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Cortical Metabolic Activity Matches the Pattern of Visual
Suppression in Strabismus
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When an eye becomes deviated in early childhood, a person does not experience double vision, although the globes are aimed at
different targets. The extra image is prevented from reaching perception in subjects with alternating exotropia by suppression of
each eye’s peripheral temporal retina. To test the impact of visual suppression on neuronal activity in primary (striate) visual
cortex, the pattern of cytochrome oxidase (CO) staining was examined in four macaques raised with exotropia by disinserting the
medial rectus muscles shortly following birth. No ocular dominance columns were visible in opercular cortex, where the central
visual field is represented, indicating that signals coming from the central retina in each eye were perceived. However, the border
strips at the edges of ocular dominance columns appeared pale, reflecting a loss of activity in binocular cells from disruption of
fusion. In calcarine cortex, where the peripheral visual field is represented, there were alternating pale and dark bands resembling
ocular dominance columns. To interpret the CO staining pattern, [ 3H]proline was injected into the right eye in two monkeys. In the
right calcarine cortex, the pale CO columns matched the labeled proline columns of the right eye. In the left calcarine cortex, the
pale CO columns overlapped the unlabeled columns of the left eye in the autoradiograph. Therefore, metabolic activity was reduced
in the ipsilateral eye’s ocular dominance columns which serve peripheral temporal retina, in a fashion consistent with the topo-
graphic organization of suppression scotomas in humans with exotropia.

Introduction
Many people with strabismus alternate fixation between the
eyes. This ability is especially common in exotropia (Cotter et
al., 2009). It has been controversial how diplopia is avoided in
strabismus, given that the ocular axes point in different direc-
tions (Joose et al., 2000). In a recent study, the visual fields
were mapped binocularly under dichoptic conditions in a co-
hort of subjects with alternating exotropia and normal visual
acuity in each eye (Economides et al., 2012). Perception was
not suppressed completely in the deviated eye. Instead, visual
field maps showed a vertical border passing approximately
midway between the center of gaze in each eye, dividing the
binocular field into two separate zones (Fig. 1). In each zone,
perception was governed by only one eye, while the other eye
was suppressed. The zone of suppression corresponded to the
peripheral temporal retina of each eye. Surprisingly, the fovea
of the deviated eye was not suppressed. To avoid visual con-
fusion, its perceived location was shifted to offset the ocular

deviation, a phenomenon known as anomalous retinal corre-
spondence (von Noorden and Campos, 2002).

The primary (striate) visual cortex contains alternating
bands of inputs serving each eye, called ocular dominance
columns (Hubel and Wiesel, 1977; LeVay et al., 1985). It also
contains an orderly retinotopic map (Daniel and Whitteridge,
1961; Van Essen et al., 1984). If information from each eye’s
peripheral temporal retina is suppressed in alternating exotro-
pia, one should expect a decrement in neuronal activity in the
ipsilateral eye’s ocular dominance columns in the representa-
tion of the peripheral visual field (Fig. 1). The relative level of
neuronal activity in the cortex can be assessed by cytochrome
oxidase (CO) histochemistry (Deyoe et al., 1995). In normal
animals, there is a uniform distribution of CO staining in layer
4C (Horton, 1984). In contrast, after removal of one eye, oc-
ular dominance columns become visible, owing to reduced
activity in neurons driven formerly by the missing eye (Horton
and Hedley-Whyte, 1984; Adams et al., 2007).

We report a pattern of CO staining in striate cortex of
macaques raised with alternating exotropia that is consistent
with the prediction that activity is reduced in the ipsilateral
eye’s ocular dominance columns in the peripheral representa-
tion of the visual fields. In previous studies, changes in cortical
CO activity were induced by eye removal, eyelid suture, laser
lesion, or tetrodotoxin injection (Wong-Riley, 1979; Horton,
1984; Wong-Riley and Carroll, 1984; Tychsen and Burkhalter,
1997; Horton and Hocking, 1998a). The abnormal CO activity
we now describe in strabismus stems not from a reduction of
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retinal activity, but rather, appears to arise from inhibition of
cortical activity related to visual suppression.

Materials and Methods
Experiments were conducted in four male Rhesus monkeys obtained
from the California National Primate Research Center (Davis, CA).
Procedures were approved by the Institutional Animal Care and Use
Committees at the University of California, Davis, and the University of
California, San Francisco.

In each monkey, an exotropia was induced by disinsertion of the
medial rectus muscle tendon in both eyes. The procedures were per-
formed at ages 10, 14, 26, and 32 d. General anesthesia was provided
with ketamine HCl (15 mg/kg, i.m.), supplemented by local anesthe-
sia with 1% proparacaine HCl. After tenotomy, the muscle was re-
leased and allowed to retract into the orbit. The animals were
returned to their mothers within an hour and healed rapidly from the
eye muscle surgery. The day after surgery, all monkeys had a large
exotropia, measuring 30 – 45°, and limited adduction in each eye.

In each animal, adduction improved grad-
ually and the magnitude of the exotropia de-
creased steadily over the months following
surgery. In macaques raised with exotropia
caused by free tenotomy of the medial rectus
muscles, the severed muscles spontaneously
reattach to the globe (Economides et al.,
2007). This phenomenon presumably ac-
counts for the partial recovery of adduction
and the eventual reduction in exotropia.
However, the monkeys never regained fusion
because their eyes were misaligned through-
out the critical period for binocular vision.

Ocular alignment was measured by photo-
graphing the monkeys periodically in their
cages at a distance of �1 m, using a 100 mm
macro lens with a ring-flash. In macaques, each
millimeter of decentration of the corneal light
reflex is equal to 14° (Quick and Boothe, 1989).
The animals’ eye preference for fixation was
assessed by observing their spontaneous be-
havior and by testing their ocular fixation while
reaching for small food treats.

Two animals were killed at age 3 years by
intravenous injection of pentobarbital (150 mg/
kg). The unperfused, unfixed brains were re-
moved immediately and placed into chilled 0.1
M phosphate buffer. Flatmounts of striate cor-
tex were prepared from each hemisphere and
fixed overnight in 1% paraformaldehyde and
30% sucrose. Tangential sections were cut at 60
�m on a freezing microtome and processed for
CO activity.

In the remaining two animals, we injected
tritiated proline to label the ocular domi-
nance columns. After general anesthesia with
ketamine HCl (20 mg/kg, i.m.) and topical
anesthesia with 1% proparacaine HCl, the
pupils of both eyes were dilated with 1%
tropicamide and 2.5% phenylephrine HCl.
Both fundi were examined with an indirect
ophthalmoscope to confirm that they were
normal. Two millicuries of L-[2,3,4,5-
3H]proline (PerkinElmer) in 25 �l of sterile
balanced salt solution were injected into the
vitreous of the right eye. The injection was
made through the pars plana, 3.0 mm from
the corneal limbus, using a 30 gauge U-100
0.3 cc insulin syringe. The fundus was exam-
ined immediately after the tracer injection to

make sure that the retina was undamaged.
After a week to allow time for transneuronal transport, the monkey

was placed under general anesthesia with ketamine HCl. The pupil re-
flexes were tested for an afferent pupil defect. After pupil dilation, the
fundi were examined again with an indirect ophthalmoscope. Neither
monkey showed any evidence of ocular injury or inflammation from the
[ 3H]proline tracer injection.

One monkey was killed at age 18 months, and the other animal at
age 4 years. After intravenous injection of pentobarbital (150 mg/kg),
transcardial perfusion was performed with normal saline followed by
1 L of 1% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The
entire primary visual cortex from each occipital lobe was flat-
mounted. The first 10 sections were cut tangentially at 40 �m with a
freezing microtome and processed for CO. Thereafter, alternating
sections were cut either for autoradiography (30 �m) or CO (40 �m).
Autoradiographs were processed as described previously (Horton and
Hocking, 1997). Digital photographs were taken of each cortical sec-
tion using a SPOT RT color CCD camera (Diagnostic Instruments)
mounted on an Olympus SZH10 microscope. The columns visible in

Figure 1. Schematic diagram showing perception of the visual scene by subjects with exotropia. Here, the right eye is
shown looking at a central cross and the left eye is deviated by 16°, causing the image of the cross to land on its temporal
retina. When the left eye fixates centrally, the converse occurs. Dashed lines represent the nasal extent of each eye’s visual
field. Blue and red shading of eyes indicates portions of each retina engaged in perception; gray shading denotes sup-
pressed temporal retina. The smaller the exotropic deviation, the closer temporal suppression extends toward the vertical
meridians in each eye. In striate cortex, dark and light CO columns (depicted by blue/gray or red/gray shading) occur in the
peripheral visual field representation (from 8° to 64°), reflecting suppression of neuronal activity in ocular dominance
columns supplied by the peripheral temporal (ipsilateral gray) retinas. In the central visual field representation (from 0° to
8°), both retinas are active perceptually. Consequently, CO staining density is equal in the cores of the ocular dominance
columns, indicated by alternating red and blue shading. It is reduced, however, in binocular border strips (thin white lines)
along the edges of ocular dominance columns because fusion is absent.
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CO-processed sections were identified as
dark or light before examining adjacent au-
toradiographs to determine whether they be-
longed to the right eye or the left eye.

Results
In two monkeys raised with alternating
exotropia, the primary visual cortex in
each hemisphere was processed for CO
activity at age 3 years. In the calcarine cor-
tex, where the peripheral visual field is
represented, there were alternating pale
and dark bands in layer 4C (Fig. 2). They
appeared to be ocular dominance col-
umns, but no second label was available to
prove their identity. In the opercular re-
gion, where the central visual field is rep-
resented, this pattern was absent. Instead,
there were pale, thin zones in layer 4C that
resembled the border strips located along
the boundaries of ocular dominance col-
umns (Horton and Hocking, 1998a;
Takahata et al., 2009). The pale strips were
faint, making them difficult to appreciate,
but the main point is that CO activity was
equal in the cores of the ocular dominance
columns serving each eye.

In two other monkeys, the ocular domi-
nance columns were labeled transneuro-
nally by injection of [3H]proline into the
right eye (Wiesel et al., 1974). Figure 3 shows
a monkey at age 4 years, a week before tracer
injection. It had undergone eye muscle sur-
gery at age 32 d to induce exotropia. The
animal alternated fixation between the eyes,
but had a slight preference for the right eye.
The nasal decentration of the corneal light
reflex in the left eye corresponded to an exotropia of 7°.

Figures 4a and 5a show flatmount sections of each primary
visual cortex processed for CO from this monkey. These sections
were chosen because large portions passed through 4C, which is
the main termination layer for projections from the lateral genic-
ulate body. In cortex representing the central 4°, CO staining
revealed no ocular dominance columns. Instead, there were pale
thin zones in layer 4C (Figs. 4b, 5b), as observed in the first two
monkeys. These zones were outlined by hand (Figs. 4d, 5d) and
compared with the ocular dominance columns in adjacent auto-
radiographs (Figs. 4c, 5c). The pale CO zones corresponded pre-
cisely to the border strips straddling the edges of ocular
dominance columns (Figs. 4e, 5e).

In striate cortex representing visual field beyond the central 4°,
there were alternating light and dark CO bands in layer 4C. In the
left cortex, the pale CO columns matched the dark, unlabeled
columns serving the left eye in the proline autoradiograph (Fig.
6a,b). This correlation means that CO activity was reduced in
ocular dominance columns supplied by the peripheral temporal
retina of the ipsilateral eye. In the right cortex, the pale CO col-
umns matched the bright, labeled proline columns of the right
eye (Fig. 6c,d). Again, in this hemisphere CO activity was reduced
in ocular dominance columns driven by the peripheral temporal
retina of the ipsilateral eye. These findings were replicated in the
other exotropic monkey that received a [ 3H]proline eye injec-
tion. It had an exotropia of 10°. At the representation of 5° eccen-

tricity in each hemisphere, a transition occurred from the pale
border strip pattern to the ocular dominance column pattern.
Pale CO staining appeared in the columns serving the temporal,
ipsilateral retina.

In each hemisphere, the pattern of alternating light and
dark ocular dominance columns was interrupted by a large,
oval region corresponding to the blind spot of the contralat-
eral eye (Fig. 6a,c). In this monocular area, CO staining was
uniform. The tissue in the blind spot regions qualitatively

Figure 2. CO patterns in striate cortex in exotropia. a, c, Alternating light and dark CO columns (arrows) in layer 4C in the
peripheral visual field representation of a monkey with a 20° exotropia induced at age 14 d. The dark columns are 700 �m apart,
consistent with the width of a pair of ocular dominance columns. b, d, In the central visual field representation, thin pale strips are
present (arrows), spaced about twice as closely as the columns in a and c. Following their trajectory into lighter-staining layer 4B,
they emerge in the pale areas between rows of patches, suggesting that they are located at the border of each ocular dominance
column.

Figure 3. Assessment of exotropia. The monkey is fixating on the camera with his right eye.
The left eye is deviated outward, causing nasal decentration of its corneal light reflex by 0.5 mm,
which corresponds to 7°. The monkey alternated fixation freely, but preferred the right eye.
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matched the density of pale columns in the surrounding mo-
saic of ocular dominance columns. Striate cortex correspond-
ing to the blind spot “representation” is supplied exclusively
by temporal retina from the ipsilateral eye (Fig. 6b,d). Reduced
CO activity in the blind spot representations was consistent
with the conclusion derived from the proline autoradio-
graphs, namely, that temporal retina in each eye serving the
peripheral visual field was suppressed.

CO activity was abnormal in other cortical layers besides 4C.
In the central visual field representation, patches serving each eye
were labeled with equal intensity in layer 2/3, as were the ocular

dominance columns in layer 4C. However, the rows formed by
the patches were unusually distinct, owing to reduction of CO in
the border strips situated between each row. In cortex serving the
peripheral visual field, patches were arrayed in alternating light
and dark rows, in register with the light and dark core zones in
layer 4C (Fig. 7). The contrast between light and dark rows was
subtle, compared with the strong effect of enucleation or eyelid
suture (Horton, 1984), but it demonstrated that the metabolic
dominance of the contralateral eye was propagated into the upper
layers. Layer 4B and 4A also showed CO columns, with the darker
columns serving the contralateral eye.

Figure 4. Patterns of CO activity in left striate cortex in exotropia. a, Single section from a flatmount shows no ocular dominance columns in layer 4C from the foveal representation to an
eccentricity of about 4°. From 4° to the monocular crescent representation, there are alternating light and dark CO columns. b, Boxed area from 1° to 2° in the section above. CO stain reveals extremely
faint, pale strips in layer 4C, but no ocular dominance columns. c, Adjacent [ 3H]proline autoradiograph labeling the ocular dominance columns in layer 4C in the same region. d, Hand tracing of the
pale CO strips, superimposed on the image in b. e, Tracing of the pale strips in d transferred onto the autoradiograph in c, showing that the pale strips straddle the borders of the ocular dominance
columns.
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In area V2, the alternating pattern of pale-thin-pale-thick stripes
was normal. This was not surprising, given that even removal of one
eye does not affect the appearance of V2 CO stripes (Horton and
Hocking, 1998b). Although thick stripes have been linked to stere-
opsis, they appear normal in animals with no stereopsis.

Discussion
The pattern of suppression that occurs in human subjects with
exotropia has been tested by using a variety of manual techniques
to map the visual fields (Travers, 1938; Herzau, 1980; Cooper and
Record, 1986; Melek et al., 1992; Joosse et al., 1999). More re-
cently, automated perimetry under dichoptic stimulus condi-

tions has been used (Economides et al., 2012). These studies have
shown that signals arising from each eye’s peripheral temporal
retina are suppressed in exotropia. We now provide anatomical
evidence that signals emanating from the peripheral temporal
retina are suppressed in the primary visual cortex. A reduction
was observed in neuronal activity, assayed by CO staining, in
ocular dominance columns serving the ipsilateral eye in the pe-
ripheral visual field representation of striate cortex in each hemi-
sphere of monkeys raised with alternating exotropia. The
reduced activity cannot be attributed to ocular injury from the
[ 3H]proline tracer injection, because pale ocular dominance col-
umns were also present in animals that received no eye injection.

Figure 5. Patterns of CO activity in right striate cortex in exotropia. a, Just as in the left cortex (Fig. 4), there are no ocular dominance columns in layer 4C from the foveal representation to 4°, but
from 4° to the monocular crescent representation there are alternating light and dark CO columns. b, Boxed area from central field representation of right striate cortex in a, showing subtle, pale
border strips in 4C, but no pattern of ocular dominance columns. c, Adjacent autoradiograph of ocular dominance columns. d, Hand tracing of pale strips, superimposed on b. e, Tracing in d,
transferred onto c, confirming that pale strips are located at borders of ocular dominance columns.
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In the representation of the central visual fields, CO activity
remained equal in the core zones of the ocular dominance col-
umns serving each eye. This balanced CO activity was due to two
factors. First, the monkeys alternated fixation, acquiring targets
with each fovea for a substantial fraction of the time. Second, the
fovea of the deviated eye probably was not suppressed. The evi-
dence for this latter conclusion is indirect, coming from exo-
tropic humans who alternate fixation freely and have no
amblyopia. In such individuals, visual field studies have shown
that the central retina of each eye is engaged simultaneously in
perception (Economides et al., 2012). Although our monkeys

were not tested to define regions of visual
field suppression, we have shown that
monkeys with exotropia from medial rec-
tus muscle surgery alternate fixation and
lack amblyopia (Economides et al., 2007).

Although ocular dominance columns
were not labeled preferentially in the cen-
tral visual field representation, the pattern
of CO activity in striate cortex was not
normal. There was a subtle reduction of
CO staining along the boundaries of the
ocular dominance columns in layer 4C in
slender regions known as border strips
(Horton and Hocking, 1998a; Takahata et
al., 2009). In the macaque, layer 4C con-
tains mostly monocular cells, but there is a
small population of binocular cells along
the borders of ocular dominance columns
(Hubel and Wiesel, 1977; LeVay et al.,
1980). In the cat, disruption of ocular
alignment reduces the overall firing rate of
binocular cells (Kara and Boyd, 2009). For
obligatory binocular cells, the reduction is
absolute (Poggio, 1995). Presumably,
strabismus reduced the firing rate of bin-
ocular cells, causing a relative fall in CO
levels within border strips. Interestingly,
pale border strips are also present in new-
born monkeys (Horton and Hocking,
1996a). In newborn monkeys, they disap-
pear gradually as disparity tuning matures
in binocular neurons (Endo et al., 2000).

Several previous studies have exam-
ined CO activity in striate cortex of ma-
caques with early ocular misalignment.
Tychsen and Burkhalter (1997) examined
two monkeys, one with naturally occur-
ring esotropia and another with strabis-
mus from daily alternating ocular
occlusion. In the first animal, the authors
concluded that CO activity was reduced in
the ocular dominance columns serving
temporal retina. The columns were
identified by intraocular injection of
wheat-germ agglutinin conjugated to
horseradish peroxidase (WGA-HRP).
Anatomical data from one label (either
CO or WGA-HRP) was compared with a
drawing of the other label (Tychsen and
Burkhalter, 1997, their Fig. 10). A poten-
tial problem is that WGA-HRP has the
disadvantage of producing uveitis

(Smecka et al., 1984; Horton and Hocking, 1996b), which can
affect retinal function. It is possible that intraocular inflamma-
tion altered CO activity in the cortex, thereby confounding the
interpretation of the metabolic patterns induced by strabis-
mus. In the second animal, which eventually developed exotro-
pia, the authors also concluded that CO activity was reduced in
the ocular dominance columns serving temporal retina. How-
ever, the ocular dominance columns were not labeled with an
independent tracer, so the cortical CO pattern could not be in-
terpreted unambiguously. Fenstemaker et al. (2001) examined

Figure 6. Reduced CO activity in ipsilateral eye’s columns in cortex representing peripheral visual field. a, Boxed region from the
peripheral left cortex in Figure 4, showing alternating light and dark CO columns surrounding the blind spot representation
(asterisk), which is not complete because the lower border enters layer 5. Three pale columns are marked with arrows. b, Adjacent
autoradiograph in darkfield, with dark columns representing the ocular dominance columns of the unlabeled left eye (arrows).
They correspond to the pale CO columns above, indicating that CO activity is reduced in the left eye’s columns. c, Boxed region from
the peripheral right cortex in Figure 5, showing alternating light and dark CO columns around the blind spot. Three pale columns are
marked by arrows. d, Adjacent autoradiograph, showing that bright, labeled columns from the right eye match the pale columns
above, indicating that CO activity is reduced in the right eye’s columns in this hemisphere. Note solid labeling from the right eye of
the left eye’s blind spot “representation.”

Figure 7. Suppression causes loss of CO activity in patches in layer 3. a, CO activity in layer 4C showing three pale columns
serving the ipsilateral eye (arrows) in Figure 6c at higher magnification. The asterisk marks the blind spot area, where ocular
dominance columns are absent. b, Section through layer 3 from the same region, showing that patches in rows (arrows) aligned
with the pale columns in layer 4C are slightly pale and small, compared with patches in intercalated rows serving the contralateral
eye. Toward the upper right, in the blind spot area, the pattern of alternating light and dark rows of patches disappears, because
only the ipsilateral eye is represented.
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striate cortex in two monkeys raised with esotropia. In both mon-
keys, two patterns were observed: (1) pale border strips; and (2)
alternating pale and dark ocular dominance columns. Our data
are in good agreement with their results, because we also ob-
served these two distinct CO patterns from strabismus. They were
not in a position to relate the CO patterns to visual suppression
because the identity of the columns was not established with an
anatomical tracer. Together, the studies by Tychsen and Burkhalter
(1997) and Fenstemaker et al. (2001) show conclusively that esotro-
pia also produces abnormal patterns of CO activity in striate cortex.
These intriguing patterns merit further study, comparison with oc-
ular dominance columns, and correlation with visual suppression.

We reported abnormal CO activity in striate cortex in mon-
keys with ocular misalignment induced by eye muscle surgery
during adulthood (Horton et al., 1999). It was suggested that
regions showing pale ocular dominance columns might corre-
spond to regions of visual field suppression in one eye. However,
disruption of fusion in adults causes diplopia and is thought to
create a sensory state more akin to binocular rivalry than strabis-
mic suppression (Smith et al., 1985). For this reason, we decided
to examine CO patterns in macaques with exotropia since in-
fancy. The CO staining abnormalities are similar in monkeys
raised with strabismus and those with adult-onset ocular mis-
alignment. Because visual suppression is nearly universal in sub-
jects with strabismus since infancy (von Noorden and Campos,
2002), it is reasonable to infer that the loss of CO activity in the
ipsilateral eye’s columns in peripheral cortex is a functional cor-
relate of suppression. This inference is supported by the corre-
spondence between the CO staining pattern in exotropic
monkeys and the visual field suppression data from exotropic
humans (Fig. 1).

In Figure 6, a and c, the CO staining in the blind spot repre-
sentation is pale in each hemisphere, relative to the dark CO
activity in the surrounding ocular dominance columns that serve
the contralateral eye. The blind spot representation appears pale,
because it is supplied only by ipsilateral temporal retina, which is
suppressed in exotropia. Why should temporal retina be sup-
pressed at a cortical locus that corresponds anatomically to the
optic disc in the other eye? The likely reason is that in exotropia,
the region in the temporal retina that would normally fill in the
other eye’s blind spot overlaps instead with a point near the other
eye’s center of gaze (Fig. 1). Therefore, suppression of this region
of temporal retina is necessary to avoid diplopia.

It has been unclear what neural mechanism enables children
with strabismus to avoid diplopia, or where visual suppression
takes place in the brain. These data provide anatomical evidence
that suppression is mediated at the level of the primary visual
cortex. This point in the visual pathway is logical, because it is the
first place in the cerebral cortex where ocular inputs are brought
together and the last place where they remain segregated. How-
ever, it remains unknown whether suppression originates in the
lateral geniculate nucleus or striate cortex, or is governed by feed-
back projections from higher visual cortical areas that must rec-
oncile conflicting images (Logothetis et al., 1996).

In striate cortex, intrinsic horizontal connections extend for
only a few millimeters (Rockland and Lund, 1983; Fitzpatrick et
al., 1985; Yoshioka et al., 1996; Bosking et al., 1997). This would
not be sufficient, for example, to allow neurons serving the fovea
in one eye’s ocular dominance columns to inhibit directly neu-
rons serving the peripheral temporal retina in the other eye’s
ocular dominance columns. Moreover, strabismus leads to a se-
lective loss of projections between cells in opposite ocular domi-

nance columns (Löwel and Singer, 1992; Tychsen et al., 2004;
Schmidt and Löwel, 2008), reducing the substrate for such inhib-
itory interactions. For these reasons, feedback from cells in higher
visual cortical areas, which have much larger receptive fields, is
more likely to control interocular suppression.
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