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Summary 

Hypotheses are advanced regarding some of the processes underlying the develop­

ment of an accurate retinotopic map in striate cortex , and the development of corti­
cal magnification. In the first case it is suggested that competitive pruning of afferent 

synapses may be important in the increase in grating acuity seen in infancy, and that 

this process may be disrupted in anisometropic amblyopia. In the second it is argued 

that the development of vernier acuity in infancy may reflect changes in cortical mag­

nification, and that this may be due to increasing functional independence of the 

columnar units in striate cortex. 

Visual function develops rapidly in the last 
trimester of pregnancy and in infancy. During 
this time there is an improvement in the sensi­
tivity of those visual functions such as grating 
acuity, which are present in the newborn, 
together with the development of new func­
tions, such as stereopsis and orientation dis­
crimination. How does cortical development 
in infancy contribute to this? In the mature 
primate visual system the striate cortex 'VI' is 
the only cortical area known to receive an 
input directly from the lateral geniculate 
nucleus (LGN) of the thalamus. VI is organ­
ised as a retinotopic map of the visual field 
with adjacent points on the retina projecting 
to adjacent points in VI. The representation 
of the visual field in VI is magnified compared 
with that in the retina. That is to say; the area 
of VI representing a specific area of the visual 
field is larger than the corresponding area of 
retina and this is particularly so for the mac­
ular area. In this paper two developmental 
processes in visual cortex which are possibly 
involved in the development of retinotopy 
and cortical magnification are discussed, and 
suggestions made as to how they might influ­
ence measurable aspects of visual function. 

Development of Retinotopy in VI 
Afferent axons from the LGN initially make 
widespread excitatory connections in VI. 
During development these are circumscribed 
to give a more ordered retinotopic arrange­
ment.1 In the immature situation where each 
afferent makes widespread cortical connec­
tions, each point in VI will receive projections 
from comparatively widespread areas of ret­
ina and the image of the retina on the cortex 
will be subject to 'neural blurring'. With matu­
ration, not only is the arrangement of cortical 
afferents more ordered, but they are reduced 
in number and spread less widely. Two inter­
related processes appear to be involved: the 
spatial ordering of afferents from the LGN 
and the 'pruning' of their synaptic 
terminations. 

Synapses whose activity is associated with 
depolarisation of the target neurone mem­
brane are stabilised and their transmission 
efficiency increased. Such synapses tend to be 
those which are active in synchrony with 
others at the target cell, and are thus statis­
tically likely to come from adjacent retinal 
points.2 In contrast those synapses which are 
active during target neurone inactivity may be 
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reduced in efficiency.3 Accurate cortical ret­
inotopy may therefore depend on patterns of 
activity in developing cortical afferents.2 

Synaptic pruning is known to occur in the 
cortex in infancy, but it is not known if the 
principles governing cortical synaptic pruning 
are the same as in subcortical structures, such 
as the tectum, where it has been most studied. 
In the tectum afferents compete for 'synaptic 
space' on target neurones during a critical 
period of development. Synapses whose 
activity is asynchronous with respect to target 
neurone depolarisation are at a comparative 
disadvantage and are lost. In experimental 
situations where any competitive advantage 
between afferents is removed, such as rearing 
under stroboscopic light, which effectively 
synchronises activity over the whole retinal 
area, or blocking axonal conduction with 
tetrodotoxin, then pruning still takes place, 
but in a random manner. In the optic tectum, 
this leads to the persistence of aberrant pro­
jections, which produce disorder in the 
normal retinotopic arrangement. 4 

Grating acuity develops rapidly in infancy. 
Part of this increase can be attributed to 
foveal maturation,5 part to the role of inhibi­
tory processes in developing the mature 
'centre-surround' type of receptive field in 
LGN and cortex, and, possibly, part to corti­
cal influences on the LGN, which may influ­
ence receptive field size.6 It seems probable 
that pruning of cortical afferents is also 
involved. There is, as yet, only indirect evi­
dence for this. Suturing the lids of one eye 
during development may increase the cortical 
'territory' occupied by afferents from the 
normal eye at the expense of afferents from 
the sutured eye,7 indicating that competitive 
advantage does play a part in the develop­
ment of the map of the visual field in VI. If, as 
in tectum, reduction of the possible competi­
tive advantage between afferents from one 
eye leads to the persistence of aberrant con­
nections in VI, then this would produce a dis­
ordered representation of the retina on VI. 
The effects of such disorder on grating acuity 
should be the same as blurring of the image, 
however positional acuity would be affected 
independently of the blurring, as positional 
information from the retina would no longer 
be accurately represented on VI. A persis-

tently defocussed image on one retina, as in 
anisometropic amblyopia, might be expected 
to synchronise activity and thus reduce com­
petition between afferents from that eye and 
lead to a spatially disordered map in VI. Watt 
and Hess8 have shown that positional rep­
resentation in the amblyopic eye in aniso­
metropic amblyopia is indeed spatially 
disordered and cannot be mimicked by blur­
ring. It must be stressed that the proposed 
connection between anisometropia and dis­
ordered synaptic 'pruning' is highly 
speCUlative. 

Development of Cortical Magnification 
Mature cortex has a columnar organisation, 
with columns of functionally linked cells 
extending from the cortical surface to sub­
cortical white matter. The basic processing 
unit in VI, corresponding to an individual 
'point' on the cortical map of the retina, is 
thought to be the 'hypercolumn', which can 
be subdivided into two 'ocular dominance' 
columns each of which responds preferen­
tially to input from one eye and can be further 
subdivided into a number of 'mini-columns', 
each responding to objects at a particular 
orientation. 

The cortical magnification factor is defined 
as the extent of striate cortex corresponding 
to a degree of arc in visual space and is related 
to the density of retinal ganglion cells.9 It is 
greatest in the area of cortex representing the 
fovea and diminishes with eccentricity. Grat­
ing acuity appears to correspond to retinal 
ganglion cell density, and in common with it, 
is lower in the area of the visual field sub­
tended by the temporal retina, as compared to 
that subtended by the nasal retina. If one cor­
tical point is considered to correspond to a 
unit of cortical area, and one retinal point to a 
retinal ganglion cell, then for some visual 
functions, such as contrast sensitivity and ver­
nier acuity, performance appears to depend 
more on the number of cortical 'points' 
involved than the number of retinal 'points'. 10 

Cortical magnification may therefore be 
partly independent of retinal ganglion cell 
densities.ll Fahle and Schmid12 have sug­
gested that vernier acuity depends more on 
positional information present at a cortical 
level than at a retinal level. I wish to suggest 
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that the development of vernier acuity may 
provide an index of the development of corti­
cal magnification. Vernier acuity in infancy is 
initially lower than grating acuity, but 
increases faster13 to be approximately 1.5 
octaves greater at nine months 14 suggesting 
that different developmental processes are 
involved. Vernier acuity reflects the accuracy 
with which the position of a point on the retina 
can be determined. I suggest that, whereas 
the increase in grating acuity in infancy is 
dependent on changes in the receptive fields 
of cortical neurones, as discussed above, the 
increase in positional accuracy may depend 
on changes in the number of independently 
active hypercolumns subtending a given area 
of the visual field. 

The receptive fields of adjacent hyper­
columns are unlikely to be identical even 
though there may be considerable overlap. 
Thus, although the positional accuracy of any 
one cortical column is limited by its receptive 
field size, more accurate information on 
position in the visual field could be obtained 
by integrating the responses from an array of 
neighbouring columns with overlapping 
receptive fields, each of which returns slightly 
different positional information. 15 This is only 
true if the columns are active independently. 
If activity in one column spreads to and acti­
vates neighbouring columns, then positional 
accuracy would be even less than that pro­
vided by the receptive field of an isolated 
column, as is the situation in early infancy. 14 
Effective cortical magnification could there­
fore be lowered by a reduction in the number 
or density of cortical hypercolumns, or by a 
spread of activity between columns possibly 
due to a reduction in the electrical isolation 
provided by myelin and glial cells or due to a 
reduction in inter-columnar inhibition. 

Columnar organisation of cortex is present 
from the beginnings of cortical development, 
altliough it is not certain how developing 
columns are related to mature hypercolumns. 
When neurones migrate from the ventricular 
zone to the cortical plate, they do so in onto­
genetic columps, developing neuronal inter­
connections and passing through waiting 
thalamic afferent terminations en route.16 
During the last trimester and in infancy the 
complexity of neuronal dendrites and inter-

connections increases rapidly in V117 and the 
width of each column increases. IS Since the 
number of cortical neurones is thought to be 
fixed by the end of the second trimesterl6later 
cortical growth probably reflects columnar 
widening due to neuronal differentiation with 
axonal and dendritic development, glial cell 
development, and myelination, rather than 
an increase in the number of functional 
columns. I suggest, tentatively, that increas­
ing columnar width together with the 
development of inhibition between and 
within columns, results in the functional inde­
pendence of adjacent columns and that this 
may underly the apparent increase in cortical 
magnification suggested by increasing vernier 
acuity in infancy. 

Intrauterine growth retardation (IUGR) is 
known to impair cortical development, with 
particular effects on myelinationl9 and den­
dritic development. Most IUGR in humans 
takes place after the second trimester and 
therefore probably after neuronal numbers 
are determined. Vernier acuity is significantly 
reduced in IUGR infants at nine months of 
age compared to normal controls, although 
grating acuity is normal. 14 Vernier thresholds 
in the IUGR infants were significantly corre­
lated with head size. This study suggests that 
factors that might impair inter-columnar inde­
pendence affect vernier acuity but not grating 
acuity, implying an effect on cortical 
magnification. 

The relations between cortical develop­
mental processes and measurable visual func­
tions remain speculative. Increasing 
knowledge of the development of the cerebral 
cortex, sensory electrophysiology and psy­
chophysics in the fetus and infant should allow 
us to de.sign experiments aimed at elucidating 
such relations. 

Keywords: Cortex, Development, Vision. 

References 
I Rakic P: Developmental events leading to laminar 

and areal organisation of the neocortex. In: 
Schmitt FO, Worden FG, Adelman G, Denni SG, 
eds. The organisation of the cerebral cortex, 
Cambridge (Mass. ): MIT Press, 1981. 

2 Singer W: Activity-dependent self-organisation of 
the mammalian visual cortex. In Rose D and 
Dobson VG, cds. Models of the visual cortex, 
Chichester: John Wiley and Sons 1985, 123-36. 

3 Artola A, Brocher S, Singer W: Different voltage-



30 O. H. STANLEY 

dependent thresholds for inducing long term 
depression and long term potentiation in slices of 
rat visual cortex. Nature 1990, 347, 69-72. 

4 Fawcett JW and O'Leary DDM: The role of electri­
cal activity in the formation of topographic maps 
in the nervous system. Trends Neurosci 1985, 8, 
201-6. 

5 Yuodelis C and Hendrickson A: A qualitative and 
quantitative analysis of the human fovea during 
development. Vision Res 1986, 26: 847-855. 

6 Atkinson J: How does infant vision change in the first 
three months of life. In Prechtl HFR, ed. Contin­
uity of neural functions from prenatal to postnatal 
life, London: Spastics International Medical Pub­
lications 1984: 159-78. 

7 Rakic P: Development of visual centers in primate 
brain depends on binocular competition before 
birth. Science 1981, 214, 928-31. 

8 Watt RJ and Hess RF: Spatial information and 
uncertainty in anisometropic amblyopia. Vision 
Res 1987, 27, 661-74. 

9 Drasdo N: The neural representation of visual space. 
Nature 1977, 266, 554-6. 

10 Virsu V and Rovamo J: Visual resolution, contrast 
sensitivity and the cortical magnification factor. 
Exp Brain Res 1979, 37, 475-94. 

11 Van Essen DC, Newsome WT, Maunsell JHR: The 
visual field representation in striate cortex of the 
macaque monkey: asymmetries, anisotrophies 
and individual variability. Vision Res 1984, 24, 
429-48. 

12 Fahle M and Schmid M: Naso-temporal asymmetry 
of visual perception and of the visual cortex. 
Vision Res 1988, 28, 293-300. 

13 Shimojo S and Held R: Vernier acuity is less than 
grating acuity in 2- and 3-month olds. Vision Res 
1987, 27,77-86. 

14 Stanley OH, Fleming PJ, Morgan MH: Abnormal 
development of visual function following intra­
uterine growth retardation. Early Hum Dev 1989, 
19,87-101. 

15 Wilson HR: Responses of spatial mechanisms can 
explain hyperacuity. Vision Res 1985, 26, 453-69. 

16 Rakic P: Intrinsic and extrinsic determinations of 
neocortical parcellation: a radial unit model. In 
Rakic P and Singer W, eds. Neurobiology of neo­
cortex, Chichester: John Wiley and Sons 1988, 
5-27. 

17 Purpura DP: Normal and aberrant neuronal 
development in the cerebral cortex of the human 
fetus and young infant. In Buchwald NA and Bra­
zier MAB, eds. Brain mechanisms in mental 
retardation, New York: Academic Press 1975, 
141-69. 

18 Rabinowicz T: The differentiate maturation of the 
human cerebral cortex. In Falkner F, Tanner JM, 
eds. Human growth, New York: Plenum Press 
1979, Vol 3. 

19 Chase HP, Welch NN, Dabiere CS, Vasan NS, But­
terfield U: Alterations in human brain biochem­
istry following intrauterine growth retardation. 
Pediatrics 1972, 50, 403-11. 


	Cortical Development and Visual Function
	Development of Retinotopy in VI
	Development of Cortical Magnification
	References


