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also those of expectation. After early onset strabismus, the layout of
these connections is massively modified: in strabismic but not in nor-
mally raised cats, horizontal connections extend primarily between
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by the amblyopic eye.' These data demonstrated for the first time a
clear neurophysiological correlate of strabismic amblyopia in area 17.
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Introduction One of the basic features of visual scene analysis is
to assemble the components of objects into a unified percept and to
segregate them from background. Misalignment of the visual axes in
early childhood leads to profound, often irreversible restrictions of
adult visual performance. The visual acuity of the deviating eye is often
dramatically reduced (strabismic amblyopia) and binocular functions,
especially stereopsis, are reduced or not developed at all (stereo blind-
ness).>? Strabismus is not only a common clinical symptom but also a
well established model for developmental plasticity in the visual cortex
because it is not actually the eyes that suffer but the cortex.

Because the images on the two retinae cannot be brought into regis-
ter, strabismus eliminates correlated activity between the two eyes. If
present in early life, this decorrelation leads to a breakdown of binoc-
ular convergence. As a consequence, the segregation of thalamocorti-
cal afferents into alternating ocular dominance columns is enhanced in
area 17 of strabismic as compared with normal cats*S and visual corti-
cal neurons become responsive almost exclusively to stimulation of
either the left or the right eye.® In strabismic cats, monocular visual
stimulation induces 2-deoxyglucose (2-DG) labelled activity patterns
extending in columns through all visual cortical layers, and these
columns are in precise register with the thalamocortical afferents of the
stimulated eye in layer IV.

In recent years, evidence has accumulated indicating that long-
ranging neuronal connections within the primary visual cortex (area
17) mediate the influences of context and experience, possibly also
those of expectation. The following chapter focusses on squint-induced
changes in the ‘hardware’ of these important computations, their func-
tional consequences and on changes in the layout of functional corti-
cal maps that are hypothesized to underlie the specific perceptual
deficits of strabismics. '

Functional architecture in area 17 of non-amblyopic
squinters In the visual cortex of the brain, long-ranging horizontal
fibers interconnect regularly spaced clusters of cells and integrate infor-
mation from widely distant points in the visual field (for a review, see
Lowel and Singer®). Anatomical experiments in area 17 of divergently
squinting cats revealed that cell clusters were driven almost exclusively
from either the right or the left eye and that horizontal intracortical
fibers preferentially connected cell groups activated by the same eye
(Figure 1).° Connections between cell groups driven by different eyes
were dramatically reduced. In contrast, analysis of normally reared
control animals provided no evidence for an eye-specific selectivity of
horizontal connections. Since the horizontal network is rather homo-
geneous at birth,'™'" connections between cells that exhibit correlated
activity are selectively stabilized. Thus, circuit selection depends on
visual experience and the selection criterion is the correlation of activ-
ity, i.e. neurons that fire together wire together.

Theoretical considerations on the neuronal substrate of cognitive
processes have led to the hypothesis that synchronous firing of neurons
might play an important role in the processing of visual information
(for a review, see Singer'* and Engel et al."3) by binding activity of dis-
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tributed cortical neurons into coherent representations. If neuronal
synchronization is really important for perceptual binding, then it
should be modified in a predictable way in cases in which perception
is modified. Psychophysical evidence indicates that strabismics are
unable to combine the signals arriving from the two eyes into a single
percept, even if these signals are made congruent by optical compen-
sation of the squint angle.” In line with these perceptual capabilities,
cross-correlation analyses in divergently squinting cats indeed revealed
that neuronal synchronization was significantly reduced between cells
dominated by different eyes while it was as frequent and strong as in
normal cats between cells dominated by the same eye (Figures 2 and
3)." Thus, squint not only cuts down horizontal fibers but also strongly
reduces intracortical interactions between different ocular dominance
domains.

By using optical imaging of intrinsic signals,’ it was shown that visual
cortical activity patterns were different after left and right eye stimu-
lation in both divergently and convergently squinting cats, s0 that
both groups of animals displayed clearly segregated maps of left and

Neuroanatomical and neurophysiological consequences of strabisnus

Fig. 1. In strabismic cats, horizontal
intracortical fibers preferentially
connect cell groups activated by the £
same eye. Topographic relations ‘
between ocular dominance columns ;
and patchy intrinsic connections i
in the primary visual cortex of a G
strabismic (A-C) and a normally
raised cat (D). (A) Distribution of :
retrogradely labelled cells after 5
injection of a neuronal tracer into a
right eye domain. White dots, the
position of individual cells; asterisk,
injection site. (B) 2-Deoxyglucose
pattern showing the topography of
ocular dominance territories in the
region containing the retrogradely
labelled cells in A. The black regions
represent the domains of the right
eye. (C) Superposition of A and B. :
Most of the retrogradely labelled
cells are located in black regions '
(right eye domains) and thus

in regions of the same ocular
dominance as the injection site. (D)
Superposition of ocular dominance
domains (black regions) and
retrogradely labelled neurons (white
dots) in a normally raised cat. Note
the absence of a systematic
topographic relationship between the
two patterns. Reprinted in modified
form with permission from Lowel
and Singer.?
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Fig. 2. Reduced neuronal synchronization between domains driven by different eyes in strabismic cats. (A) Position of the
recording electrodes in area 17. Cells at electrode 1 responded exclusively to stimulation of the left (L), neurons at electrodes
2 and 3 to stimulation of the right (R) eye. (B) Peristimulus time histograms of neuronal responses at electrodes 1-3. (C, D, E)
Cross-correlograms between the responses of the three cell groups. Synchronization was strong for cells with the same ocular
dominance (2~3) (C) but weak (1-2) (E) or absent (1-3) (D) between cells with different ocular dominance. P, posterior;
M, medial; LAT, lateral gyrus of the visual cortex; n.s., not significant. Reprinted in modified form with permission from
Konig et al.™
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Fig. 3. Incidence and strength of response synchronization as a function of ocular dominance. The leftmost histogram shows
data from normal cats. The middle histogram represents the correlograms of recordings from cell groups with the same ocular
dominance (same OD), and the histogram to the right the correlation of cells with different ocular dominance (diff. OD). Black
columns represent cases with strong synchronization, i.e. correlograms with a relative (rel.) modulation amplitude > 0.20; grey
columns indicate weak correlations (rel. modulation amplitude between 0.10 and 0.20) and unfilled columns comprise cor-
relation functions that did not show a significant modulation (n.s.) or had a relative modulation amplitude < 0.10. Reprinted in
modified form with permission from Konig et al. ™
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right eye dominance domains in primary visual cortex.'™"” Further-
more, the combination of optical imaging with 3-D reconstructions
of horizontal fiber networks revealed that convergent (non-amblyopic)
squinters — as previously also shown for divergent squinters’ —
have strongly reduced connections between the two sets of domains
while the functional selectivity of the within-eye connections is rather
normal,'®'

We hypothesize that the inability of squinters to combine signals con-
veyed by the two eyes into a single percept is due to these structural
and functional modifications of the neuronal architecture of the
primary visual cortex.

Functional architecture in area 17 of amblyopic squin-
ters While double vision is avoided by alternating fixation in non-
amblyopic squinters, in strabismic amblyopes, only one eye takes part
in fixation and the non-fixating eye is constantly suppressed from con-
scious experience. The resulting perceptual deficits of the deviating eye
include a reduction of visual acuity (amblyopia), spatial distortions,
crowding and a temporal instability of the visual scene.*® For years,
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Fig. 4. Reduced neuronal
synchronization between domains
dominated by the amblyopic eye. (A,
B, C) Cross-correlograms between
pairs of recording sites driven by the
normal (N-N) (A) or the amblyopic
(A-A) (B) eye, or by two different
eyes (N-A) (C). Synchronization
was strong for cells driven by the
normal eye (A), much weaker for
A—A pairs and absent in an N-A
pair. (D) Cumulative distribution of
the relative modulation amplitudes
(RMA) of cross-correlograms pooled
over four animals. Reprinted in
modified form with permission from
Roelfsema et al.*
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Fig. 5. Neuronal synchronization
between cells driven by the
amblyopic eye is especially weak at
high spatial frequencies. Amplitudes
and synchronization of responses

to gratings of low (A, B) and high
(C, D) spatial frequency for an N-N
pair (A,C) and an A-A pair (B,D).
Response histograms (left) illustrate
that neurons at all recording sites
clearly responded to both gratings. In
contrast, response synchronization
(cross-correlograms to the right) was
severely reduced in the A—A pair at
higher spatial frequency (compare
B with D: the relative modulation
amplitude of the central peak
decreased from 80% for the coarse
grating (B) to 30% for the fine
grating (D)). Reprinted in modified
form with permission from
Roelfsema et al.’
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single cell recordings in squinting cats and monkeys have failed to dis-
close a clear relationship between the amblyopic deficits and modifi-
cations of neuronal response properties in the visual cortex.” Recently,
however, a clear neurophysiological correlate of strabismic amblyopia
has been demonstrated in the primary visual cortex. Roelfsema et al.’
showed that strabismic amblyopia is accompanied by significant mod-
ifications of intracortical associational interactions: corresponding to
the perceptual deficits, neurons dominated by the normal eye displayed
stronger synchronization of their responses than neurons dominated
by the amblyopic eye in cat area 17 (Figure 4). The interocular differ-
ences were highly significant and particularly pronounced for grating
stimuli of high spatial frequency (Figure 5). These data suggested that
the reduced synchronization between cells dominated by the ambly-
opic eye is due to abnormalities in the pattern of connections linking
neurons driven from this eye. Thus, we hypothesize that — similar to our
observations in divergent squinters — at least some of the perceptual
deficits of amblyopic patients may actually be due to experience-
dependent changes in intracortical circuitry.

We started to analyze this question by combining optical imaging of
intrinsic signals with detailled 3-dimensional reconstructions of hori-
zontal fiber networks in cats with behaviorally determined strabismic
amblyopia. Our preliminary results are as follows.
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Fig. 6

Optical imaging of the functional architecture of area 17 revealed
that monocular iso-orientation domains had a patchy appearance and
were different for the left and right eye, so that segregated ocular dom-
inance domains could be visualized (Figure 6) (see also Lowel et al.’).
Importantly, at spatial frequencies well below the cats behavioral

Neuroanatomical and neurophysiological consequences of strabismus

Fig. 6. Segregated ocular dominance
columns in area 17 of a cat with
strabismic amblyopia. In the present
example, cortical activity maps were
induced by visual stimulation of the
animal with moving square wave
gratings of low spatial frequencies
(0.25 and o.5cyc/deg) well below the
behavioral threshold (3.0cyc/deg for
the normal and 1.5cyc/deg for the
amblyopic eye, as determined by
using a modified jumping stand
apparatus, see Katz and Sireteanu®).
(A) Blood vessel pattern of the
imaged cortical area. Activation
patterns for the normal (B)

and amblyopic eye (C) are
complementary: regions heavily
activated by the amblyopic eye (dark
regions in C, outlined in white in D)
are only weakly activated by the
normal eye (light grey regions in B)
and vice versa. Scale bar, 1 mm.

Fig. 7. Orientation preference
(‘angle’) map of the same piece

of cortex as illustrated in Figure 6.
Cortical activity maps were induced
by visual stimulation of the left and
right eye with low spatial frequency
gratings (see legend of Figure 6).
The preferred orientation for every
region of the imaged cortex is
greyscale-coded according to the
scheme on the right side of the
figure. Note the pinwheel-like
organization of orientation domains:
there are numerous singularities in
the map (arrowheads) around which
all grey-levels (orientations) appear
once. Scale bar, 1mm.
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Fig. 8 Horizontal connections in -
strabismic amblyopes are long- T
ranging and patchy. Topography of . post

long-range intrinsic connections

visualized after a biocytin injection

into area 17. The injection site is .

marked with a black asterisk. Each : L med
black dot corresponds to a single '
bouton. Scale bar, 0.5 mm.

threshold, there were no differences in activity levels between domains
activated by the normal and amblyopic eye. Our optical imaging
data thus give no indication of a disadvantage of the amblyopic com-
pared to the normal eye for analyzing low spatial frequency gratings,
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corresponding to the perceptual capabilities. In contrast, at higher
spatial frequencies, where visual performance is impaired, the activity
levels of the amblyopic eye are reduced compared to those of the
normal eye.*

Iso-orientation domains exhibited a pinwheel-like organization
(Figure 7) as previously described for normally raised®** and non-
amblyopic exo- and esotropic cats,'*"7 indicating that the basic struc-
ture of orientation preference maps is not obviously disturbed by
strabismic amblyopia.

Injections of the tracer biocytine (see, for example, Kisvarday et al.*)
into optically visualized and electrophysiologically characterized sites
in area 17 revealed that horizontal connections extending from
domains driven by the amblyopic eye are both long-ranging and patchy
(Figure 8). The functional specificity of the horizontal network and pos-
sible differences in layout and selectivity compared to connections
extending from domains activated by the normal eye are the subject of
current investigations.

Summary & conclusions

1. In the primary visual cortex (area 17) of strabismic cats, neurons
become responsive almost exclusively to stimulation of either the
left or the right eye while in normally raised animals, the majority
of neurons are binocularly driven.

2. The segregation of thalamocortical afferents into alternating ocular
dominance columns is enhanced in area 17 of strabismic as com-
pared with normal cats.

3. In area 17 of strabismic animals, activity patterns induced after stim-
ulation of the left or the right eye are clearly different, whereas
activity patterns induced through the two eyes in normal animals
are nearly identical.

4. In area 17 of strabismic cats, long-ranging horizontal (intracortical)
fibers preferentially connect cell groups activated by the same eye,
while there is no evidence for an eye-specific selectivity of the hori-
zontal network in normally raised animals. Visual experience thus
influences the development of the long-ranging intracortical circuitry
and the selection criterion for the selective stabilization of pathways
is correlated activity: ‘neurons that fire together wire together’.

5. In area 17 of strabismic cats, neuronal synchronization between cells
located in different ocular dominance domains is massively reduced,
while it is as frequent and strong as in normal cats between cells
dominated by the same eye.

6. Taken together, the domains of the left and right eye in area 17 of
strabismic cats are clearly segregated both structurally and func-
tionally. The modified structural and functional architecture of area
17 may therefore underlie the perceptual deficits observed in stra-
bismics, i.e. the inability to combine signals arriving from the two
eyes into a single percept.

7. It remains to be determined whether modified horizontal connec-
tions are also responsible for reduced neuronal synchronization
between cells dominated by the amblyopic eye and thus for the per-
ceptual deficits of patients with strabismic amblyopia.

Neuroanatomical and neurophysiological consequences of strabismus
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