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ABSTRACT Amblyopia can be induced by opacity of the
ocular media (e.g., cataract), misalignment of the ocular axes
(strabismus), or unequal refractive error in the eyes (ani-
sometropia). Experiments in monkeys have shown that early
monocular eyelid suture, a model of amblyopia caused by
cataract, results in shrinkage of the eye’s ocular dominance
columns in striate cortex. This reduction of the geniculocortical
projection from the deprived eye has been thought to explain
in part the mechanism of amblyopia. We labeled the ocular
dominance columns in monkeys with amblyopia by using
cytochrome oxidase histochemistry. In animals rendered am-
blyopic by early unilateral eyelid suture, no pattern of cy-
tochrome oxidase activity appeared in layer IVe. Outside layer
IVc, alternating rows of light and dark patches were present;
the pale patches fit in register with the shrunken ocular
dominance columns of the deprived eye, which were labeled by
autoradiography. Subsequent removal of one eye caused a
striking cytochrome oxidase pattern to emerge in layer IVc that
correlated precisely with the shrunken (deprived eye) and
expanded (normal eye) ocular dominance columns. This cor-
relation was shown by injecting one eye with [*H]proline. It has
remained unsettled whether other forms of amblyopia are
accompanied by shrinkage of ocular dominance columns. To
address this issue, in an analogous clinical case, we examined
the pattern of cytochrome oxidase activity in a human subject
with a history of anisometropic amblyopia who suffered a lesion
of one optic nerve shortly before death. The ocular dominance
columns were normal in width, indicating that some forms of
amblyopia occur without shrinkage of ocular dominance col-
umns.

Amblyopia causes visual loss among ~2% of the American
population (1). The most severe form of the disease occurs in
children born with a dense cataract in one eye. If cataract
surgery is delayed beyond a critical period in early life, vision
remains permanently impaired despite later removal of the
offending media opacity and provision of the proper refrac-
tive correction. Without an ocular defect to explain the
persistence of low acuity after cataract removal, it has long
been suspected that amblyopia is due to anomalous wiring of
the eye’s central connections within the brain. Evidence in
favor of this notion first came from a series of experiments by
Wiesel and Hubel (2, 3), who created an animal model of
amblyopia by raising Kittens with the lids of one eye sutured.
Upon recording from striate cortex, they found that the vast
majority of cells responded exclusively to visual stimulation
of the normal, open eye. Later, the apparent anatomical
counterpart of this shift in physiological ocular dominance
was demonstrated in cats and monkeys by injection .of
[*H]proline into the vitreous of the deprived eye. This pro-
cedure transneuronally labels the axon terminals of genicu-
late neurons in layer IVc of striate cortex (4), which are
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segregated into a mosaic of alternating, parallel stripes serv-
ing the left eye or the right eye. These stripes are called ocular
dominance (OD) columns (5). In normal subjects, the OD
columns of the left eye and the right eye are roughly equal in
width, whereas in animals raised with unilateral eyelid suture
to simulate congenital cataract, the OD columns of the
deprived eye appear dramatically shrunken (6-12). This
column shrinkage presumably occurs because the deprived
eye is handicapped in the competition between the two eyes
for synaptic connections in layer IVc during early cortical
development. Column shrinkage demonstrates that abnormal
early sensory experience can disrupt the normal maturation
of the cerebral cortex. It also provides an appealing expla-
nation for the phenomenon of amblyopia: contraction of OD
columns reduces the input to striate cortex serving the
deprived eye, thereby partially disconnecting the eye from
the cortical machinery required for the normal processing and
interpretation of visual information.

Efforts to extend these models of amblyopia to the human
condition have been hampered by the fact that various
experimental methods suitable for labeling the OD columns
in animals cannot be used in humans. However, in recent
years, the OD columns have been labeled successfully by
using a histochemical technique that reveals the distribution
of cytochrome oxidase cyt,x, a mitochrondrial enzyme,
within striate cortex (13). In normal monkeys, levels of cytox
are homogeneous throughout layer IVc because physiologi-
cal activity is equal in columns belonging to the right eye and
the left eye. After removal of one eye, a pattern of alternating
pale and dark columns emerges in layer IVc (14, 15). It has
been previously established by combining cytox and [*H]pro-
line eye injection in a double-label experiment that the pale
columns correspond to the OD columns of the enucleated eye
(16).

The cytox method has the special advantage that it can also
be used in the human brain postmortem to study patterns of
metabolic activity (17). Specimens obtained from patients
with a history of loss of one eye show a mosaic of alternating
dark and light stripes, corresponding to the OD columns. The
stripes appear equal in width, even when death ensues >20
years after the loss of one eye. This finding indicates that loss
of one eye produces no shrinkage of OD columns, as long as
it occurs after the critical period of column plasticity, which
ends sometime during early chil¢hood.

We have now applied cyt,x histochemistry to investigate
how amblyopia affects the OD columns in human amblyopia.
Initial experiments were conducted in monkeys to lay the
groundwork for interpreting the data from human studies. In
the monkey experiments, we labeled the OD columns with
[BHlproline and then correlated the pattern of autoradio-
graphic label with the pattern of cytox histochemistry in
adjacent sections from the same animal. This approach
allowed us to define the exact conditions required to label the
OD columns with cyt., in amblyopic subjects. Armed with
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this information, we then labeled the OD columns in a patient
with a history of amblyopia from anisometropia.

MATERIALS AND METHODS

Visual Deprivation. Amblyopia was induced in cynomolgus
monkeys (Macaca fascicularis) by suturing together the lids
of the right eye under ketamine general anesthesia and
lidocaine local anesthesia. With normal vision in the other
eye, their growth and development was unimpaired. This
procedure, and all other experimental procedures, was ap-
proved by the University of California, San Francisco, Com-
mittee on Animal Research.

[*H]Proline Injection. The OD columns were labeled by
injection of [*H]proline into a single lamina of the lateral
geniculate body. For geniculate injections, monkeys were
initially anesthetized with ketamine and then maintained
under general anesthesia with N,O/O; (60:40) and continu-
ous infusion of sodium thiopental. After endotracheal intu-
bation and placement in a stereotaxic frame, monkeys were
paralyzed with intravenous gallamine and artificially respi-
rated. The lateral geniculate body in each hemisphere was
then located by recording with a tungsten microelectrode
while stimulating the visual field with small spots of light.
After location of a suitable injection site within 6° of the
foveal representation (to label OD columns within the ex-
posed, flat cortical operculum), the metal electrode was
replaced with a glass pipette containing [*H]proline (20-40
Ci/mmol; 1 Ci = 37 GBq) dissolved in saline (0.2 mCi/ul).
The planned injection site was verified by recording again
through the glass pipette and [*H]proline was then pressure
injected (0.5-1.0 ul) in the middle of a single lamina inner-
vated by the deprived eye. Several injections were made in
each animal. After a survival time of 3 days, to permit
transport of radioactive label to the cortex, the monkeys were
given a lethal dose of intravenous thiopental and perfused
transcardially with fixative. In one monkey, the OD columns
were labeled by intravitreal injection of 2 mCi of [*H]proline
under general anesthesia. To maximize column labeling, the
injection was repeated 3 days later. Tissues were processed
for autoradiography or cytox activity as described elsewhere
(16-18).

RESULTS

The pattern of cyt,x activity in striate cortex produced by
neonatal eyelid suture was first studied in two monkeys.
Amblyopia was induced by fusing the right eyelids 1 week
after birth. At age 1 year, [*H]proline was injected into single
laminae of the lateral geniculate body to label the cortical OD
columns. Tracer injections were made in the lateral genicu-
late body rather than the eye, because eye injections carry a
risk of altering cortical cyto,x activity. Similar results were
obtained in both animals. Autoradiographs revealed
shrunken OD columns belonging to the amblyopic eye, as
anticipated from the prior work of Hubel, Wiesel, and LeVay
(6, 10) (Fig. 1A). However, adjacent sections processed for
Cytox activity showed completely uniform enzyme activity in
layer IVc (Fig. 1B), despite the fact that cytox activity was
sharply reduced in geniculate laminae supplied by the de-
prived eye. In layers II and III of striate cortex, alternating
dark and light rows of cyt,x patches (also called ‘‘blobs’’ or
‘‘puffs’’) were visible (14, 15). The light rows of patches fit
into precise register with the deprived, shrunken OD columns
in layer IVc (data not shown).

- In these experiments, the OD columns of the amblyopic
eye showed no loss of cytyx activity in layer IVc, although
severe anatomical shrinkage of the OD columns was con-
firmed by proline injection. This result means that cytex
histochemistry cannot be used to reveal the OD columns in
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FiG. 1. (A) Autoradiograph from a visually deprived monkey
showing the OD columns in layer IVc labeled by injection of
[3H]proline into the lateral geniculate body. In this dark-field pho-
tograph, the shrunken OD columns of the amblyopic eye appear as
thin, white stripes. (B) Adjacent section showing no columns of cytox
activity, despite shrinkage of the OD columns in A. (Bar = 5 mm.)

animals with amblyopia from early, severe unilateral media
opacity, unless an additional manipulation is performed. We
postulated that subsequent enucleation of one eye might
allow one to label the OD columns by the cyt,x method. To
test this notion, the right eyelids of an additional monkey
were fused a week after birth. The left occipital lobe was
excised en bloc at age 21 months by a sterile neurosurgical
technique under general anesthesia with sodium thiopental.
No cytox columns were visible within layer IVc (Fig. 2A), but
alternating rows of pale and dark patches were visible in
layers II and III (Fig. 2B). The findings in this hemisphere
confirmed the results obtained in the two previous animals
and served as an internal control for the effects ‘of visual
deprivation alone.

[3H]Proline was then injected into the animal’s normal left
eye to label the OD columns in the remaining right occipital
lobe. A week later the left eye was enucleated using a sterile
oculoplastic surgical technique under combined ketamine
general anesthesia and lidocaine retrobulbar anesthesia, and
the right eyelids were reopened. The monkey was treated
with buprenorphine, a long-acting opioid analgesic, after
each procedure to ensure analgesia. Adequate analgesia was
judged by constant observation of the animal’s behavior until
full recovery, which occurred quickly after each procedure.
During a 2-week survival period, the vision in the remaining
right eye was tested daily, and the monkey could perceive
light only, indicating that lid suture had produced a profound
degree of amblyopia.

Serial sections were prepared from the right striate cortex
for cytox staining or autoradiography. In layer IVc, cytox
histochemistry showed thin dark columns alternating with
wide pale columns (Fig. 2C). An adjacent section dipped for
autoradiography (Fig. 2D) showed expanded columns of label
from the normal eye, interrupted by thin gaps corresponding
to the OD columns of the uninjected, amblyopic eye. These
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Fic. 2. (A) Flattened section through left occipital lobe of a lid-sutured monkey showing homogeneous cytox activity in layer IVc (darkest
regions) of striate cortex. (B) Section through upper layers, revealing alternating pale and dark rows of cytox patches. (C) Matching right striate
cortex from the same animal, 2 weeks after enucleation of the normal left eye, showing thin dark columns alternating with wide light columns
in layer IVc. In this single section, OD columns are visible within 156 mm? of layer IVc; the dark/light column ratio is 37:63. (D) Dark-field
autoradiograph from section adjacent to C, showing labeled OD columns of the left eye, which was injected with [*H]proline before enucleation.
(E) Composite diagram depicting the dark cytox columns in C with black ink and the autoradiographically labeled columns in D with stippling.
Dashed line, V1/V2 border; wm, white matter. (F) Magnified view of columns in upper left portion of E. Parallel horizontal lines indicate dark
Cytox columns in C, and small dots mark the OD columns labeled by autoradiography in D. Proline-labeled columns fit between the dark cytox
columns, proving that the dark, shrunken cytox columns in C are the OD columns of the remaining, uninjected, amblyopic right eye.

two sections were aligned by matching small blood vessels to
establish that the dark columns of cytoy activity fit within the
label-free gaps of the autoradiograph (Fig. 2 E and F). This
double-hemisphere, double-label experiment showed that
enucleation of the normal eye causes thin, dark columns of
Cytox activity to appear in layer IVc that precisely represent
the OD columns of the amblyopic eye.

Equipped with an approach to label the OD columns in
human amblyopia, we next studied the pattern of cytox
activity in the visual cortex of a 53-year-old man with
anisometropic amblyopia detected at age 4.5-5 years in the
left eye. Glasses were prescribed after the patient’s ambly-
opia was discovered, but he wore them infrequently during
his ‘childhood. He never received patching therapy. There
was no history of strabismus or cataract. He sought our
evaluation after developing blindness in the right eye, which
previously had normal acuity. His visual acuity was no light
perception in the right eye and 20/400 in the left eye with best
optical correction. Cycloplegic retinoscopy yielded a dioptric
refractive error of +3.50 sphere, +0.75 cylinder x 175°, right
eye; +8.50 sphere, +2.25 cylinder x 145°, left eye. The
amblyopia was explained by nearly six diopters of ani-
sometropia, which had produced a constantly blurred image
upon the left retina.

A magnetic resonance scan showed a metastatic tumor
from the lung compressing the right optic nerve. The patient
died 3 months later, with no improvement in the vision of the
amblyopic left eye after the right eye became blind. On
microscopic examination, the left eye appeared entirely
normal, thus fulfilling the essential criteria for amblyopia:
poor vision without ocular pathology. The right eye showed
depletion of ganglion cells and nerve fiber layer from com-
pression of the optic nerve.

Sections were cut through flattened blocks from the oc-
cipital lobes and processed for cytox. Alternating dark and

light stripes were visible in sections passing through layer IVc
of striate cortex (Fig. 3 A and B). The overall pattern of
stripes was reconstructed by tracing serial sections in a
microscope projector (Fig. 3 C and D). By analogy with the
prior monkey experiment, the dark stripes of cytox activity
correspond to the OD columns of the intact, amblyopic left
eye. This inference is supported by noting that the monocular
crescent representation appears light in the left striate cortex
and dark in the right striate cortex, as expected after loss of
the right eye. Surprisingly, the dark columns of the ambly-
opic left eye do not appear shrunken. Indeed, the OD coluthn
mosaic is indistinguishable from column mosaics recon-
structed previously in normal patients without amblyopia
(18). There are regions of local irregularity in column width,
as also found in specimens from normal patients, but the total
area occupied by each eye’s set of columns is nearly equal.
In each hemisphere we reconstructed ~75% of the mean
surface area of human primary visual cortex. Columns were
traced over 1646 mm? in the left striate cortex, and the dark
stripes occupied 48% of the total column area. Columns were
reconstructed over 1436 mm? in the right striate cortex, and
dark stripes accounted for 54% of the column area. In
calculating these percentages the contribution of the monoc-
ular crescent was excluded. The slight predominance of the
contralateral eye in each cortex reflects the normal attenu-
ation of the ipsilateral eye’s columns, which occurs in pe-
ripheral binocular cortex (18, 19).

DISCUSSION

Our observations provide further information pertaining to
the structural changes that underlie amblyopia in the visual
cortex of primates. We find that eyelid suture in neonatal
monkeys causes no loss of metabolic activity in layer IVc
(Fig. 4)—as reflected by levels of cyt,x—despite anatomical
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FiG. 3. Flattened sections reacted for cyt,, showing OD columns from the left A and right B striate cortex of a man with anisometropic
amblyopia in the left eye. Reconstruction of columns in the left C and right D cortex from serial sections cut through each tissue block reveals
no shrinkage of the dark columns corresponding to the amblyopic eye. Dashed line, V1/V2 border; MC, monocular crescent; *, regions where
columns were unclear. Arrows in C mark matching portions of the optic disc representation of the right eye, which were apposed in the brain
prior to dissection. Note that OD columns in humans are wider than those in macaques, and, consequently, human visual cortex contains fewer

hypercolumns.

shrinkage of the OD columns. The absence of a cyt.x pattern
in layer IVc is consistent with recent findings obtained by
Tigges et al. (20) in monkeys raised with an opaque contact
lens in one eye. This result is also consistent with the report
by Hubel ez al. (6) that within layer IVc of early lid-sutured
monkeys, the cells serving the amblyopic eye retain brisk
responses and normal receptive field properties. By contrast,
outside layer IVc, Hubel et al. encountered virtually no cells
that could be driven effectively via the amblyopic eye. It has
remained uncertain whether this shift in eye preference
outside layer IVc occurs because lid suture causes cells to
switch their allegiance to the normal eye, or because cells
originally destined to favor the amblyopic eye simply become
less responsive to visual stimulation. Our observation of
diminished cytox activity in rows of patches aligned with the
OD columns of the amblyopic eye (Fig. 4) provides evidence
that favors the latter possibility.

Although our results indicate that early lid suture in
monkeys produces no pattern of Cytox activity in layer IVc of
striate cortex, subsequent enucleation of one eye gives rise to
a striking cytox pattern of alternating light and dark stripes.
By ocular injection of [*H]proline, we have established that
these stripes correspond precisely to the anatomical OD

columns. In our experiment, the normal eye was removed,
and the resultant dark thin stripes were shown to represent
the OD columns of the remaining, amblyopic eye (Fig. 4). If

Ocular Dominance Columns Following Subsequent
Following Early Lid-Suture Enucleation of Open Eye
Cytoch A ical  Cytochrome Blobs Cytochrome ~ Anatomical
i La IVc  OD Columns in Upper Layers i
L X % X 3
LA X X 2

FiG. 4. Summary diagram showing that early eyelid suture in
monkeys induces no pattern of cytox activity in layer IVc, despite
shrinkage of OD columns verified by [3H]proline injection into the
lateral geniculate body. Cytoy staining in upper layers reveals small,
pale patches in register with the shrunken OD columns of the
amblyopic eye. Subsequent enucleation of the open eye causes a
Cytox pattern of wide, pale stripes alternating with thin, dark stripes
in layer IVc. These cytox stripes correspond precisely to the ana-
tomical OD columns labeled by eye injection of proline. In this
experiment, we reopened the sutured eye, but we doubt the cytox
pattern would have differed had the amblyopic eye been left closed.
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we had enucleated the amblyopic eye, a pattern of wide dark
Cytox columns (normal eye’s OD columns) alternating with
thin, pale cyt,x columns (amblyopic eye’s OD columns)
would be predicted, although we have not done this exper-
iment. We chose to enucleate the normal eye in our monkey
experiment in order to mimic the human case as closely as
possible.

Among humans the most common cause of amblyopia is
not cataract but strabismus or anisometropia (1). We have
labeled the OD columns in a human subject with a history of
amblyopia caused by uncorrected anisometropia during early
childhood. The OD columns in visual cortex were completely
normal in width. From prior animal studies of amblyopia
induced by eyelid suture (6-12) or atropine blur (21) we had
anticipated that the OD columns might be shrunken.

Hendrickson et al. (21) have studied monkeys raised with
daily atropine drops in one eye to simulate anisometropic
amblyopia. In one animal, cyt,x activity in layer IVc was
uniform, whereas in another animal the enzyme yielded poor
staining. In the remaining six animals, a cyt.x pattern of thin,
dark columns alternating with wide, pale columns was ob-
served in layer IVc. The authors identified the thin, dark
columns as the OD columns of the atropinized eye, inferring
that amblyopia induced by visual blur is accompanied by
shrinkage of OD columns. This result would seem contrary to
the finding of normal OD columns in the human case of
anisometropic amblyopia we have analyzed. However, the
animal model is different from our clinical case. In the
monkeys, atropinization was initiated 2-14 days after birth,
at a time when the OD columns are capable of expansion or
retraction. We do not know the exact age of onset of
anisometropia in our patient, but it probably developed
several years after birth. By this age, the critical period for
OD column plasticity in humans may be over.

There is also a possibility that the thin, dark cyt,x columns
seen by Hendrickson et al. (21) in layer IVc of monkeys
raised with atropine blur do not represent shrunken OD
columns. A similar cyt,x pattern of thin, dark columns
alternating with wide, pale columns has been previously
reported after eyelid suture in adult monkeys, whose ana-
tomically labeled OD columns were normal (16). In these
monkeys (deprived as adults) the thin, dark cyt,x columns in
layer IVc were centered within the anatomical OD columns
belonging to the normal open eye, but were narrower than the
actual OD columns. The basis for the cyt,x pattern found in
these adult-suture experiments remains to be explained, but
this result indicates that visual deprivation is capable of
inducing patterns of cyty, activity in layer IVc that do not
represent the OD columns, at least as they would be defined
by ocular injection of [*H]proline.

We conclude that anisometropia may induce amblyopia
without shrinkage of OD columns in human visual cortex,
implying that this form of amblyopia has a different cortical
basis than amblyopia produced by early, severe form depri-
vation (cataract, lid suture). Clinical data indicate that chil-
dren remain vulnerable to amblyopia induced by strabismus
or anisometropia (or late, acquired cataract) until at least age
6-7 years (1). They respond to patching therapy until this age,
or even later. The critical period for the plasticity of OD
columns is over by 3 months of age in monkeys (10). The
duration of the critical period for anatomical plasticity of OD
columns in layer IVc of human striate cortex is still unknown,
but it is unlikely to extend beyond 1 year of age. We propose
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that in milder forms of human amblyopia—namely, those
caused by later, acquired media opacity, strabismus, or
anisometropia—the OD columns in layer IVc are normal but
neural connections are perturbed between layer IVc and
other cortical layers. This interpretation is consistent with the
finding in cats and monkeys that the critical period in layer
IVc ends long before the critical period in other cortical
layers (10, 22-25). Further study of more human cases should
allow us to delineate the critical period for maturation of the
OD columns and to describe more completely the patholog-
ical changes that accompany different forms of amblyopia.
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