Studies of Strabismus and
Amblyopia in Infant Monkeys

ABSTRACT

Longitudinal studies of grating acuity have been con-
ducted with strabismic infant monkeys. Representative
data from several different monkey models of strabismus
are presented. Acuity in the fixating eyes of these monkeys
developed to adult levels similarly to acuity development in
normal infant monkeys. Acuity in the non-fixating eyes
often lagged behind, and in some cases never reached
normal levels, resulting in a permanent amblyopia.

Introduction

The pioneering behavioral work on monkey models of
strabismic amblyopia was conducted by von Noorden and
co-workers.l-2 These studies demonstrated that an eso-
tropia produced surgically during the first three months
after birth can lead to a permanent amblyopia in the
deviated eye later in life.
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The experimental protocol used by von Noorden was to
produce the strabismus early in life, and then test
behaviorally a year or more later to determine whether an
amblyopia had developed. The time course over which the
amblyopia developed was not determined in these studies.
The amblyopia might have resulted from an arrest of
normal development, deterioration after having previously
reached some normal level, or some more complicated
abnormal time course of acuity development.

In recent years our laboratory has been conducting
longitudinal studies of acuity development in normal and
in strabismic monkeys. Our preliminary results from
infant monkeys made surgically esotropic at six days of age
demonstrated that amblyopia results from an abnormal
development of acuity in the deviated eye.3 We have
extended these observations to additional strabismic
monkeys and have investigated a variety of models of
strabismus. The present report provides an overview of
these studies and summarizes our data collected to date.

Methods

Infant macaque (Macaca nemestrina) monkeys were used
as subjects in all of these experiments. We have been
studying three separate kinds of monkey models of strabis-
mus. We refer to these models according to the way the
strabismus originated: 1) Surgically, 2) by N eurotoxin
injection, and 3) Naturally.

We use unilateral transection of the lateral rectus and
resection of the medial rectus to produce the surgical
model. The Neurotoxin model is produced by injecting the
lateral rectus muscle with botulinum neurotoxin Type A4
In both cases these procedures result in moderate angles of
esotropia (typically 30 to 60 prism Diopters). All animals
have maintained the ability to abduct the operated or
injected eye to at least the primary position. The Natural
model consists of infants screened from our breeding colony
that have a naturally occurring strabismus.5®
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FTGURE.' 1: Photographs of strabismic monkeys. Figure 1A shows surgically strabismic monkey CA who had the left eye operated on at 29 days
of age. Figure 1B shows neurotoxin strabismic VR whose left eye was injected at 13 days of age. Figure 1C shows naturally strabismic monkey
VP. These photographs illustrate that all of our models of strabismus can abduct either eye to at least the midline, and can hold fixation with

either eye.

The photographs in Figure 1 illustrate the nature and
magnitudes of the squints present in our animals. Figure
1A shows surgically strabismic monkey CA, Figure 1B is
neurotoxin monkey VR, and Figure 1C is naturally
strabismic VP.

Two methods have been used to measure the time course
of grating acuity development in these monkeys. At the
youngest ages, acuity estimates were obtained with Forced-
Choice Preferential-Looking.”7 At older ages the monkeys
were trained and then tested with operant methods.
Detailed descriptions of our methods for stimulus genera-
tion, behavioral testing, and data analysis have been
presented previously.3.8.9

Results

" The data in Figure 2 summarize the time courses of
acuity development in normal monkey infants and in
normal human infants. This figure summarizes results
from a number of studies conducted in our laboratory and in
the laboratories of Dr. D. Teller and Dr. V. Dobson.8.10,11
Several important points about normal acuity develop-
ment can be noted from Figure 2. Acuity levels are similar
in neonatal monkeys and humans. Acuity levels are also
similar in adult monkeys and humans. The time courses of
acuity development in humans and monkeys can be made to

look reasonably similar by plotting age in terms of weeks
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FIGURE 2: Acuity is plotted as a function of age for both normal
humans and normal monkeys. Age is specified in months for
humans and in weeks for monkeys. The left ordinate specifies
grating acuity in terms of minutes/stripe where a 1-minute stripe
corresponds to 20/20 Snellen acuity. The right ordinate specifies
acuity in terms of cycles/degree.

for monkeys and in terms of months for humans. It is worth
noting that when acuity development is specified in terms
of cycles/degree (see right side legend in Figure 2), then
acuity values between 2 and 30 cycles/degree are approx-
imately equal to age in weeks for monkeys. This rule of
thumb, indicated by the dashed line in Figure 2, 18 not
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FIGURE 38: Acuity development in monkey VN. In Figure 3A, exact, but provides a useful mnemonic for remembering
acuity is plotted for each eye as a function of age. An acuity value of 1 approximate acuity values during the mid-range of normal
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FIGURE 5: Acuity development in neurotoxin strabismic monkey
IM. Legends and symbols are the same as in Figure 3.

On a linear age scale, constant amounts of improvement in
acuity will be associated with different amounts of time at
different ages. Note however that in Figure 2, constant
amounts of acuity improvement between 2 and 30 cycles/
degree are associated with nearly constant increments in
age. The sensitive periods associated with abnormal acuity
development are probably also best described in terms of
log age.

The range of results we have obtained from our surgically
strabismic monkeys are illustrated by the results from

monkeys VN and CA shown in Figures 3 and 4. Surgery
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FIGURE 6: Acuity development in neurotoxin strabismic monkey
VR. Legends and symbols are as in Figure 3.

was conducted on VNB left eye at 20 days of age. This
monkey can hold fixation with either eye, but usually
fixates with her right eye. Figure 3A shows estimates of
acuity for each eye of monkey VN, along with standard
errors of these estimates, as a function of age. These results
can be compared to binocular acuity development in normal
monkeys by reference to the dashed line that shows our rule
of thumb discussed above. Prior to surgery, VN's left eye was
actually slightly better than her right eye. This small
difference is probably not significant, but it does demon-
strate that there was no predisposition for the right eye to
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FIGURE 7: Acuity development in naturally strabismic monkey
VP. Legends and symbols are as in Figure 3.

have better acuity. Following the surgery, acuity in the
untreated (right) eye continued to improve, but there
 appears to have been an arrest of acuity development in the
deviated (left) eye.

A comparison of the relative acuity differences between
the two eyes of monkey VN as a function of age are shown in
Figure 3B. Control data (triangle symbols) are shown as a
standard of reference in this figure. These control data are
from normal animals tested in our laboratory and demon-
strate that the range of acuity differences between the eyes
of normal monkeys fall within plus or minus one octave (.3

210

log units). We therefore define amblyopia as an intraocular
acuity difference of at least one octave. The normal range of
intraocular acuity differences is demarcated by the dashed
horizontal lines in Figure 3B. Strabismic monkey VN is
within the normal range prior to surgery, falls near the
edge of the normal range at first test after surgery, and
thereafter consistently exhibits an intraocular difference
that falls outside of the range for normal monkeys.

Results obtained from a second surgically strabismic
monkey, CA, are shown in Figure 4. A left esotropia was
produced at 29 days of age. This monkey prefers to use the
right eye for fixation, but can hold fixation with either eye.
Figure 4A shows estimates of acuity development for each
eye, along with standard errors of these estimates, as a
function of age. Acuity levels were similar in the two eyes
prior to surgery. The development of acuity progressed
gslowly in both eyes for about four weeks following the
surgery. After eight weeks of age, both eyes progressed at
more normal rate toward normal acuity levels. However, the
development of acuity in the treated (left) eye lagged
slightly behind development in the untreated (right) eye.
Figure 4B demonstrates that the intraocular differences
found for monkey CA do not fall outside the range found in
normal animals. Experiments with monkey CA are con-
tinuing to determine whether an amblyopia will eventually
develop.

A similar range of results have been obtained from our
monkeys with neurotoxin induced strabismus and we show
representative examples from monkeys IM and VR in
Figures 5 and 6. Neurotoxin was injected into the lateral
rectus of the left eye of monkey IM at 19 days of age. He
initially preferred the right eye, but at nine weeks of age
showed a pattern of alternating fixation. Grating acuity
development for each eye of IM is shown in Figure 5A. The
right eye acuity was slightly better than the left eye prior to
surgery, but Figure 5B demonstrates that this difference is
not outside the normal range. Acuity development for the
left eye has consistently lagged behind that for the right
eye. Figure 5B demonstrates that all of the post-injection
intraocular acuity differences are outside of the normal
range.

‘ obtained from another neurotoxin monkey, VR,
are shown in Figure 6. Neurotoxin was injected into the
lateral rectus of the left eye of monkey VR at 13 days of age.
This monkey alternated fixation, and showed no eye prefer-
ence. Behavioral testing has demonstrated that acuity
developed roughly in parallel in the two eyes of this
monkey, as can be seen in Figure 6A. Figure 6B demon-
strates that none of the intraocular acuity differences for
this monkey are outside of the normal range.

The individual data presented above are representative
of the ranges of results we have seen for our monkeys with
experimentally induced strabismus. All of the monkeys
studied fell between these extremes. Of the nine monkeys
with strabismus surgically induced between two and seven
postnatal weeks, seven developed amblyopia (log acuity
ratios of —0.3 to —0.6) three or more weeks post-surgery.
Two showed small intraocular acuity differences (log acuity
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ratios of —0.18 and —0.25), but the differences were within
the normal range, e.g., CA. Of five monkeys with strabis-
mus induced by injection of neurotoxin between one and
four postnatal weeks, two developed amblyopia (log acuity
ratios of —0.4 to —1.0) within a few weeks of the injection.
Two showed small intraocular acuity differences (log acuity
ratios of —0.17 to —0.24) that were within the normal
range, and one, VR, showed no difference.

An example of data from a naturally strabismic monkey,
VP, appears in Figure 7. Additional information about this
monkey and other naturally strabismic monkeys is pre-
sented elsewhere.6 We detected VPs strabismus at four
weeks of age during routine screening of our breeding
colony. The strabismus may have been congenital. VP
shows a constant esotropia of about 45 prism Diopters.
During the first four months after birth she alternated
fixation with no apparent preference. At older ages we
noted an increased preference for fixating with the left eye.

Developmental acuity measurements obtained during
the first four months demonstrated that acuity developed
roughly in parallel in the two eyes (Figure 7A). Grating
acuity differences between the two eyes were all within the
normal range during this period (Figure 7B).

However, when VP was tested more extensively on a
contrast sensitivity task, it was determined that a small but
significant intraocular difference had developed in this
monkeys right eye. The contrast sensitivity results are
shown in Figure 8. In normal monkeys the error bars for
data obtained from the two eyes overlap at high frequen-
cies.13 Note that for VP the contrast sensitivity for the left
eye is consistently better than that for the right eye at all

spatial frequencies higher than the peak (3 cy/deg).

Discussion

In this paper we have presented representative acuity
development data from several monkey models of strabis-
mus. We have found that in most cases intraocular dif-
ferences in acuity are present at various times during
development. However, these developmental differences do
not always result in permanent intraocular differences
large enough to be considered amblyopia. We are con-

ducting experiments such as these on a number of

strabismic monkeys, in whom the strabismus originated at
different ages. This is an ongoing project and we do not have
the answers yet, but our long-term goal is to try to
determine the relative time courses over which amblyopia
develops during the sensitive period in these animals, and
also to try to determine why it is that some strabismic
monkeys never develop an amblyopia. Reference to data
such as shown in our Figure 2 should allow results about
the time course of amblyopia development in monkeys to be
related to human infants.

Grating acuity is not necessarily the most sensitive
measurement for picking up small intraocular differences,
and it is possible that other measurements such as optotype
acuity or contrast sensitivity might reveal an abnormality

JOURNAL OF PEDIATRIC OPHTHALMOLOGY & STRABISMUS

BOOTHE ET AL

MONKEY VP

1000

100

CONTRAST SENSITIVITY
10

.1 ] 10 100
FREQUENCY (CY/DEG)

FIGURE 8: Contrast Sensitivity results for naturally strabismic
monkey VP. The abscissa indicates the frequency of a spatial
sinusoidally modulated grating. The ordinate indicates the sen-
sitivity (1/contrast at threshold) of the monkey to the grating target.
These results were obtained from monkey VP at 1.5 years of age.

in some of our animals where the intraocular grating acuity'

differences were not outside of the normal range. This
might be the case, for example, with the results we
presented for naturally strabismic monkey VP. It will be
necessary to use multiple measures on individual animals
to try to sort out this question.

Another issue that warrants discussion is the magnitude
of the individual differences from animal to animal in
susceptibility to deprivation. A comparison of our Figures 3
with 4 and 5§ with 6 illustrates the range of results that we
have obtained with our two experimental models of strabis-
mus. There are a large number of factors that could be
contributing to these differences (e.g., age at which the
strabismus is induced, magnitude of the deviation, refrac-
tive errors), and we will need to collect data on additional
subjects before we can draw a definitive conclusion about
this question. In this regard, monkeys are probably a good
model for the human clinical cases where patients with
similar kinds of strabismus can differ widely in the amount
of amblyopia present.

We can summarize our primary conclusions to date as
follows: Strabismic monkeys that develop an alternating
fixation pattern do not develop an amblyopia. Their eyes
develop acuity roughly in parallel. On the other hand, in
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monkeys that preferentially fixate with one eye, the
development of acuity does not always follow the same time
course in both eyes. Acuity development in the non-fixating
eye lags behind. In some monkeys an intraocular acuity
difference becomes apparent almost immediately after the

strabismus is induced. In other monkeys, there is a delay of

from several weeks to several months following onset of the
strabismus before an intraocular acuity difference or
amblyopia develops.
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