
In the literature on developmental disorders much attention
has been attributed to the deleterious effects of deprivation.
The normal brain, however, seems to know rather well which
questions need to be asked and the normal environment is
usually rich enough to sooner or later provide the appropriate
answer if the questioner is sufficiently insistant. Thus, while
deprivation and false answers from the environment are cer-
tainly a potential risk for the developmental process they are
probably rather rare causes of misdirected development.
Another, and perhaps much more important cause of develop-
mental errors is suggested by the particularities of the self-
organization process. The possibility must be considered that
the brain does not formulate the right questions or does not
ask with sufficient insistency to obtain answers. Thus, any
malfunction of the highly complicated modulatory systems
that are involved in the gating of drives, motivation and atten-
tion and any disturbance in the genetic a priori “knowledge”
about the nature of the world can be expected to entrain se-
vere developmental disorders. As has to be inferred from the
experimental results reviewed above these disturbances are
likely to be indistinguishable from those induced by depriva-
tion. It is thus conceivable that developmental disorders which
cannot be attributed to deprivation or to distinct lesions in
sensory or motor systems but nevertheless lead to disturb-
ances of cognitive functions similar to those expected from de-
privation are in fact due to malfunctions of the modulatory
systems and to disturbances in the brain’s architecture, the
former interfering with the drive to ask questions, the latter
leading to inappropriate questions. It may be worthwhile to
re-investigate in this context the actiology of syndromes such
as e.g. autism which are commonly attributed to developmen-
tal errors and to search more intensively for causes within the
brain rather than within the environment.
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