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How patterned neural connections can be set up 
by self-organization 

B Y  D. J. WILLSHAWA N D  C. V O N  D E R  MALSBURG 

illax-Planclc-Institut fiir Bioph?ysikalische Chemie, 
AOteilung ATeurobiologie, 3400 Qiittingen, B.R.D. 

(Comrnunicu,ted by H. G. Longuet-Biggins, E'.R.S. -
Received 12 September 1975) 

An important problem in biology is to  explain how patterned neural 
connections arc set up during ontogeriesis. Topographically ordered 
mappings, found widely in nervous systems, are those in which neigh- 
bouring elements in one sheet of cells project to neighbouring elements in 
a second sheet. Exploiting this neighbourhood property leads to  a new 
theory for the establishment of topographical mappings, in which the 
clistanee k)etween two cells is expressetl in terms of their similarity with 
respect to certain physical properties assigned to  them. This topographical 
rode can be realized in a model employing either synchronization of 
nervous activit,y or exchange of specific molecules between neighbouring 
cells. By means of modifiable synapses the code is used to  set up a topo- 
graphical mapping between two sheets with the same internal structure. 
JT7c have investigated the neural activity version. Without needing to 
rnake any elaborate assurnptions about its structure or about the opera- 
tions its elements are to carry out we have show11 that the mappings are 
set up in a system-to-system rather than a cell-to-cell fashion. The pattern 
of connections develops in a step-by-step and orderly fashion, the orienta- 
tion of the mappings being laid down in the earliest stages of development. 

1. TIIE R E T I N O - T E C T A L  P R O J E C T I O N  A N D  SYSTEMS-MATCHING 
I N  1 ,OWER V E R T E B R A T E S  

Many parts of the vertebrate nervous system are known to interconnect in a topo- 
graphically ordered, or continuous, fashion. The maps so formed are in many cases 
two dimensional : in higher vertebrates there is a map of the retina on the surfacc 
of thc striate cortex (Talbot & Marshall 1941), and on the surface of the superior 
colliculus (Aptcr I 945 ; Cooper, Daniel & Whitteridge I 953). In  lower vcrtcbrates 
optic nerve fibres go mainly to the superior collicultxs, here called the optic tec- 
turn, which is also retinotopieally organized (Gaze 1958).We also mention the two 
dimensional somatotopic organization of the somatosensory cortex (Rose & Mount-
castle 1959) and of the motor cortex (Woolsey 1952) and, as an example of maps 
bet\\-ecn central structures, the ordered intertectal projection in amphibia (Gaze, 
Keating, Sz6kely & Beazley 1970).The preservation of the tonotopic organi~at~ion 
of the cochlea in the autlitory pathway (Rose, Galambos Ks Hughes 1959)provides 

example of a one dimensional mapping. 
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A system which has been investigated in grcat cxpcrimental dctail is thc ordcred 
projection of thc retina onto the contra-lateral tcctum in amphibia and fishcs. 
I n  thcse animals i t  has bee11 possik)le to perform various surgical manipulations on 
the retina and the tectum and to investigate by behavionral, histological and 
electrophysiological rneans the retinotcctal projection produced aftcr successful 
rcgencration of the optic nerve (Gaze 1970). If one can supposc that the 
mechanisms arranging nerve conlicctions during cnlbryogenesis arc also operative 
during rcgencratioil then such cxpcrimcnts provide a way of discovering and 
testing thcories for the formation of' nerve connections in this system. Many of the 
expcrirnents carried out are of the 'mismatch ' type (discussed by Prestige & Will-
shaw 1975), in which a portion of retina or tecturn (or both) is removed from an 
adult animal. The results of these experiments indicate that in many cases 
'systerns-matcahing' (Gaze & Keating 1972) takes place during regeneration, that 
is, the whole of the retina (or what remains of it after surgery) rnaps in a con- 
tinuous fashion and in a predictable orientation across the whole of the tectum 
(or what remains of it). Recent work has shown that the retino-tectal system also 
displays systems-matching during development. In  experiments on Xenopus laevis, 
Gaze, Keating & Chung (1974) found that from an early stage the whole of the 
visual field is projected in topographical order over the entire tectum, which order 
is maintained as the retina and tectum develop to  maturity. Since retina anti 
tecatum grow in different ways and a t  different rates it was concluded that the only 
way the systerns could remain rrlatcahed throughout developrnent was for the 
synaptic relations between retina and tectlxm to be constantly changing. 

A number of theories for the establishment of topographicaal mappings during 
development or regeneration have been put forward (Weiss 1928; Sperry 1943; 
Gaze, Jacobson & Szkkely 1965; Prestige & Willshaw 1975) Perhaps the best 
known of these is Sperry's theory of neuronal specificity. He proposed that during 
embryogenesis each retinal g;.tnglion cell and each tecatal <.ell accluires a unique 
chenlical label and that during regeneration or developrnent pairs of pre- and 
postsynaptic caells with matching specificities are able to couple together. The mis- 
match experirncnts are explained in the context of this theory by making the 
additional assumption that the effect of the surgery is to cause thc (,ells to be 
systematic,ally relabelled, thus enabling new pairs of cells to be matched. In  their 
paper, l'restige $ Willshaw (1975) drew the distinction betwecn two types of thcory 
employing sets of labels to  set up toyograpl.lic~al mappings. In  one of thcm, the 
Spcrry-type, the scarc,h for a partner is carried out by each axon independently. 
In  the other one axons compete for sites, and vice versa, by rneans of which certain 
forms of systems-matcahing car] bc accomplished. Neither type, howevcr, uscs the 
facat that the prospecativc partners of neighbouring presynaptic c~clls are thenlsclves 
neighbours in the postsynaptic array. As a consequence, such mechanisms are more 
general than they need to be; all possible one-to-one mappings can be set up using 
them, not just the topographical ones. 

14Je therefow arrivrtl nt the 21ypotlresis th:~t the o1)servecl one-to-onc corn- 



spondence between prc- and postsynaptic cells is not determined genetic,ally and 
that  the ontogenetic mechanism is made up of two independent parts. The one 
part ensures that as a result of an optimizing process ncighbouring presynaptjc 
cells come t o  connect with neighbouring postsynaptic cells. If this condition is 
obeyed for all pairs of neighbouring cells the resulting mapping will be a top(>- 
graphical one. The other part is concerned with the dctermination of the position, 
size and orientation of the final mapping by means of boundary and initial con- 
ditions in a way that leads to systems-matching. The boundary conditions may 
vary from case to case, especially in the cxpcriments mentioned above, so that  the 
same genetical program for the topographic part can in ciiffcrcnt situations lead to 
quite different retinal points bcing connected to  a given tectal location, without 
the need for relabelling. -

After having made this division of the ont,ogenetical problem into a microscopic 
mechanism leading to topographic order and macroscopic boundary conditions, 
we now propose a specific model for the microscopic mechanism in which use is 
made of the concepts of neural excitation and inhibition and of self-organizakion 
with the help of modifiable synapses. 

2. A M O D E L  W O R K I N G  B Y  S E L F - O R G A N I Z A T I O N  

We shall talk about two two dimensional sheets of elements, intenclecl to 
represent a pre- and a postsynaptic sheet of nerve cells. The presynaptic elements 
are able to put out axons and make synapses with elements of the postsynaptic 
sheet, thereby building up a mapping between the two sheets. The basic require- 
ment of the model is for distances between cells to be encoded in the system. This 
can be clone in two ways: either in terms of the relative concentrations of certain 
molecules which are being continuously transferred between adjacent cells or by 
having a system where electrical activity between adjacent cells is c~r re ld~ed .  
This introductory paper is not an appropriate place to discuss both models in 
detail. However, we would like to  have a specific model in mind, for only then are 
we able to make firm predictions about its behaviour. General theories, often 
containing hidden assumptions, are frequently open to  various interpretations. 
Following an earlier suggestion (l>ett,vin; cited in @hung 1974), we shall discuss 
the neural activity model. I t  should be born in mind, however, that  a molecular 
realization is an alternative possibility. We discuss this point elsewhere (Malskmrg 
& Willshaw 1976, in preparation). 

Our moctel is based on the idea that  the geometrical proximity of presynaptic 
cells is coded in the form of correlations in their electrical activity. These 
correlations can be used in the postsynaptic sheet to recognize axons of ncigh- 
bouring presynaptic cells and to  connect them to  neighbouring postsynaptic cells, 
hence producing a continuous mapping. 

The first problem is to  produce correlations between activity in neighbou~ring 
cells. By 'neural activity' we here mean spike activity measlrred in, sa.y, impillses 

1 5  3 
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per second. (In fact, the exact nature of the activity is not critical to our argu- 
ment,.) We start by assuming that  there are short range excitatory connections 
between the cells in a sheet so that  activity in ncighbouring cells becomes nlutually 
reinforced. '1'0 prevent activit,y from spreading too far we rnust also provide 
longer range inhibitory interconnections. (Such a scheme of interconnections has 
already been used by one of us in a rrrodel for orientation specificity in the striate 
cortex (Malsburg 1973).) AS a result, if the cells which are active happen to be 
grouped toget,her they fire strongly, whereas widely dispersed activity is relatively 
weak. We now assume that t,he two sheets are interconnected by modiiiable syn- 
apses of the correlation type, as used in theoretical work by I-lebb (1949), and 
many others (Marr 1969; Willshaw, Buncman $ Longuet-Higgins 1969; Mals- 
burg 1g73), being facilitated in proportion to the product of tile activities in the 

postsynaptic 

/ 
Frcrmlc 1. Ways In which tho two clusters of cells, s rind y, in tho presynaptic sheet crtn 

connect u i t l ~  the two postsynaptic. clusters, X arld Y ,  respectively. \Ve denote the 
cells common to clusters a anci y by ( r  n g ) and t21r synapses between .c anti X by (a+X). 

Configuration (a) is fi3voureci more thrtr~ ( 6 )  for two reasons: since a rtr~dy overlap 
they share axons and t1.1arehy synrtpses. I t  is thoreforo unlikoly that X and Y occlipy 
tilscol~noctetl rogio~~s on tho postsyrlaytic surfaco. Secontily, the, synapses ( ( xn y)  -+ 
(X n Y))  in (a)are reinforced hy the occurronco of a and by the occurroncc! of y. 

For srnall separations of x and y configuration (c) is unstrtblo: the actiorr of the latorrtl 
inhibition ensures that  a and y aro never active a t  the saine tirile and so synapses 
(z -> (X n Y))  and (y + (X n Y ) )compete against each other, to the bonefit of neither 
set of synapses. For lergor seyrtrations of x and y configurrttiorl (c) is oxc1ucic.d by tho 
mode of growth of tho mapping, whicl~ is disclissed in $3. 

appropriate pre- and postsynaptic cells. Finally, to  drive the system, we assume 
that a t  any one time, as a result of sorne random process, a few presynaptic cells 
are spontaneously active. These will fire most strongly if clusterotl together, and 
the response evoketl in the post,-synaptic layer will also be a t  its strongest if due 
to cells closely grouped together, Since the strongel. a cell fires the greater the 
rnodificatiori of its synapses, the synapses of tight clusters of presynaptic cells 
evoking act#ivity in tight po~t~synaptic clusters will be selectively reinforced. We 
also insist that  to prevent a steady build-up in all synaptic strengths, leading to  
instabilities, the total strength associated with each postsynaptic cell is limited. 
Thus when some synapses increase in strength others are made to decrease. Apart 
from the modification of existing synapses, we also need a facility for forming new 
synapses to offset the loss of the seldom moclified synapses, which, over tirne, drift 
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t o  zero strength. One way of doing this is to assume that axons are continually put-  
ting out branchlets to  contact neighbouring cells, such contacts being withdrawn 
if not immediately reinforced. 

For the self-organizing component of the model the initial pattern of connec- 
tions can be random; no form of preferonce of fibres for cells need be intro- 
duced a t  this stage. Over a sufficient period of time the axonal arborizations, 
initially spread out over the entire postsynaptic surface, gradually narrow down 
until small clusters of presynaptic cells corne to be exclusively connected with 
small clusters of cells located somewhere in the post-synaptic sheet. We shall 
be referring to  this refining of diffuse patterns of connections as the process of 
organization. In  particular, overlapping presynaptic clusters will be connected 
to overlapping postsynaptic clusters (see figure 1): and if this is true for all 
overlapping clusters the two sheets will be interconnected in a topographically 
ordered fashion. 

3. B O U N D A I ~ YA N D  I N I T I A L  CONDITIONS;O R I E N T A T I O N  O F  

T H E  M A Y  

The mechanism which was described in the last section acts on a local level. 1\11 
macroscopic features of the emerging mapping, such as its size and orientation, 
have to  be determined by boundary conditions. Special care must also be taken 
that  the development of the mapping does not get trapped in local optima, 
which could result if map formation started a t  different centres, producing exten- 
sive but incompatible part-maps. Further improvement could then only be made 
by partial destruction and reorientation of some of the part-maps, which cannot 
be carried out by a microscopic mechanism. 

The problem of local optima is solved by initially restricting development to  one 
region of nucleation, from which a continuous mapping then spreads out over the 
whole of both surfaces. 

The other question is how to  determine genetically the final orientation of the 
mapping. There is nothing in the local mechanism to  specify one orientation rather 
than another, and if no systematic trends are introduced in the initial pattern of 
connections then the final orientation of the map is the result of chance. On the 
othcr hand, a slight but systematic bias within the initial connections towards 
a certain orientation will suffice t o  determine which end of the presynaptic array 
connects to  which of the postsynaptic array. Such a bias could, be established by 
a trace of spatial order within the afferent fibres or by weak preferences of some 
fibres for particular postsynaptic regions. It is enough if this initial bias is present 
within the nucleating region because the orientation of this region will impose itself 
on the rest of the projection developing later on. This paper is not attacking the 
question of how orientation information is produced by the nervous systern ; the 
point here is t,hat since the maps observed do have definite orientation this informa- 
tion must be providetl genetically, and i t  would be most efficient to  specify tho 
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orientation of the nucleating region only. We therefore introduce the idea of 
polarity markurs, namely that the cells of a particular snlall presynaptic region 
initially establish contact, in the required orientation, with a small postsynaptic 
region. T t  should not be thought, however, that  with the polarity markers we are 
invoking precise preprogramnied cellular specificity, and thereby introducing 
redundancy of principle. Precise cellular specificity fails as an  explanation of 
systems-matching. The weak specificity introduced here contains only enough 
information to specify orientation; tile chosen presynaptic region can make 
initial connections with any small postsynaptic region, not just that region to  be 
connected to  it in the final mapping. 

The condition for maintaining just one nucleation region in the postsynaptic 
sheet is that  organization must proceed by the catalysing action of organized cells 
on their neighbours via lateral excitation, and in no other way. I n  other words, 
spontaneous organization of isolated cells must be suppressed, although these 
cells can be fired by presynaptic activity that  happens to  activate many of 
their dispersed afferent fibres. There are several ways of doing this. For example, 
synapses could be modified according to  a function of prc- and postsynaptic 
activity which disfavours small signals, or the random fluctuations could be kept 
within bounds by slowing down the speed of organization. I n  our simulations we 
have adopted the first solution, and have a modijication threshold, which the pre- 
and post-synaptic activity must exceed before modification can take place. The 
threshold is set so that  postsynaptic activity induced by correlated activity from 
as yet unorganized presynaptic cells is not reinforced. 

Map formation resulting from the growth of a nucleation region ensures that 
disconnected presynaptic regions are not connected to the same postsynaptic 
region despite the fact that  the limited range of inhibition permits several pre- 
synaptic clusters to be active a t  the same time. A postsynaptic cell C, which is in 
the process of organization, is activated almost exclusively by lateral excitation 
from already organized neighbouring cells. These in turn can only be activated 
by their 'correct ' presynaptic region. At the same time, presynaptic clusters fieom 
random positions will also be active, and although they do modify synapses, their 
total effect, taken over the ensemble of possible stimuli, is small, since the total 
synaptic strength available to  C is limited and so the different modifications 
interfere with each other. The 'correct ' synapses, however, are strengthened with 
each stimulation, ancl will in the end win out. 

We have so far attempted to  explain our proposed mechanism entirely by 
qualitative arguments. A good test of the logic of the arguments is to produce 
a formal demonstration of t,hcir feasibility. It is fairly casy to write down a set 
of coupled differential equations to describe the relevant evcnts, but these are not 
sohiblc I)y :~nalytical rnethotls. We thcrcforc wrote cornpuler. programs to  give 
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us numerical solutions for a model system. 'I'hc simplifications we madc in doing 
this wcrc : 

(1) 1,imitations of computing timc and space meant that we could only simulate: 
small systems: the number of cclls in a shcet varied between 36 and 64. 

(2) To save computing timc weak diffuse activity in the prcsyiiaptic sheet was 
ignored. 

(3) We cmploycd a simplified idea of a synapse: we assumed that  initially 
each axon not marking polarity made a contact of roughly equal strength 
with each postsynaptic cell and that during organization all the synapscs 
were retained, despite the fact that many of them had zero strength. 

None of these assumptions is a serious oversimplification, although an extra 
argument is needed to intcrprct assumption (3) for a larger, physiologically more 

Frausii: 2. The two shccts wh~ch are to ~ritcrconncct. Flllerl circles ( 0 )represent thc mernbers 
of the two 6 x (i sheets lrivolvcd In thc rnapplrigs for figures 3a, and 4. 'rhc p a r s  of polar~ty 
rrlarkers uscd for 3a are labclleti 1, 2, 3, 4; for figure 4 tho same postsynaptic polni.ity 
markers were choseri, but thls tirnc their partners are the four cells ericloscd by the 
dottcci linc drawn on tllc prcsynapt~c sliect. Tho cells added In the calcrllatlons for 
frgurcs 36, c ar~cid arc denoted by llr~filled clrclcs (0).Tlie a;-row ~ndicatcs thc corricr of 
tlle prcsyr~upt~r the rnaps of figrires 3 atid 4.9hret to I)r%plncaed top left I ~ I  
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realistic, system. We discuss this point in the next section. We ditl an extra cnlcu- 
lation to  check the validiky of ussumption (2).  

To enable the rcadcr to repeat our c;tlculatiorls we have listcd in the appendix 
the steps taken in our calculations ant1 the parameter values used. 

We first calculated how 36 presynaptic cells, arrangcd as a 6 x 6 square sheet,, 
woultl dcvelop a projection onto an identical square of 30 postsynaptic cells. Four 
pairs of cells were chosen to msrk polarity. The 72 cells ixlvolvcd are marlietl by 
filled circles ( 0 )in figure 2. 

To depict a particular mapping betxireen the t ~ r o  sheets we calcul:~tetl, weight- 
ing by the appropriate synaptic strengths, the mean coortlinates of the presyrlaptic 

JTI~CJKE3 Maps of postsynaptic rolls drawrr on the presynapt~c sl~cxot for various model 
systcrns. I n  each tliagrarrl tlre thick black lirie tracing out a, square denotes the boundary 
of tl-I(% presyrrapttc shoct, orlerltect witll the corner niarlred by the arrow in figure 2 placed 
top left. ]Tor. each postsynaptic cell thc centre of the rlustc.r of pr(>synaptic cells oorr- 
ncctcd to ~t was plottcd out. Points assoc~latetl witlr ncighbotlnn~ post sgnapttc ccll9 
w i ~ othen jolrled by t i  straiglht lirrc. Slrlcc, only cluster cerrtic~ were plotted, the post- 
synapt~cirlaps so courtruetec% are rrccehsarlly smallcr tllan the app~oprlatc prcsynapt~c 
shoots; the half-wltltli of the drstribntiori of presynapt~c cells c~orrnectc~d to a glverr 
postsynaptic cell rievor exeooded & of tlic presynaptlc cell intorspaclng. Postsynaptic 
polarity rrlarker posit~urls a1.e ind~cated as 111 figure 2.  

(a )The mapplrlg bctween tllr two 6 x 6 shccts u-?nch has developed after 15000 trials. 
Figures 3 b,  c anti d show the new mappings obta~nc,tl after pcrforrning on tlie system in 
tlic stato shox+n IKL 3a the ttirce man~pt~lat~orrs clrsclihed in tlie text. ( b ) Tlie mapplng 
bctwcxon 36 prrsyriapt~c and 54 postsynaptic cells after 9000 trials. (c) l ' f ~ c ,  rnnppilig he- 
twoerr 04 presynaptlc and 36 post~ynapklc colls aftw 10000 trials. (d) The mapping 

t>t~tu A4 po-t\yt~apt ~~'11s I A 000 1rlal'i.ccXnfi4 presynapt I F  R I I ~ ~  1 1 ~  : I ~ ~ c I .  
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cells connected to each postsynaptic cell. These coordinate positions were then 
plotted or1 a map of the presynaptic sheet, now regarded as a continuum. This way 
of presenting our results is closely analogous to  the elcctropk~ysiological maps of 
the tectum projected on to  the visual field favouretl by ncnrophysiologists (Gaze 
1970). (The analogy is not exact since we do not have a cortnterpart to  the pro- 
jection of retina orlto visual field.) Figure 3 n  shows tlie lr~ap obtained after 15000 
trials. Note that the polarity ruarliers have shifted from their initial positions, 
showing that they arc only there to  give the map tlie desired orientation, arid so 
their positions are riot rigidly dctermincti. 'l'he choice of cells to  mark polarity is 
relatively free. Choosing, for example, the four cells in the middle of tlie presynaptcc 
surface (as we liave done here) does not oblige us to  take the corresponding middle 
four postsynaptic cells as their respective partners. 

To demonstrate the model's systclns-matching properties we now show the 
results of three manipulations, in which cells wcrc added to  one or both sheets (of 
a system which had already attained an ordered mapping and then tlie way the 
enlarged systcnl rearrangod its connections was followed lor a few more thousand 
trials. In each case the starting configrlratiori was that s21ou~1 in figure 3a,  and to 
avoid introducing bias, once again the new7 cells were all given synapses, of roughly 
equal strength, wit21 all cells fiom the opposite sheet. l'hc three manipulations 
were : 

( I )  bye increased the number of postsynaptic cells from 36 to 54 by adding 
3 ro\\s of 6 cells to  makc i l  6 x !) oblong slteet, leaving the presy~laptic shoet 
unchanged. 

(2) 'l'hc 6 x 6 shcet of pr~syn:~ptic cells was cnlargcd by adding a band of colls 
around thc outsidc to rnalte a11 8 x 8 shcet. 'l'hc postsynaptic shcet was left, 
unchanged. 

( 3 )  Both sheets wcrc enlarged, to  ($4 anci 54 cells rcspectivcl~, as described in 
( I )  and (2) above. 

7'hc cells added in these nianipulations arc marlced by l~nfillctl circles (0)in 
figure 2. 

Figures 3 h,  c and d show the three new mappings obtained in this manner. The 
most, striking point about all four maps shov n is that tEle topographical ordering 
is in cach case perfect; each pair of ncighbouriilg postsynaptic cells is mapped onto 
neighboaring points on the presynaptic surface. 'l'o sec how the mapping changes 
size as thc relative sizcs of the two sheets alter, the reader should observe the 
location of the srrlall area marked out by the four postsynaptic polarity markcrs. 
In figures 3a and 3 c  this area is situated in the bottom right-hand quarter. In 
figurcs 3 b  and 3d nc fillti that it has shr~lnlt and has rnoved up to accommodate 
the new poet-synaptic cells coming in a t  thc bottom. 

To emphasize that the polarity markers specify only the rclative oricntation 
of the two sheets, and not ilidivitlnal connections, we show in figure 4 anothcr 
scquence of maps of the devclopment of a topographical projection betweerr 
two t i  x 6 sheets. The postsj naptic polarity rnarltcrs wcre those used in the 
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previous calculations, but this time we tooli their partners from the diagonally 
opposing quartcr of thc othcr sheet, tllat is, the quarter indicated in figurc 2 by 
the arrow. Various stages in the growth of t l ~ c  inapping arc shown. Wc only plotted 
out thc positions of those postsynaptic cells which had established organized con-
nections. After 5000 trials, only the polarity rrlarkcrs ant1 a few nciglrbours have 
established defiuitc contact, in the region of' thc presynaptic polarity markers 

Flao~l<: of a t w o  li x Ci sheets irl tllc casc wllcrl tlle two4. The df:velop~r~ent mnppirlg k~otwef:n 
sc:ts of polarity rnarl<r:rs occupied ~lon-corrc:spontli~~g Carl-regiorrs on tilt: two snrf:ices. 
ventioris as in figurc 3. Only t l ~ c  positions of' tllosc ~~ostsynapticcolls m/k~icl.i had 
t:stablisl~c:tl tlcfirlite contacts wc:re plottctl. 

(a ) By ,5000 trials only the ~~o la r i ty  c:stablishedm:~rlcers anti tl~cir ncigl~bours had 
dcfinitc contact. l'ho 1n;tpping sot 111) by t l~ isstagc: is C)etwt.cn cc:lls in the top Icft hantl 
qun.rter of the yresyrlaptic sl~cet :t~ld tI10so i r~  the bottorn right hand (partor of tlre 
postsynaptic sk~eot,. ( h ) Aftcr 20000 trials. 'l'o accormnotlntc t l ~ e  rrcw cells uklicC~ have 
c:staC)lisl~od corititct, albcit in a tlisorg:r,rlizcti rnarrner, tk~o map of the postsynaptic slloet 
has sklif'tod clowr~ aritl to tho right. (c) Ily 30000 trials positions of all postsynaptic cells 
coultl bo plottcd or~t ,  but the ]nap is tlistortctl. ( d )  Aftcr 50000 trials. A stable and 
ordi:rcd rnap is produectl. 

(figure 4a) . As time goes on, the map enlarges ant1 gets shifted clown and to the 
right (figure 4b). By 30000 trials all positions can be mapped out (figure 4c), and 
by 50000 trials a stable arid orderly map is seen (figc1r.e 4 4 .  

In  the simulations tlescribeci so far we assumecl that  each stimulus consiste(1 
of a single (bluster of activity. In reality there will be more than one cluster 
present; each postsynaptic cell can sirnultaneo~~sly receive input from discorlrlccted 
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presynaptic regions, and so one-to-one maps might not result. To investigate this 
we ciid an extra simulation, similar to  that which gave the map shown in figure 3a. 
The polarity markers used were the four middle cells in each sheet, and this time 
the typical stinlulus was activity in two pairs of adjacent cells, each pair being 
randomly chosen from the presynaptic sheet. As time went on, although synapses 
were modified by dispersetl activity, the strong effects from the 'correct' cells 
eventually won out, and by 15000 trials a perfectly ordereci mapping, comparablc 
with that of figure Ra, haci cieveloped. 'Phis calculation, together with the argu- 
nlents already given, justifies our decision to ignore dispersed presynaptic activity 
in our main body of simulations. 

5 .  I'HYSIOLOGIOALC O N S 1 I ) E R A T I O N S  

With the present computer techniques, only small numbers of cells can be 
simulated, and so one must attempt to extrapolate from our calculations to real 
size systems. 

We made no attempt to  represent the complex three dimensional geometry of 
axonal growth. This led to  the unrealisLic assumption, in the computer model, 
that each pair of pre- and postsynaptic cells is interconnected, although their 
synapse may be of' zero strength. In  reality this large number of synapses can he 
reduced drastically, fbr the fbllowirig reason. 

Owing to  the lateral excitation within the postsynaptic sheet, two fibres c>Ln 
influence each other without sharing contact with the same postsynaptic cell. If 
each axon ramifies on a small scale in the way that we have suggested, then in 
the synaptic modification procedure the axonal branches will be movetl a r o u ~ ~ d  
as some synapses grow and some decay. Therefore, each presynaptic cell need not 
have a contact with each postsynaptic cell. However, the number of contacts made 
a t  the start must suffice to bring each axon within sensing range of its target area. 
The sensing range ASis determined by and roughly equal to  the range of thc post- 
synaptic lateral excitation. It can be several limes the radius T of the target area, 
whioh gives the precision in the final mapping. The region in which an axon millst 
have some contacts if i t  is to  homc in on its target area has an arca nS2. Therefore, 
cach axon must initially makc a t  least NlnS2 contacts at random among N post-
synaptic cells. Although there are a t  present n ~ s n y  unknowns, it is instructive to 
give a numerical cxan~ple. Taking N t o  be loG,and arbitrarily setting T at  I0 and 
S four times as great (meaning that  approximately 3200 regions can be distin- 
guished), the number of contacts cach axon must initially make is about 5100. 
Certainly, our calculation gives a pessimistic estirnate since an axon can also be 
attracted t80 its target arca through the n~ediation of the axon of a neighbouring 
presynaptic cell. This retluccs further the initial density of cont,acts required. 

Tlle inhibition in the postsynaptic layer is merely there to  stop the cxcitabion 

from spreadii~g boo far, and so its rangc must be slightly greater than the rangc of 

excitation. 
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l'hc purpose of this paper is to show that it is possiblc to  devise a theory for the 
cstablishmcnt of ortiered ncural c~onncctions displaying systems-matching pro pcr- 
ties which exploits the already existing order within the two shccts of cells to  be 
matched. Our thcory of self-organization can bc vieweti as marking one end of 
a spectrum of possiblc theories, a t  wrllose other extremity stand the theories of 
ncuronal specificity. In these theories erriphasis is laid on the labelling of cclls and 
a set of relabelling rules to  cater for new conditions, wllcrcas thcrc is little or no 
interaction between cclls in thc same sheet. In  our thcory such interactions play 
a crucial r6le, and the amount of lt~belling is no more than the minimurn rcquiretl 
for correct orientation of the map. A simpler type of mecl~anism, such as one 
assigning unique and unmodifi;~ble labels to  cells, is incapt~blc of explaining 
systerns-matching. 

The prime vduc of our paper is to  show that  such theories of self-organization 
do in fact work, and they should now be talcen seriously. They have the advantage 
of requiring only an extremely srnall amount of information to  be specified genetic- 
dly,  and we have not had, to make embarrassing assumptions about regulation, that 
is, relabelling of cclls according to glok>d observations to makc mappings possible 
under new conditions. l'hc computer siniu1;~tions are intended to demonstrate the 
logical consistency of our assumptions, and should be regarcled primarily as an 
aid t o  thought. 

By working our theory through we have been able to  make a number of 
generalizations, whicll are independent of the precise details of implcnlentation 
of our ncural activity model. 

(1) The mapping dcvclops in a step-by-step and orderly fashion. 
(2) Thc axonal c~rborizations initially ramify diffusely over the postsynaptic 

surface ant1 then become more restrictctl in extent as the rnt~pping dcvclops. 
(3) Wheret~sthe pattern of connections rchflccted in the final nlap is not laid down 

straightawc~y, the oricnt;~tion of the niap is drcc~dy fixed at  the e;~rliee-t stages of 
development. 

(4) f'rovision of the correct starting conditions, that is, the correct polt~rity 
markers, is essential for succcssfixl dcvclopnicnt of the map; inconsistent oricnta- 
tion infovm;~tion 1e:~ds to peculiar maps. This leads to the speclllation that the 
rcm;~rkable series of maps obtained in the trnnsrcpolarization experiments (Hunt 
$ I'rank 1975) reflect,^ the working out, of a set of mutually incoinpatiblc polarity 
markers a~~isirigfrom putting together incornpatiblc licnliretinac. We are a t  
present exploring this possibility. 



Here is a description of the caloulations performed on the computer. 
The strength of the synaptic, oonncc%ion between ocll i in a sheet of IWpresynap-

tic cclls and cell j in a sheet of N postsyn:~ptic oclls is specified by the entry sijin the 
&I x N matrix s. The activity 11; in postsynaptio cell j is determined by its rnem- 
branc depolarization Hj, and is calculated according to a linear threshold rnodel 
of a riervc cell (Mdsburg 1973). At time t ,  cell j is dccmcd to  fire if its depo1ariz:r- 
tion exceeds a fixed thresholtl vduc 0. I ts  activity IIT(t)is dcfined ;LS 

-0 if II j ( t )> 0,
HT(t) = 

otherwise. 

To caloulate the membrane dcpolarization we assume that  its rate of change aH,/at 
is proportional to the sum of the cxcitatory effects of active presynaptic cells, 
the excitation and inhibition supplied by nearby active postsynaptic cells and 
a decay term due to losses in the membrane itself. I t  is helpfill t o  define the 
quantities AT(t), ekj and iki. 'She variable A:(t), used to  describe the state of the 
prcsynaptio cells, has value 1 if cell i is active a t  time t and 0 otherwise. The 
time independent parameters p k j  and ikj specify the short range excitation and 
inhibition exerted by postsynaptio cell k: on postsynaptic: cell j .  

We can then write a set of N coupleti equations. 

ar'j(t) +af4(t) = 2 Af (t) sii(t) + C Hi( t )  eIci - Hz(t) ikj for j = I,2,3,. . . , 1V. 
at i k k 

The first sum represents the contributions from the presynaptic cclls; the other 
two are the cxcitatory and inhibitory contributions from the postsynaptic cclls. 
The parametcr a is the membrane time constant. To ensure that cells which do not 
mark polarity have initially no particular preference for any cell in the opposite 
sheet, all initial values of the entries in s are chosen from a set of random numbers 
normally distributed about a positive meail. The numbers arc then adjusted to  
give synapses bctween polarity marker cells above-average strengths. The followir~g 
procedures are carried out for each slxccessive trial, during which the postsynaptic 
cells are stimlxlated by a given set of presynaptic cclls. 

(1) A small cluster of c presynaptio cclls is ohosen a t  random from the whole 
set of overlapping clusters of that  size covering the presynaptio sheet. These cxells 
constitute the input to the postsynaptic sheet during this trial. (This is where we 
assume that  dispersed patterns of activity that can also ocour have no significant 
effect.) 

(2) For each of the N postsynaptic. cells a stationary solution for its membrane 
dcpolarization is found by iterating the set of colxplcd equations until the mean 
change in depolarization per unit of time becomes less than 0.5 %. 

(3) Only those synapses bctween cells firing sufficiently strongly are strength- 
cncd. The increase in strength Astj of synapse s,, is given by 


Asij = hAz 12; 
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provided that HT, as calclxlatcd in step 2, exceeds the motlification threshold e, 
and whore the constant h sets tlie speed of organization. 

(4) The synaptic strengths are then rcnornlalized so as to  keep tlie mcan strength 
assooiatcd with each postsynaptic cell a t  a constant value S, tlilxs 

The paranieters c, a ,  0, h, e, S and the entries in the matrices iand e are constants, 
whose values have to  be found by trial and error. The values used in the main body 
of calculations were 

c = 2 ,  0 = 1 0 . 0 ,  u = O . 5 ,  72=0.016, e = 2 . 0 ,  #=2.50.  

A postsynaptic cell could influcnce othcr postsynaptic cells up to  a distance 
3 units away, the distance between the two cells with coordinates (x ,y) and (x', y') 
being defined as the sum Ix-x'l i-ly-y'l. The postsynaptic excitatory and 
inhibitory constants took the following values 

distalice between 
cells j and k: 1 2 3 

ex 7 0.05 0.025 -- 

i k ,  
- - 0.06 

For the initial values in the matrix s a set of MN random numbers were first 
chosen from a normal distribution of mcan 2.50 and standard deviation 0.14. The 
values of the entries designating synapses between polarity markers were then 
increased fivefold, and then all the numbers were normalized, as in step ( 4 )  given 
above. 

For the extra simulation to  investigate the disruptive effect of dispersed pre- 
synaptic activity, t,he stimuli used wcre chosen equiprobably from tlie set of 
1800 pairs of pairs of neighbours which can be formed from the members of a 
6 x 6 sheet. Under these conditions, four instead of two prcsynaptic cells were 
active per. trial, and to cater for. this B and F were doubled, to take the valucs 
20.0 and 4.0, and h was decreased to 0.005. All othcr paramctcrs retair~ed tlic 
values given above. 

We would like to thank I)r G. Rager, Dr M. C. Prestige and Dr T. Poggio for 
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T)atenverarbeit,ung, Giittingen. We are very grtLtc.ful to  Frau C. Rauschenbach 
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