VIEWPOINT

Theory meets experiment: correlated
neural activity helps determine ocular
dominance column periodicity

Geoffrey J. Goodhill and Siegrid Lowel

The development of ocular dominance columns in primary visual cortex has attracted much

interest from both experimentalists and theoreticians. One key parameter of these columns is

their periodicity - it is thus important to understand how this is determined. Novel experimental

work demonstrates that the periodicity is influenced by the temporal patterning of afferent

activity, as predicted by recent theoretical work.
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HE VISUAL CORTEX of the mammalian brain is one

of the most prominent structures that has been
investigated in the endeavour to understand activity-
dependent cortical development. In particular, one of its
functional subdivisions, namely the segregated geniculo-
cortical projections of the left and right eye in primary
visual cortex called ‘ocular dominance (OD) columns’,
has served as a model system for activity-dependent
cortical development. Early in development, these affer-
ent projections overlap in cortical layer IV, and neurones
can be driven by inputs from either eye. By the adult
state, however (for example, in cats and Old World
monkeys), a process of segregation has occurred so that
inputs from the two eyes are concentrated in distinct,
interdigitated domains, and many cells become domi-
nated by input from one eye. It has been shown experi-
mentally that this segregation is driven by activity-
dependent competition between the afferents of the
two eyes, whereby the correlations in neural activity
convey the information that is necessary for the axons
to segregate'?. This phenomenon has attracted con-
siderable interest from mathematical modellers. There
is a large body of data that is consistent with the idea
that the changes in synaptic strength that underlie the
formation of OD columns obey a Hebbian learning
rule*. Many theoretical models have been proposed, each
based on slightly different mathematical instantiations
of the Hebb rule (for a recent review, see Ref. 5).

Omne key parameter of OD columns is their period-
icity (sum of the widths of right- and left-eye columns).
What determines this periodicity? Is it an intrinsic factor,
or one that is influenced by visual experience? In the
paradigm of monocular deprivation, where one eye is
kept closed during the critical period for the formation
of OD columns (and thus neuronal activity in that eye
is reduced), projections from the closed eye occupy
much less than their normal share of territory in cor-
tical layer IV, while those of the open eye expand®®.
Although the relative widths of the columns can be
changed by such manipulations, no change in overall
column periodicity was reported as a result of any of
the various rearing conditions that were investigated.

Input activity affects column periodicity

Very recently, studies using the well-known para-
digm of raising kittens with artificially induced diver-
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gent strabismus have given a new insight. In contrast
to normal cats, in strabismics the optical axes of the

‘two eyes are not aligned, and the images on the two

retinae cannot be brought into register. Whereas the
amount of activity that reaches the cortex via the
geniculocortical afferents should be similar for both
normal and strabismic animals, for the latter, the
responses that are mediated by anatomically corre-
sponding retinal loci in the two eyes are much less
correlated than normal. Strabismic cats thus provide a
model system for investigating the effects of input cor-
relations on cortical development. The well-known
result in this case is that a much lower degree of cortical
binocularity than normal develops: neurones become
responsive exclusively to stimulation of either the left
or the right eye®, and the segregation of the geniculo-
cortical afferents from the two eyes in cortical layer IV
is accentuated'. However, what has only just become
apparent, from visualizing the complete pattern of
columns across the rugose surface of the cortex, is that
raising kittens with a surgically induced divergent squint
angle also causes a change in the spacing of adjacent
OD columns in the primary visual cortex: the spacing
gets wider'"'? (Fig. 1). In this study, OD columns were
visualized by transneuronal labelling of the afferents
from the left or right eye with intraocular injections of
[PH]proline or [**C]2-deoxyglucose (2-DG)-autoradi-
ography after monocular visual stimulation in awake
animals. In the strabismic cats, spatial-frequency analysis
of the OD patterns on the respective autoradiographs
indicated mean periodicities of 1100-1300 um. These
values were consistently larger than in normal animals in
which distances of 800~1000 w.m are observed'®!® (for
review, see Ref. 14). These results indicate that in area 17,
reduced correlation of activity between the eyes alters
the periodicity of OD columns. Therefore, not only the
segregation of afferents into distinct columns but also
their overall layout is influenced by visual experience,
and in particular by the temporal patterning of neural
activity. Thus, for the first time, there is evidence that
epigenetic factors play a role in determining column
periodicity in the mammalian visual cortex.

Theoretical issues

Before OD-column periodicity in theoretical accounts
can be addressed, it is important to understand how the
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Fig. 1. The effect of strabismus on the pattern of ocular dominance
(OD) columns in the primary visual cortex (area 17) of cats.
Photographic reconstruction of the [*H]proline-labelled OD columns in
layer IV ipsilateral to the injected eye in a normally raised (A) and a
strabismic (B) cat. Note that the spacing of adjacent OD columns is
wider in the strabismic compared with the normal cat. In addition, note
the sharp delineation of labelled (dark grey) and unlabelled (light grey)
territories that is more pronounced in the strabismic animal. In both
animals, the optic disk representations appear in the posterior third of
area 17 as oval and solidly labelled regions. Abbreviations: ant, anterior;
fat, lateral. Scale bar, 2 mm. Modified, with permission, from Ref. 12,

issue of correlations in activity between the eyes has
been treated. A popular informal explanation for why
cortical cells become monocular during development
was proposed by Stent™. It is phrased in terms of the
distinction between normal and strabismic develop-
ment. For normal development, the explanation holds
that inputs in the two eyes are synchronous and, thus,
on the basis of a simple Hebbian learning rule, a cell
remains binocular. In the strabismic case, inputs are
held to be asynchronous, and therefore a cell becomes
monocular (assuming that the strength of inputs that are
not successful in exciting the cell is decreased steadily).
Although this idea has played an important role in fur-
thering discussion of the influence of activity in cortical
development, it has two weaknesses as an explanation
for the formation of OD columns. First, it fails to explain
why there should be any monocular cells in the normal
case. Second, synchronous and asynchronous mean
‘occurring at the same time’ and ‘occurring at different
times’, respectively. Translated into the more precise
language of correlations, these mean ‘perfectly correlated’
and ‘perfectly anticorrelated’, respectively. Neither of
these ever normally hold in reality. Before eye opening,
or for perfect strabismus, between-eye correlations are
approximately zero. However, in all animals with stereo-
scopic vision, increasingly strong positive correlations
will be present between the activities of corresponding
regions in the two retinae following eye opening.

A variety of different computational mechanisms has
been put forward to model the formation of OD columns
(for example, Refs 16-25). For some models, results
have only been presented for negative between-eye
correlations, or the ‘prenatal’ case of zero correlation.
What determines column periodicity in theoretical
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models? The most important parameter in many models
is the width of the lateral connectivity that is assumed to
exist in the cortex: wider interactions lead to a greater
column periodicity (analysed in Ref. 20; see also Refs
16 and 18). Generally, these interactions are taken to
be fixed (but see Refs 26 and 27). The effect of varying
the degree of positive between-eye correlation has been
investigated systematically for two models that address
both the formation of retinotopy and ocular domi-
nance??!, For these models, it was found that corre-
lations also had an effect on column periodicity: stronger
correlations lead to a smaller column spacing (Fig. 2).
It was suggested that the simplest way of testing this
result experimentally would be to reduce normal
between-eye correlations by raising animals with arti-
ficially induced strabismus, and that this should lead
to more widely spaced columns®. At the same time
as the prediction was made, the above mentioned
experiments were performed, and their result was just
as predicted by the model.

A qualitative explanation in terms of correlations,
which is related to more general arguments regarding the
formation of OD columns®®%, can be given as follows.
Assume that nearby cortical cells are connected by excit-
atory lateral connections (as specified in most models).
Then these cells will prefer to represent inputs that tend
to fire together, that is, are highly correlated. After
eye opening, this will be true for both nearby points
within an eye, and corresponding points in both eyes.
Assuming also that each cortical cell has to make a strict
choice as to whether to receive afferent connections
from the right or left eye, there will be competing
tendencies for nearby cortical cells to represent nearby
points in the same eye, and corresponding points in the
two eyes. There is a trade-off: the greater the between-eye
correlations, the more rapidly the cortex will alternate
in representing the left and right eyes, leading to more
narrowly spaced OD columns.

If the strict-choice assumption is not made, there is
also the possibility for highly correlated points in the
two eyes to be brought together on the same cortical
cell. In reality, a combination of the two effects
appears to occur: there is a higher proportion of bin-
ocular cortical cells (concentrated at the column bor-
ders) in normal than in strabismic cats®*°.

An alternative way to account for the observed
changes in column spacing, owing to strabismus, is to
assume that this rearing paradigm changes the extent or
shape, or both, of the function that specifies intracortical
interactions. More generally, a remaining question is to
address the interaction between the influence of input
correlations on OD-column periodicity, and that exerted
by the extent of local cortical connections. Mathematical
analysis of this issue for a more abstract model that
has similarities to those in Refs 20 and 21 suggests that
column spacing should increase monotonically with
both increasing interaction width and decreasing
correlation®. To investigate whether this pertains in
reality will require new experimental methods to
monitor and control the form of lateral interactions.

Monocular deprivation

Occluding one eye clearly affects the strength and
spatial extent of both correlations within that eye, and
correlations between the two eyes. Thus, a change in col-
umn periodicity would also be predicted, in addition to
the well-established changes in relative column width®®,
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Fig. 2. The effect of varying the strength of between-eye correlations
in two models of ocular dominance (OD)-column formation. (A and
B) The model from Ref. 21, for two disc-shaped lateral geniculate nucleus
(LGN) layers that project to an elliptical cortex. Each square represents
a cortical cell. In this model, cortical cells are constrained strongly to be
completely monocular in the final state and, thus, squares are coloured
simply white or black, depending on which eye dominates. (A) ‘Strong’
between-eye correlations. (B) ‘Weak’ between-eye correlations. (C and D)
The model from Ref. 24, for two square LGN layers that project to a square
cortex. In this model, cortical cells are not constrained as above to be
monocular in the final state. The colour of a square represents which
eye dominates, and the size of the square represents the degree of
dominance so that full-size squares are completely monocular. (C) Strong
between-eye correlations (normal case). (D) Zero between-eye correlations
(strabismic case). The model reproduces the standard experimental
result that fewer binocular cells are found in the strabismic case than in
the normal case®™. Modified, with permission, from Ref. 24,

Preliminary data suggest that this might indeed occur:
the sum of the left plus the right eye-column widths
showed an overall increase compared with normal cats,
despite the relative narrowing of the deprived eye col-
umns® (but see Ref. 32). Since several of the correlation
parameters are changed in monocular deprivation, rather
than just one as in the strabismic case, it is difficult to
extend the qualitative arguments regarding column
periodicity presented above to this case. However, this
area is ready for investigation in more formal models.

Concluding remarks

The periodicity of OD columns is not completely
specified genetically but is susceptible to the influence
of the environment - in particular to the temporal
patterning of afferent activity. These new experimen-
tal and theoretical results provide fresh impetus for
increasing collaboration in this domain between
experimentalists and theoreticians. One additional
prediction that follows is that when the optic nerves
of kittens are artificially stimulated asynchronously®,
OD columns that are wider than normal should result.
The influence of input correlations on column period-
icity might also be relevant to theories of the func-

tional significance of OD columns®*, and might also
generalize to other columnar systems in the cortex.
Furthermore, this work is relevant to the continuing
debate over the relative importance of genetic versus
epigenetic mechanisms for functional segregation in
the cortex®7.

Note added in proof

Very recent data from the monkey supports the
above conclusions. Roe and co-workers have found
that rhesus monkeys that are raised with aniso-
metropic amblyopia have more widely spaced OD
columns in V1 than normal monkeys?®. Since it would
be expected that these amblyopic animals would have
weaker between-eye correlations than normal ani-
mals, this experimental result lends further support to
our theoretical arguments.
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