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Abstract—We numerically analyze the self-organization of formal nevrons disposed in a two-dimensional laver.
ard receiving inputs from two sets of afferent axons A and B. The probability for a given afferent to innervate
senne nenron depends inftially on both afferent and target newron types, whicl may be excitatory ov inhibitary.
This earlv wiring diagram leads to velavively ill-defined funcional groups within the newronal assembly, There
follows a period during which the svstem differeniares. under the presence of exrernal inpuis, into groups of
nenrons with stable inpui-owiput relationships. The mechanism proposed for this maturation is based on the
management of a limited provision of rerrograde trophic factor distributed from postsynaptic newrons to pre-
sviapiic ferminals whenever a Hebb-like condition is satisfied. Those bontons which do not receive sufficient
raphic support ultimately degenerate. The remaining circuitry i characrerized by emergent “mexican-hat' tvpe
imteractions. [.e, . short-range excitotion vy, fonger-range inhibition, and exhibits well-defined funciional prop-
erties, These final properties are found to depend both on the initial wiring diagram. and on the coveelations
between the afferent inputs. Thus, increasing the frequency af e.g. . simultaneous activarion of A and B, leads
tor an ncreased size of those patches which display activity when A and B are active rogether, Patches can be
abserved which realize in a stable and reliable wmanner any of the 16 Boolean functions of the variables A and

B. Usnally. patches endowed with different funciions may coexist in a given system.

Keywords—Neural groups, Neural function, Hebb rule, Synapse elimination.

1. INTRODUCTION

The mechanism by which functional units become
established in the peripheral and central nervous sys-
tems. in the course of evolution as well as during
ontogenesis, 15 a major issue in the neurosciences
{Edelman, 1988:; Laufer & Changeux. 1989; Purves,
1989}, While the most extreme views have been held
in the past on this subject, it has progressively be-
come clearer that the successtul buildup of function-
allv significant neural organizations. in the form of
stable “representational patterns™ allowing for effi-
cient interactions with the outside world. must result
from a complex interplay between genetic and epi-
genetic phenomena.

In this work, we shall introduce, as a simple. ge-
netically modulated parameter, the differential prob-
abifiry that a given neuron class forms synapses on a
neuron belonging to another class (Edelman, 1983),
while the epigenetic component will be selective, ac-
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tivity-controlled synapse stabilization, known to oc-
cur in the peripheral and central nervous systems
(Changeux & Danchin, 1976; Purves & Lichtman,
1980). A neuronal connectivity is intially set up in
stochastic fashion, taking into account the various
probabilities of creating synapses between different
pairs of neurons, and between two input fiber bun-
dles and the various neurons in the ensemble; the
resulting structure displays rather primitive and un-
stable functional properties. A plausible mechanism
{Changeux & Danchin, 1976) for the subsequent ev-
olution of the system might involve the activity-reg-
ulated production and utilization, as a trans-synaptic
signal. of trophic factors by the target cells. After a
sensitive period, during which certain synapses re-
ceive activity-controlled trophic support from their
postsynaptic neurons, it is assumed that only those
synapses which have accumulated enough trophic
factor get stabilized (Alderson. Alterman, Barde. &
Lindsay. 1990; Gouzé. Lasry, & Changeux, 1983);
we show that, under these conditions, the functional
properties of the resulting structure become much
stabler than before, and the organism can therefore
be said to have developed neural representations ap-
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propriate to its environment (Kerszberg, 1989). The
neuronal population has divided into patches exhib-
iting various functions. The actual functional repar-
tition depends in part on the initial connection prob-
abilities. and, in part, on the actual inputs provided
during the stabilization process. When only random
inputs are present. the process can be assimilated to
4 spontaneous maturation of neural circuitry: while
in the presence of nonrandom inputs, one can speak
of “learning.” Learning amounts here to a modifi-
cation of the relative sizes and locations of functional
patches: it can be said to proceed by selection among
the patches.

In what follows, we use computer simulations of
the model to study the influence of selective synapse
stabilization on the dynamic formation of functional
neuronal clusters.

1. BIOLOGICAL PREMISES

We describe now in more detail the biological prem-
ises on which our model rests.

2.1. Differential Afferent Targeting

We shall consider ensembles of neurons on a rela-
tively large scale, where differentiated connectivity
patterns are discermble. Thus. we assume that. lo-
cally. neural connections are set up in a largely ran-
dom fashion: while on a global scale. incoming and
outgoing connections to a neuronal group are at least
partially srructured. providing a genetic “envelope”
to its behavior. In particular. we shall introduce the
idea that initial innervation by afferents is determin-
istic to some degree. Of course. such specificity has
been established experimentally for a long time and
forms the subject matter of neuroanatomy, but it has,
until now, seldom been taken into account in model
neural networks (Hopfield, 1982; Pearson. Finkel,
& Edelman, 1987).

There certainly exists multiple phenomena which
may be called upon to account for a differential tar-
geting of neurons by growing neurites, among them
morphogenetic gradients (Wolpert. 1969), mechan-
ical, geometrical. and other constraints (Oster & Al-
berch. 1982). or constraints on the behavior of the
growth cone such as differential molecular adhesivity
(Edelman_ 1988; Harelson, Bastiani. Snow, & Good-
man, 1988). Here we shall use as our starting point
the fact that excitatory afferents may reach their tar-
get system either directly or by way of inhibitory
interneurons: the fraction of the total innervation
impinging on interneurons is fixed probabilistically.
Similarly. both the excitatory afferents and the in-
hibitory interneurons have different probabilities of
forming initial (labile) synaptic connections with ex-
citatory or inhibitory neurons within the group be-
ing studied.
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2.2. Activity-Dependent Synapse Stabilization

In the adult vertebrate skeletal muscle, each indi-
vidual muscle fiber is innervated by a single motor
axon terminal. Such a pattern develops from a tran-
sient fabile stage, where each endplate receives sev-
eral motor axon terminals (Bennet & Pettigrew, 1974;
Brown, Jansen, & Van Essen, 1976; Redfern, 1970).
In the rat. during the first postnatal weeks. such
polyneural innervation is altered and supernumerary
nerve endings are eliminated (Van Essen, 1982). Ac-
tivity is required in the neuromuscular system for
this phenomenon to take place (Benoit & Changeux,
1975), see also references in {Nelson, Chang Yu.
Fields. & Neale, 1989). Similar regressive phenom-
ena have been observed in the central nervous system
(Mariani & Changeux, 1980a; Mariani & Changeux,
1980b: Purves & Lichtman, 1980), on a gquite com-
parable quantitative basis in terms of the fraction of
synapses finally established on a given neuron—or
neurite. As mentioned above, a model has been pro-
posed (Gouzé et al., 1983), which introduces the
notion of activity-dependent trophic support of pre-
synaptic terminals by the innervated muscular fibers.
Here. we are led to the generalized hypothesis that
such retrograde trophic support is also effected by
postsviaptic newrons in certain areas of the central
nervous system (Alderson et al., 1990; Glanzman,
Kandel. Schacher, 1989). Accordingly. therefore,
survival of initial (labile) connections is controlled
by the retrograde release of trophic factor and its
utilization by the afferent endings. Stabilization of a
presynaptic terminal is thus an epigenetic process
dependent on a sufficient level of reinforcement
feedback enabled from the postsynaptic end. The
latter is assumed to be acrivity-dependent (Cline &
Constantine-Patton, 1989; Shatz & Stryker, 1988)
and to obey a Hebb-like rule {Hebb, 1949): in the
case of excitatory termnals. transfer is postulated to
occur whenever the pre- and postsynaptic units are
simultaneously active; yet, we do not assume the
existence of a reverse flow when the Hebb condition
is not satisfied. As to infuibitory synapses. much less
is known experimentally; at this stage of knowledge,
we shall suppose that retrograde transport of trophic
factor takes place whenever the postsynaptic neuron
is activated, while the inhibitory terminal is nor firing
{ Rauschecker & Singer, 1981). There are of course
other logical possibilities, but we have not explored
their consequences here.

3. PRINCIPLES OF THE SIMULATIONS

In this section, we should like to introduce in some
detail the system we simulate. We describe first the
functioning of the basic computational units. their
organization into a connected set, and the way in
which inputs are fed into this network. We then de-
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scribe our model of selective synapse stabilization
and elimination, the main epigenetic process which
we postulate here.

3.1. Formal Neurons

We use McCulloch—-Pitts neurons (McCulloch & Pitts,
1943). It is assumed that each neuron’s axonal pro-
cesses are characterized by the same neurotransmit-
ter whose type does not change in the course of time
(Dale’s law). Thus, neurons are either excitatory or
inhibitory, but not both. Note that there is evidence
for variations in neurotransmitter tvpe during onto-
genesis (Brecha, Johnson, Peiche, & Wissle, 1988:
Schotzinger & Landis, 1988), as well as for the im-
portance of the receptor in determining the sign of
synaptic interactions, (Kandel, 1976) but we shall not
take such effects into account here.

The operation performed by each formal neuron
consists of;

» summing its inputs, weighted by a weight W, where
i denotes the postsynaptic, and j the presynaptic
neuron, respectively:

e taking, on the basis of the above sum, the decision
to generate or not an action potential. We assume
here that the decision is a deterministic one: if the
sum is greater than some threshold value T.. firing
takes place, otherwise not. Although this is not
essential, and influences the results only in the
details of the final wiring, it was also assumed, for
computational convenience. that T; is itself ad-
justable as a function of global excitation vs. in-
hibition afferent to the neuron: more precisely, we
take

T=T+T. 2 W, (1)

where T, = 7.00 and T. = 0.20. (Thus. at the
neuromuscular junction, e.g., activity 1s, to some
extent, self-regulated. Partial denervation, for ex-
ample. will lead to an increase in sensitivity on the
part of the postsynaptic end plate (Pumplin &
Fambrough, 1982). Some regulation of the activity
is certainly to be expected in the central nervous
system as well (Bear, Cooper, & Ebner, 1987).)

3.2. Differential Targeting: The Network and
its Inputs

We simulate a group G consisting in an equal number
of excitatory and inhibitory neurons, arranged ran-
domly on a periodic, 2-dimensional (30 x 30) array,
and connected in a network of short-range interac-
tions. Each neuron forms an average of n = 30 con-
nections with neighboring neurons. The probability
that a connection is established initially (i.e., before
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the stabilization process takes place) decreases ex-
ponentially with the interneuronal distance: we shall
take a decay length of [ = 1, independent of neuron
type. The probability that a synapse is formed is also
taken to be independent of the pre- and postsynaptic
neurons’ types.

In addition to the connections from its neighbors
inside the group G, each neuron also receives m
inputs, we take m = 10 on the average. Each input
may originate from either one of two afferents A and
B. Two sorts of parameters related to the afferent
A- and B-synapses are used to introduce the notion
of ditferential adhesivity between neuronal processes
(see Figure 1). They do so in a complementary way.
First. terminals from different origins may form on
excitatory or inhibitory neurons in G with unequal
probabilities. namely the probability that an A-syn-
apse targets an excitatory neuron is taken to be p,
and may in general have a value ditferent from 1/2,
or from py -, the corresponding probability for a B-
synapse. Furthermore, we assume that axons origi-
nating from A are excitatory with a probability
pi“. while the corresponding probability for B-syn-
apses. piY, may sometimes be different from that.
One can interpret these various probabilities in sev-
eral biologically plausible ways, as seen in Section
2.1; thus, the differential targeting of excitatory and
inhibitory neurons by axons of different origins might,
for instance, be caused directly by a differential ad-
hesivity as may originate from the presence of dif-
fering molecular labels on the surface of the con-
cerned cells {Edelman, 1983). That afferent fibers
have an excitatory or inhibitory effect could, e.g..
be the result of a wiring diagram in which all afferent

FIGURE 1. Example for the differential targeting of neural
groups by afferents originating, e.g., form two separate sen-
sory modalities, Axons from, say, 4, may form synapses
either on G-neurons directly by way of inhibitory interneu-
rons (groups labelled 1) (probability p™); In addition, affer-
ents originating directly or indirectly from A may target ex-
citatory or inhibitory neurons in G (probabilities p.c and p, .,
respectively).
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fibers are excitatory, but where a variable proportion
of them target inhibitory interneurons in groups I (see
Figure 1), which in turn form synapses with the neu-
rons in G (and essentially none between themselves).

All inputs of type A or of type B are activated
simultanecusly, indicating the presence of a
stimulus on the corresponding channel, This “exter-
nal stimulation™ is not necessarily structured, i.e., it
may well be that stimuli A and B occur in a sto-
chastically independent fashion. We shall see how-
ever that it may be very important and interesting
to study the effect of correlations between stimuli;
we shall therefore assume in general three indepen-
dent probabilities ps. p, . p 5 for the three events:

¢ A and B occur simultaneously at some time,
& A occurs alone.
& B occurs alone,

Of course the sum § = p,p + py + pyis less than
or equal to 1, and the difference 1 — 5 is the prob-
ability that no stimulation takes place.

3.3, Selective Synapse Stabilization

The course of the simulations is the following. The
network is kept working for a certain number of time
units ¢, typically r = 2 5(0). At each time step, all
neurons read their inputs, both internal and external,
and update their own state accordingly (see Section
3.1). The external stimuli are adjusted every five
time steps: we have checked that this interval of 1, =
5 time units is usually sufficient for the network to
reach an essentially stationary state. At this stage,
all neurons also provide their presynaptic terminals
with trophic factor. Note that. although we take 1,
such that stationarity is reached, this may not be a
prerequisite for satisfactory performance.

As discussed in Section 2.2, we assume that syn-
aptic boutons are initially established in a labile state.
They may exist in two additional states, namely sta-
hilized and degenerated. A labile synapse has a cer-
tain probability per unit time of degenerating. We
set the latter to be 1/2,500, so that after r = 2,500
the synapses still alive are mostly stabilized (the im-
portance of this assumption for the model will be
discussed in some detail in Section 4.1.1), Stabili-
zation is dependent on the presynaptic concentration
of trophic factor in a given terminal. g,,, which obeys
the following equations:

Al = — kel (2)
Ag, = =Apl. (3)

These equations express the retrograde diffusion (k,
is the diffusion constant) of trophic factors g}, of type
5{s = {or E for inhibitory or excitatory) and present
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in postsynaptic neuron i This diffusion away from
neuron i [whence the minus sign in eqn (2)] is trig-
gered whenever the Hebb-like rule discussed above
is satisfied (d,.e = 1. otherwise dyu, = 0). In the
presynaptic terminal. the factor is converted to &
form [eqn (3)]. The trophic support of excitatory and
inhibitory synapses is thus assumed to depend on two
different agents. 4® and ¢'. The differences in eqns
{2) and (3) are taken per time step. Initially, o, =
(. A synapse is assumed to stabilize as soonas ¢ =
1. We take &, = 0.01, and adjust the initial values
of 4 so that stabilization of strongly reinforced syn-
apses is almost certain within a time ¢ = 2,500. Usu-
ally. the g are initially set around 8 to 20, With these
values. typically. the fraction of surviving synapses
is, after stabilization, on the order of 1/5 to 1/8: this
is in rough agreement with neuroanatomical data
{Purves. 1989), In order that the global strength of
synaptic interactions be maintained approximately
constant throughout the stabilization process, we in-
troduce the additional assumption {Gouzé et al., 1983)
that the strength of a synapse depends on the amount
of accumulated trophic factor. Thus

W, =a, + by, 4]

where a,. b, are constants (see below), and 7, is the
presynaptic concentration of trophic factor in the ter-
minal. In view of the usual values for the elimination
ratio, we choose a, = 1, b, = 4, so that if W; = 1
initially. it will reach 5 after stabilization.

4. MATURATION OF NEURAL
CONNECTIONS

We study now the way in which afferent input activity
may regulate the various functional groups formed
by synaptic elimination. The short range of the con-
nections allows a rich situation where neurons are
self-organized in multiple. distinct functional patches.

4.1. Coexistence of Groups With
Differing Functionality

In all of the following simulations. the initial internal
connectivity is the same: therefore, all the examples
of stabilized structures or functional maps which we
display may be compared with one another in order
to gauge the relative importance of various factors
in the final establishment of neural patterns.

4.1.1. An Undifferentiated Architecture, We first look
at the case of an assembly built under totally bias-
free conditions, i.e., p§* = p§ = 0.5, p.s = pa. =
pg = .25, Figure 2 (parts a and ¢, d) displays a
typical network configuration after synaptic elimi-
nation. and the functional behavior before and after
it. We do not show here the connection diagram
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FIGURE 2. Selective synapse stabilization in a population with little preexisting organization: afferents axons target neurons
in G or in | with equal probabilities, i.e., p¥™ = p§® = 0.5. The input environment is also minimally structured, all stimulus
combinations being equally probable: ps = p. = ps = 0.25. Black denotes excitatory, red inhibitory connections or neurons.
a) The stabilized connections. Several groups can be identified, each with an excitatory core surrounded by an inhibitory shell.
b) The sixteen Boolean functions of two varlables 4 and B. Each function Is specified by the values it takes for the four
combinations of (4, B); the values are symbolized here by white (0, not firing) or black (1, firing). Usual names for the functions
are: 1: FALSE; 2: AV B; 3: B&A, also denoted as b; 4: A; 5: A&E, also denoted as a; 6: B; 7: A X B [exclusive-OR]; 8: A&B; 9:
A&B; 10: A = B; 11: B; 12: A = B; 13: 4; 14: 4 < B; 15: 4 V B [inclusive-OR]; 16: TRUE. To this, we add a 17th category of
neurons, denoted by a star =, whose activity after the system has stabilized depends not only on the inputs A and B, but also
on the initial state of the system itself. ¢, d) Summary of the increased and improved differentiation in functionality brought
about through selective synapse stabilization and elimination. Boolean function of the inputs, as implemented by each neuron,
are displayed before stabilization (c) and after (d); in ¢, most neurons are activated in erratical fashion (), while in d, various
functional patches are discernible, each realizing a given Boolean function of A and B.

before elimination, as this would consist essentially
in an apparently structureless jumble of connections.
Because of random fluctuations in the way connec-
tions are established. however. neural acriviries need
not be totallv uncorrelated in such a system.

After a period of activity, during which selective

synapse stabilization is allowed to take place. the
connections have shrunk to those on Figure 2a. In
this figure. black color codes for excitatory, and red
for inhibitory connections. Each site on the picture
corresponds to one neuron in the array. We see that
neuron clusters have been defined, grouping those
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which had a slightly stronger initial functional cou-
pling. These are held in simultaneous activity through
excitatory links. Between those “cores.” inhibitory
“bridges” can be seen.

Let us examine the statistical length properties of
our system'’s final connectivity. The existence of clus-
ters should lead to an effective interaction among
neurons which is of the well-known mexican-hat form
(Linsker. 1986). namely short-range excitation and
long-range inhibition. In addition, however, but par-
tially related to this. the length distribution of inhib-
itory connections is skewed towards long distances
as compared to excitatory connections. This can be
seen on connection length histograms, as displayed
on Figure 3. It is important to note that these mex-
ican-hat-type features of the effective interneuronal
interaction are not an assumption of the model, but
rather a result which appeas to hold in a variety of
situations. This cutcome can be understood rather
simply in intuitive terms, Clearly those neurons that
have a tendency to be active simultaneously initially
tend to form local groups. due either to their inter-
connections happening to be mostly excitatory, or to
the chance existence of several similar afferent con-
nections targeting a given neighborhood. The exci-
tatory connections within groups will be reinforced,
leading to further growth; while since the groups will
sometimes display nonsimultaneous activity, inhibi-
tory intersynapses between groups will likewise re-
ceive trophic factor,

In this context. it is interesting to follow the time
course of the elimination and stabilization process,
We have plotted on Figure 4 the fractions of stable
and eliminated synapses as a function of time, as well
as the proportions of trophic factor still available to
neurons for synapse support. We see (a) that elim-

10000

[ inhibitory
B excaatory

Synapses

length

FIGURE 3. Number of stabilized synapses at the end of the
simulation on Figure 2, plotted on a logarithmic scale as a
function of synapse length. Shaded: number of excitatory
synapses; hatched: excess of inhibitory over excitatory syn-
apses. The excess is partly responsible for a “mexican-hat"
type of interaction between neurons: excitatory at short range,
inhibitory at longer distances (see also Figure 2a).
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FIGURE 4. Time course of synapse stabilization in the sim-
ulations of Figure 2. (a) Number of stabilized and eliminated
synapses as a-function of time. Note that the stabilization
process saturates around { = 2,500; afterwards, synapses
that are still labile are eliminated massively. (b) Postsynaptic
neurons are assumed to have avallable, from the outset, a
fixed amount of trophic factor to be delivered to excitatory
or inhibitory presynaptic terminals. Here, the fraction of trophic
factor still not delivered is plotted as a function of time, We
see that, by t = 2,500, retrograde transfer of the trophic fac-
tors has almost ended.

ination starts very smoothly, and proceeds faster as
the mean labile synapse lifetime is approached. This
might be an artifact of the model and can be ex-
plained in the following way. In our computations.
the retrograde transfer of trophic factor from post-
synaptic neurons to presynaptic terminals is a dif-
fusive process (see eqn (2)) and therefore the con-
centration of trophic factor cannot decrease below a
certain level; as can be seen on Figure 4b, the frac-
tions of available trophic factor do indeed remain
high, and it is therefore not the depletion of these
factors which can be responsible for “'starvation™ and
death of the terminals (see Catsicas & Clarke. 1987;
Lowrie, Krishnan, & WVrbovi, 1982 for some evi-
dence in favor of this). Rather, the most eligible
terminals collect their due of trophic factor and sta-
bilize, while less eligible terminals remain in a labile
state and therefore die at a constant rate, this lead-
ing finally to their total disappearance. In a model
with nondiffusive transfer of trophic factor, or
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without spontaneous degeneration of labile synap-
ses, stabilization would follow a rather different
time evolution. However, no drastic modifications
should be expected, at least as far as the end result
15 concerned.

The functional behavior of a given neuron is de-
scribed in terms of the sixteen possible Boolean func-
tions of two Boolean variables. Thus, if a neuron
fires reproducibly (i.e., with good independence from
the initial network’s conditions) whenever input 4
is active while B is not, we say that the neuron im-
plements the Boolean function “A&B", or a. which
is true if and only if A is true gnd B is not. The
sixteen Boolean functions of two variables are sum-
marized in Figure 2b (**a” corresponds there to func-
tion 5). It is striking to notice, on Figure 2c and d
how neural activity, at first fleeting and ill-deter-
mined, becomes, after synapse elimination, much
more clearly established in terms of independence
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from the initial state of the neuron array (after at
time ¢ = ¢}, and how functional groups have turned
reproducible in their activity. Before stabilization,
only 21 neurons display any interesting functional
properties, while after it, there exists 321 such units.
The mature functionalities displayed are not random;
certain functions are conspicuously rare (but not al-
ways entirely absent), such as the “exclusive-or” (true
if A is active or B is active but not both). Such un-
equal repartition can be expected on very general
grounds (Mukamel & Kerszberg. 1989); but since
the system is built symmetrically with respect to A
or B. no bias in favor of, say. function "a" against
function “B&A™ (i.e., “b") can be noticed.

4.1.2. Influence of Architectiral Preorganization. The
simulations summarized on Figure 5 pertain to a case
of initial structural bias, namely we now have p§ =
0.6, pg = 0.4, It can be seen very clearly on part

1)

FIGURE 5. Functionality and architecture in a system with
more initial structure than in Figure 2: here pi = 0.6, p5™ =
0.4. On the other hand, the inputs are still random. (a) Func-
tionality before synapse stabilization: note that, although still
erratic to a large extent, function is more clearly defined than
in 2c; a bias appears in favor of those functions, such as A
or a, for which A and B must play excitatory and inhibitory
roles, respectively. (b) Improved functionality after synapse
elimination. Large and stable clusters appear, displaying
mostly the functionalities “favored” by the afferent fiber con-
nection bias. Comparing with 2d, we see that certain clusters
are present in both cases, but with a different activity pattern;
while others have appeared or disappeared. Here, therefore,
we observe more than just an enhancement of existing con-
nectivity groups: there is an actual selection and alteration
of groups according to the synchronized activities of their
members. (¢) The same remark holds true for the connectivity
network as well: it is interesting to compare this picture with
2a, and watch how the groups have been sculpted neuroan-
atomically by the initial connectivity bias.



410

b of the figure how this has altered the final, stabi-
lized functional behavior map in the direction of in-
creased contingents of neurons being enrolled by A-
excited. B-inhibited functions such as A" and "a™;
the internal connection map has also changed to quite
an extent, and although certain groups can still be
identified on both Figs. 2a and 5c. many differences
are also visible.

One may say that the effect of selective elimina-
tion is the amplification, and the expression at the
level of connection clusters, of functional correla-
tions preexistent in the system because of its initially
random setup. We have just demonstrated now that
introducing such correlations at a level well above
that of chance fluctuations (see Section 4.1.1). as
modulated through variations in the probabilities for
A- or B- afferent fibers to target different cell types
within the system () or interneurons (f), i.e.. by
changes in the parameters p and p5©. leads to a
remarkable alteration in the structure and function-
ing of the final. mature neural system.

4.1.3. Influence of Biases in Input Stimuli. We pres-
ently simulate synaptic elimination in a system com-
pletely identical (initially) to that studied in Section
4.1.1. Now. however. the input stimuli presented to
the system during the stabilization/elimination phase
are biased. i.e., we take p.p = 0.30, p, = 0.10,
P g = 060, Thus, stimulus B appears alone sixty per-
cent of the time: clearly we expect such an input bias
to lead to a degenerescence of those functional patches
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in the system which were devoted to logical function
dependent on the presence of input A, and we now
show (see Figure 6) that this is indeed the case. Com-
parison of Figs. 2d and 6b is quite convincing in this
respect. Note also that the connectivity structure has
changed rather conspicuously (see Figs. 2a and 6a).
We have seen in the previous subsection how preex-
isting structural biases may have rather similar influ-
ences on the final wiring: thus. one can surmise that
situations may exist where competition between the
two arises: the next Section is devoted to just such
d Case.

4.2, Imteraction Between Internal Architecture
and External Stimulation

In the following computation, we introduce both a
structural bias in favor of excitatory A-connections
(see Section 4.1.1) and a stimulational bias favoring
B-inputs. The results are displaved on Figure 7. The
pictures shown there should be compared with those
of Figs. 5 and 6. We see that the system has tried
to find a “compromise.” so to speak. between the
somewhat conflicting requirements arising from both
biases: thus. a large patch has arisen where the func-
tional behavior is actually according to the “&" log-
ical function. which treats the A and B inputs in a
completely svmmetrical fashion!

Of course. just as competition may exist between
biases of differing origins, cooperation is also pos-
sible. although its effects are. by necessity, less spec-
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FIGURE 6. Structure and function after synapse stabilization in a system with no initial organization (p§ = p§* = 0.5) but
whose inputs were correlated: p.. = 0.30, p. = 0.10, p,, = 0.6. (a) Neuroanatomical connection pattern (compare Figs. 2a and
5cl). Correlations among inputs are clearly capable of modulating the group configuration quite deeply. (b) Functionality: the
dominant groups now exhibit Boolean functions for which B is most excitatory, while A is indifferent (compare

Figure 2d).
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FIGURE 7. A mature system initially set up with the architectural bias corresponding to that in Figure 5, and which has been
subjected to biased inputs just like those of Figure 6. The results of the competition between endogenous and exogenous
tactors are clearly observable. (a) Connectivity; (b) Functionality. This is much more varied than in the previous cases, with
the appearance of stably operating patches which implement functions V or &.

tacular. The point we want to stress is that the final
connectivity and functionality are the result of the
combined effects of initial architecture, modulated
to some extent by externally imposed stimulation.,

In particular, it is important to realize that there
may exist several ways to obtain a circuit exhibiting
a particular behavior. However, although the final
wiring may have similar properties, the evolutionary
value of the various routes to this wiring diagram
may be very different. Systems whose function has
been established early in phylogenetic history are
likely to have their synaptic contacts established in
a way which is relatively independent from the
environment: while connections whose importance
is more recent, or which must be set up in a
strong environmentally adaptive fashion, are more
likely to be not so well defined in terms of their ini-
tial architecture (Cairns, Gariépy. & Hood, 1990;
Kerszberg, 1989).

5. OUTLOOK

We have analvzed numerically a model for the self-
organization of neural assemblies into clusters of cells
with characteristic, input-related response. These
clusters appear as a global ordering which stems from
a nonlinear interaction among local rules for svnapse
and neuron operation and stabilization. A double set
of influences shapes these neural ensembles: those
pertaining to the (genetically determined) way in which
initial incoming connections from two afferences A
and B are set up in a partly stochastic fashion, on

the one hand {Kerszberg, 1989): on the other. the
existence of environmentally determined statistical
correlations among the occurrences of external stim-
uli A4 and B. Function. defined here as a precise
relationship between stimulation—on channels A,
B—and cell response, will at first appear rather fleet-
ing and unstable. although not completely absent.
Its full development will be the result of a maturation
process. The latter is modelled within the general
framework of selectionist schemes (Dawkins, 1971;
Changeux & Danchin. 1976; Edelman, 1987) and
results in the differential stabilization of a particular
subset of connections, The stabilization mechanism
proposed here operates through the management of
a limited stock of trophic factor, distributed from
postsynaptic neurons to atferent terminals under an
activity-dependent Hebb-like rule (Gouze et al., 1983).
Those terminals which do not accumulate adequate
trophic support degenerate. The development of fully
stable functional sets of neurons is therefore partially
regulated by neural activity, i.e.. by external (A4, B)
stimulation patterns; such regulation is effective dur-
ing the course of a sensitive period (Marler & Ter-
race, 1984) linked here to the particular time at which
the selective stabilization of synapses, or their repres-
sion, is to occur.

A variety of endogenous and exogenous factors
thus participate in the morphogenenesis of topo-
graphically and functionally stable neural groups. The
endogenous factors include the differentiated prob-
abilities for the establishment of terminals between
various neural classes, and the activity-dependent re-
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inforcement and ultimate stabilization of some ter-
minals. Neural clusters are shaped by, and selected
through the imposition of input patterns which in-
directly control the activities of the various groups,
The main novelty of our work has been the combi-
nation of these elements and their incorporation into
a space-dependent model for the appearance of func-
tional response properties in the nervous system. While
the system is, initially, only weakly differentiated in
terms of both connectivities and functional special-
ization., progressive refinement occurs throughout the
selective stabilization process. Modifying the relative
frequencies of various stimulus combinations leads
to the selection (i.e., growth and performance im-
provement) of the neural clusters detecting precisely
those combinations or related ones. Normally, clus-
ters endowed with different response characteristics
will coexist within the system. These clusters usually
consist of neurons which excite each other mutually,
and inhibitory “bridges” may be observed between
the clusters, This leads to a network where excitation
emerges as a short-range property, and inhibition as
a longer range one. In the models we discuss below,
and this is also the case for previous work. for ex-
ample, that of (Willshaw & von der Malsburg, 1976)
on the self-organized appearance of column-like
structures. it must be noted that such important fea-
tures as short-range excitation vs. long-range inhi-
bition are introduced at the outset, while here they
are a result of the system's operation.

Fine details of how trophic factor is retrogradely
transferred at each synapse will, in general, have an
influence on the final structure and its performance.
The further study of such transfer will thus be an
important research objective. Similarly, the final state
of the system must depend on the regulation of over-
all activity levels. both at the cellular scale and on a
more global one, through, for example, the action
of various diffusible factors.

Much work has been devoted lately to certain as-
pects of the problem we have considered; thus, some
comparisons are in order. One of the major points
here is that we have tried to concentrate on questions
of principle, seeking to define the simplest, most ¢l
ementary model capable of acquiring the properties
sought for. Thus, no detailed account is taken of
synaptic transmission, electrochemical characteris-
tics of the neuron membrane, impulse generation,
etc, This is in contrast with the work reported in
(Pearson et al., 1987). These authors undertake to
study the modulations of finger dominance areas in
somatosensory cortex as resulting from sensory dep-
rivation experiments (Merzenich, Recanzone, Jen-
kins. Allard. & Nudo, 1988): in a language closer to
the one used here. we might say that their neuronal
groups’ logical function is to be active when and only
when the signal corresponding to that finger is pres-
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ent. We, in contrast, study only the case of fwo input
variables explicitly. but we consider as our foremost
objective the detection of much subtler correlations
among these. We do so in the context of epigenesis,
and this is also a major additional difference.

A remarkably detailed analytical treatment of oc-
ular-dominance column development has been pro-
posed by (Miller, Keller, & Stryker, 1989). Various
remarks previously made apply also to this work.
The specific response studied is limited, in this case.
to ocular dominance. On the other hand. the authors
proceed by solving global dynamical equations, in
contrast to our microscopic approach. The results
are therefore exact (within the framework of the
model) and afford in-depth comparison with a well-
studied experimental system.

In (Linsker, 1986). a layered, feedforward-type
neural network model was developed. The appear-
ance of various cell types exhibiting specialized re-
sponses was studied. The dynamics of the system was
not simulated directly but examined rather through
the analysis of more global equations. Probably the
most important difference with the present work is
that Linsker did not allow for “‘reentrant” connec-
tions. We have demonstrated here how the detection
of complex correlations among inputs is possible in
a monolayer, reentrant organization, and how this
capability is being modulated by various means.

The acquisition of skills in a way linked to the
preferred occurrence of specific stimulation may be
considered as a form of supervised learning. the su-
pervision being provided by a nonrandom environ-
ment; when skills are acquired without such occur-
rence. one may speak of unsupervised learning: the
supervision must then have been provided through
the selective effects exercised by past environment
on the species. One could say that our model
articulates together these two types of learning
phenomena.
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