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Global Form and Singularity: Modeling the Blind 
Spot's Role in Lateral Geniculate Morphogenesis 

Daeyeol Lee and Joseph G. Malpeli* 
Optic nerve terminals segregate by functional class into distinct layers in the lateral 
geniculate nucleus, the thalamic relay nucleus of the visual system. In the rhesus monkey, 
the number of geniculate layers changes abruptly from six posteriorly (central vision) to four 
anteriorly (peripheral vision). The plane of transition between these patterns passes 
through small laminar gaps corresponding to the perceptual blind spot caused by the exit 
of the optic nerve from the eyeball. However, this plane of transition has no apparent 
functional link to the blind spot. A thermodynamic model of geniculate morphogenesis 
supports the hypothesis that the blind spot traps the transition in its stereotypic position by 
introducing a singularity in an otherwise smooth gradient in forces guiding the development 
of geniculate morphogenesis. This relation suggests that small-scale anomalies may be 
important in the determination of large-scale patterns in biological structure. 

Although brain morphology is subject to 
considerable individual differences, certain 
features are constant. For example, there 
are substantial variations in the size, posi- 
tion, and orientation of the rhesus lateral 
geniculate nucleus (LGN) , the thalamic 
relay nucleus interposed between the eye 
and cerebral cortex. However, the internal 
laminar structure of the LGN maintains an 
invariant relation with a seemingly unrelat- 
ed feature, the blind spot caused by the 
optic nerve exiting the eyeball through the 
optic disk. Geniculate retinotopy is so pre- 
cise that the blind spot is represented by 
small gaps free of relay cells (optic disk 
gaps). These gaps lie in the plane of tran- 
sition separating a six-layered posterior re- 
gion (representing central vision) from a 
four-layered anterior region (peripheral bin- 
ocular vision) (1 -3). This association be- 
tween the transition and gaps is puzzling: 
Many psychophysical and anatomical as- 
pects of vision vary dramatically with reti- 
nal eccentricity, but the most rapid changes 
occur at eccentricities well within that of 
the optic disk. Furthermore, there is no 
evidence of sudden changes in any percep- 
tual function at the transition and no ap- 
parent reason why any such changes should 
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J. G. Malpeli, Department of Psychology, Un~versity of 
lllinols 603 East Daniel Street, Cham~a ian  IL 61820, 

be associated with the blind spot. Here we 
consider this problem from a developmental 
viewpoint. We suggest that the blind spot 
traps the transition at its stereotypic loca- 
tion by introducing a singularity in a gradi- 
ent controlling laminar development. To 
evaluate this proposition, we developed a 
thermodynamic model of geniculate mor- 
phogenesis, in which a realistic laminar 
transition is induced by an anteroposterior 
gradient in interaction forces between ter- 
minals. We then examined the effects of 
the optic disk gaps on the position of this 
transition using simulated annealing. 

Our simulation was confined to the 
plane of symmetry of the LGN: a roughly 
rectangular surface dividing the nucleus 
into medial and lateral halves. This plane 
represents the horizontal meridian, so 
retinotopic organization is described by a 
single coordinate, eccentricity. Axon ter- 
minals from two "retinae" were catego- 
rized into six groups according to eye 
(ipsilateral or contralateral), major func- 
tional class (M or P) (4), and (for P cells) 
polarity of receptive-field center (On or 
Off). The density of retinal cells dropped 
with eccentricity, paralleling the number 
of geniculate cells per unit area of visual 
space (5). Because in normal development 
the formation of layers is induced by 
the arrival of retinal axons (6) and the 
main functional properties of geniculate , - 

USA relay cells mirror those of their retinal 
*To whom correspondence should be addressed afferents, we considered only the distribu- 
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tion of retinal terminals in our model. 
In simulated annealing, the likelihood 

that a system resides in a certain codgura- 
tion is defined in terms of an energy func- 
tion, with lower energy corresponding to 
more favorable states. The goal is to move 
systems to global energy minima through 
iterative procedures (7). We defined a ret- 
inal terminal's energy as a sum of several 
independent energy functions. Some func- 
tions depended on spatial position, favoring 
a particular dorsoventral position for each 
of the six groups of terminals (8). Other 
functions were correlational. favorine the 
dose spacing of terminals of-the Samim 
and discouraging the dose spacing of termi- 
nals of the opposite type. Correlational 
energies varied as Gaussian functions of 
interterminal distance, and the widths of 
these Gaussians (interaction distances) in- 
creased with eccentricity (overall, by a 
factor of 2.5). Terminal packing density 
was controlled by a correlational function 
that discourages the very close spacing of 
terminals, regardless of type. 

Each point in visual space is represented 
in the LGN by a "projection column" that 
tends to cross layers perpendicularly (2, 9). 
Projection columns were modeled by groups 
of six terminals sharing the same eccentric- 
ity, each from one of six functional groups 
defined above. We reduced local retino- 
topic scatter by assigning low energy to a 
terminal if its anteroposterior position was 
close to the mean terminal mition in its 
column. Other types of co&lational ener- 
gies promoted global retinotopy. 

The blind spot was represented by neu- 
tral ghost P-On and M terminals (charac- 
teristic of hyers 6 and 1, respectively) from 
retinal ganglion cells in a small patch of 
retina in the contralateral eye. These ter- 
minals were subject to energies related to 
dorsoventral position in the LGN, retino- 
topy, and packing density but not to those 

related to functional type (MJP), eye, or 
center polarity (1 0). Terminals of the P-Off 
type (characteristic of layer 4) were entirely 
absent from this segment. 

At the onset of the simulation, termi- 
nals were randomly distributed in a dorso- 
ventral direction but were given a rough 
anteroposterior retinotopy to fix the repre- 
sentation of the fovea in the posterior part 
of the LGN. A terminal was randomly 
chosen, and its energy was calculated. It 
was then given a trial move in a random 
direction with a Gaussian probability distri- 
bution of distances, and the change in 
energy (AE) was calculated. For AE 5 0, 
the terminal was left in the new location. 
For AE > 0, the terminal was either left in 
the new location, with a probability of 
exp(-AE/TN) (TN is the "temperature" of 
the system for the Nth iteration), or re- 
turned to the old location (I I). A single 
iteration consisted of a repetition of this 
procedure for every terminal in pseudo- 
random order. Initially, the temperature 
was set hieh enoueh that at least 60% of 
terminals moved new positions. It was 
lowered geometricallv for subsequent itera- 
tions (T,,, = 0.985~,), gradially "freez- 
ing" the nucleus into a low-energy state. 

The key factor in the induction of prop- 
er laminar transitions is an anteroposterior 
gradient in interaction distances for corre- 
lational energies. Positional energies favor 
the six-layer pattern, whereas correlational 
energies favor the four-layer pattern, be- 
cause correlational energies related to the 
eye of origin contribute more than those 
related to center polarity. As interaction 
distances increase, correlational energies 
gain importance relative to positional ener- 
gies (12). We have not defined biological 
correlates of interaction distances, but it is 
reasonable to speculate that they are related 
to distances between neighboring cells or 
terminals (13). 

Fig. 1. Representative 
simulations of genicu- 
late layers after 300 iter- 
ations. Conventionally, 
layers in the posterior 
LGN are numbered 1 to 
6, ventral to dorsal: 1, 
contralateral-rnagnocel- 
lular (yellow); 2, ipsilat- 
eral-magnocellular 
(blue); 3, ipsilateral-par- 
vocellular-Off (dark 1 
green); 4, contralateral- 1 
par\lnocellular-Off (dark 
redl: 5, imilateral- 

1;;- - : .. - *- -i 
Posterior t---, Anterior Posterior - - Anterior 

.- - .  
cellular-On (light green); 6, contralateral-parvocellular-On (ligM red). The transition consists simply of a 
reversal in the relative W i s  of lavers 4 and 5, resulting in the meraer of Darvocellular lavers of the 
same eye anteriorly. h e  monoarls crescent, which is represent& at ihe anterior pok by one 
parvocelluhr and one magnocellular layer, is not included in these simulations. (A) Laminar transition in 
the absence of a blind spot. (8) Eccentricity of each terminal in (A). (C) Successful capture of laminar 
transition by optic disk gaps. (D) Failure of gaps to capture the transition. 
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For simulations without a blind spot, 
clean transitions between six and four layers 
formed at positions scattered over the pos- 
terior half of the nucleus (Figs. 1, A and B, 
and 2). When a blind spot was added to a 
simulation, most laminar transitions coin- 
cided with optic disk gaps (Figs. 1C and 2). 
With capture defined as a transition loca- 
tion within 4% of the length of the nucleus 
(approximately half the width of the optic 
disk gaps) from the gaps' center, the capture 
rate was 56.5% overall and 89% for the 
central 4 of the 12 positions tested (1 4). For 
all locations, the gaps swept up transitions 
within a total range equal to about one- 
fourth the length of the nucleus (the void 
around the line of successful captures in Fig. 
2). Thus, if the "natural" (that is, without 
optic disk) position of the transition were 
close to the position of the real optic disk 
gaps, the gaps would always capture the 
transition (1 5, 16). 

These results suggest that the stereotypic 
form and location of the laminar transition 
arose as a developmental epiphenomenon 
resulting from a local singularity that breaks 
up an otherwise smooth developmental gra- 
dient. However, this hypothesis should not 
be taken to mean that the different laminar 
patterns are without functional conse- 
quence. There is no a priori reason why the 
brain could not have evolved to make use of 
this diiTerence, regardless of how it first 
became established. 

t . . I  Posterior c-- Distance + Anterior 

Optic-disk gap 

Ftg. 2. Effects of optic 'disk gaps on laminar 
transition. The squares represent the location of 
optic disk gaps and laminar transition (deter- 
mined analytically) for nine simulations at each 
of 12 positions of the blind spot chosen to span 
roughly the range of transitions occurring in the 
absence of a blind spot. Each axis spans the 
length of the LGN; each square represents one 
simulation. Squares along the main diagonal 
represent successful captures. Empty zones to 
either side of the diagonal show the "reach of 
optic disk gaps in trapping transitions. The 
histogram represents the locations of laminar 
transitions in the absence of a blind spot (67 
simulations). 



Although gradients are commonly 
evoked as guiding forces in morphogenesis, 
the precipitation of a state change within a 
brain nucleus by a hole-like singularity may 
be an unusual event. However, the con- 
cepts employed in the present analysis can 
be broadened to include other types of 
morphological features (such as folds in 
extended sheets or boundaries between dif- 
ferent structures) or other types of singular- 
ities (such as abrupt changes in the slope of 
a gradient). For example, the location of 
the occipital-parietal sulcus might be stabi- 
lized by perturbations at the posterior edge 
of the corpus callosum in energy functions 
related to the paths of corticocortical or 
corticothalamic fibers. In evaluating these 
possibilities, one may be able to draw on 
formal analyses of similar phenomena in the 
physical sciences, such as the induction of 
~ h a s e  transitions bv seed crvstals or the 
propagation of crystalline disldcations from 
inclusions. One can onlv s~eculate about , 

applying these ideas to other biological 
structures, but it is unusual to find only a 
single expression of a principle in nature. 

Parameters of the model follow: The 
model's spatial dimensions are 100 (antero- 
posterior, horizontal) by 40 (dorsoventral, 
vertical) arbitrary units, and geniculate dis- 
tances are expressed in these units. A total 
of 2400 terminals are grouped into 400 
projection columns, numbered 1 to 400, 
from fovea to periphery. Within each pro- 
jection column, an individual terminal is 
numbered according to lamination pattern 
in the posterior region of the nucleus (Fig. 
1). Each terminal is assigned a retinal eccen- 
tricity (0 to 100 arbitrary units) by the 
following function: 

ek = 4.98{log[13881(414 - k)])2.01 - 7.3 

where ek is the eccentricity and k is the 
projection column number. The optic disk 
spans 30 projection columns. 

The total energy of a terminal of func- 
tional group g, having horizontal position x, 
vertical position y ,  eccentricity e, and re- 
siding in column k is 

where E,,, establishes retinotopy and EcoT 
and Epo, are the respective correlational 
and positional energy functions related to 
laminar pattern. 

+ x {G,(xW - x)[G4(ew - e) 
weW 

+ G5(ew - e)]) + 150 . S - 

where Tj is the mean horizontal position of 
terminals in column j and ew and xw are the 
eccentricity and horizontal position, respec- 

tively, of terminal w. The term J represents 
the set of all projection columns and W is the 
set of all terminals. 

Gi(u) = A,exp{- u21[s,@,(k)12) 

for i = 1, 2, 3, 4, 5, where @,(k) [and @(k), 
below] are scaling factors for interaction 
distances. The expression Qi(k) = 1 for i = 
4 or 5, and 0.0015k + 0.4 otherwise. The 
value of A, = - 1500, s, = 8; A, = 150, 
s, = 4;A, = 1,s, = 6 ; A 4 =  -10, = 8; 
A, = 4, s, = 20. The term S-'?s the 
number of ordinal inversions in mean hor- 
izontal position for all pairings of projection 
columns [S- = :(4:0) (1 - T), where T is 
Kendall's T between j and Tj]. 

where dw is the distance between terminal w 
and the terminal in question. The term W is 
the same as above, W, is the set of all 
terminals of opposite cell type (M or P) to 
that of the given terminal, W,' (W,") is the 
set of all terminals whose center polarity is 
the same as (different from) that of the given 
terminal, and W,' (W,") is the set of all 
terminals whose eye of origin is the same as 
(different from) that of the given terminal. 

G[. . .](dW) = A[. .   ex^{ - dW21[S[. . .l@(k)12) 

where @(k) = 0.0015k + 0.4. The value 
for Asp,,, = 100, ssp,,, = 2.5; A,,, = 30, 

- 
'M/P = 8; A ~ o ~ , s a m e  - -2.5, s ~ o ~ , s a m e  = 6; 
A~ol,diff = 15, S~ol,diff = 8; A~ye , same = -4, 
S~ye,same = 6; A~ye,dilT = 20, S~ye,diff  = 8. For 
optic disk "ghost" terminals, Ecom = 

X'Space ( 4 )  + 

where a = 1.5, and Kg = -10,--30, -50, 
-70, -90, -150, forg= 1, 2 , 3 , 4 , 5 , 6 ,  
respectively. Terminals were given trial 
moves according to Gaussian probability dis- 
tribution functions with standard deviations 
of 3.5 horizontally and 10.5 vertically. 
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