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Viewpoints

This article is based on a Presidential Lecture presented at the 2016 Annual Meeting.

The Puzzle of Visual Development: Behavior and Neural
Limits

Lynne Kiorpes
Center for Neural Science, New York University, New York, New York 10003

The development of visual function takes place over many months or years in primate infants. Visual sensitivity is very poor near birth
and improves over different times courses for different visual functions. The neural mechanisms that underlie these processes are not
well understood despite many decades of research. The puzzle arises because research into the factors that limit visual function in infants
has found surprisingly mature neural organization and adult-like receptive field properties in very young infants. The high degree of
visual plasticity that has been documented during the sensitive period in young children and animals leaves the brain vulnerable to
abnormal visual experience. Abnormal visual experience during the sensitive period can lead to amblyopia, a developmental disorder of
vision affecting ~3% of children. This review provides a historical perspective on research into visual development and the disorder
amblyopia. The mismatch between the status of the primary visual cortex and visual behavior, both during visual development and in
amblyopia, is discussed, and several potential resolutions are considered. It seems likely that extrastriate visual areas further along the
visual pathways may set important limits on visual function and show greater vulnerability to abnormal visual experience. Analyses
based on multiunit, population activity may provide useful representations of the information being fed forward from primary visual

cortex to extrastriate processing areas and to the motor output.
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Introduction

Investigations into the visual world of infants had their origins in
the 1950s with a remarkable series of reports from Robert Fantz
(1958) showing that infants’ visual preferences can be measured
and interpreted to reveal some basic perceptual abilities. Before,
and in some sense despite, these reports, little attention was paid
to infant visual function, infants were thought to be “blind” at
birth, and little was known about the trajectory or time course
over which vision became adult-like. This notion was apparently
rooted in ophthalmology; a rendering of the process of visual
development (in German, “Sehfunktion”) starts from zero and
proceeds toward adult levels over years (Fig. 1). The notion was
widely accepted, and the original rendering was reproduced mul-
tiple times in the ophthalmology literature, although the origin is
not known (Teller and Movshon, 1986; Levi, 2005). The drawing
contains another critical point, however, the substance of which
represents a driving principle for research in development over
the subsequent 60+ years, which is that as visual function ma-

Received Sept. 21, 2016; revised Oct. 11, 2016; accepted Oct. 12, 2016.

This work was supported by National Eye Institute RO1EY05864 and EY0217, the James S. McDonnell Foundation,
Fight for Sight, New York University, National Institutes of Health/National Center for Research Resources
0D010425, and the Washington National Primate Center.

The authors declare no competing financial interests.

Correspondence should be addressed to Dr. Lynne Kiorpes, Center for Neural Science, 4 Washington Place, Room
809, New York University, New York, NY 10003. E-mail: [k6@nyu.edu.

DOI:10.1523/JNEUR0SCI.2937-16.2016
Copyright © 2016 the authors  0270-6474/16/3611384-10515.00/0

tures, developmental potential (“Entwicklungspotenz”) declines,
an early conceptualization of a sensory “critical period” reminis-
cent of the phenomenon of imprinting in Ethology (Hess, 1959).
Konrad Lorenz is well known for having described a very early
window in development within which experience determined the
later behavior of the organism; in his case, posthatching experi-
ence determined attachment behavior in the greylag goose. These
periods in vision are better thought of as sensitive periods, devel-
opmental intervals during which particular structures or func-
tions are vulnerable to experience, or “plastic,” rather than ones
in which a particular kind of experience is required for the organ-
ism to survive.

The most stunning early demonstration of this phenomenon
in mammalian visual system came with the work of Wiesel and
Hubel (1963) in kittens. They reported a dramatic loss of repre-
sentation of a deprived eye, characterized as a shift in ocular
dominance away from a balanced binocular representation of the
two eyes following the closure of one eye, in primary visual cortex
when the deprivation occurred in the early postnatal weeks; there
was no effect of the same deprivation in an adult cat. Subsequent
work by Wiesel and Hubel and others carefully mapped the tim-
ing and duration of the sensitive period for ocular dominance in
kitten striate cortex. Dramatic vulnerability of cortical binocular-
ity to short periods of eye closure in kittens occurs soon after eye
opening with a decline in vulnerability at older ages (e.g.,
Blakemore and Van Sluyters, 1974; Movshon, 1976a). Measure-
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Figure 1. Drawing of the progress of visual development and the concurrent decline in
“developmental potential.” Adapted with permission from Teller and Movshon (1986), after
Bangarter (1959).

ments extending earlier anecdotal observations of Wiesel and
Hubel (1963) showed that animals deprived at young ages or for
long periods of time behaved as though blind when required to
use the deprived eye while minimal effects on vision resulted
from interventions at later ages (Movshon, 1976b; Giffin and
Mitchell, 1978; for review, see Movshon and Van Sluyters, 1981;
Wiesel, 1982; Mitchell, 1991; Katz and Crowley, 2002). Reports,
such as these suggesting a tight link between the effects of early
postnatal visual experience and changes in neuronal properties
and functional organization of primary visual cortex, spawned
many lines of research into the mechanisms underlying cortical
development and plasticity. This review will focus on two such
directions: the neural limitations on normal postnatal visual de-
velopment and the neural correlates of the developmental vision
disorder, amblyopia, the most common cause of vision loss in
children.

In this context, neural limitations are considered to be factors
in the nervous system, be they anatomical or physiological, that
are immature or disordered such that they set a gate on transmis-
sion of sensory information. An extreme example would be a set
of neural elements at a particular juncture in the visual pathway,
the maturation of which defined the developmental time course
for all visual functions. This example represents a particular
“linking hypothesis” (Teller, 1984), which is a framework for
relating behavioral and neural phenomena. Several such hypoth-
eses are considered below.

Since the early work on sensitive periods for vision in kittens,
it has become clear that there are multiple visual sensitive periods
and that different visual system structures and functions have
different sensitive periods (for recent perspectives, see Daw, 1995,
1998; Levi, 2005; Kiorpes, 2015). For example, different visual
functions, such as contrast sensitivity and spectral sensitivity, are
differentially vulnerable to the effects of abnormal visual experi-
ence (Harwerth et al., 1990). These functions also develop along
different time courses, which correlate with their sensitive peri-
ods. However, it is important to note that these time periods,
normal development and the sensitive period, are not identical or
synonymous (Daw, 1998).

Following the early studies of Hubel and Wiesel on the orga-
nization and neuronal response properties found in striate cortex
of young cats and monkeys (Hubel and Wiesel, 1963; Hubel et al.,
1977; Wiesel, 1982), there was effectively an explosion of research
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to define the rules that governed visual development, and the
timing and degree of plasticity of species-typical organization
(Movshon and Van Sluyters, 1981; Teller and Movshon, 1986;
Crawford et al., 1989; Harwerth et al., 1989; Daw, 1995; Horton
and Hocking, 1997). What has emerged from this large body of
work is a picture of the infant visual brain, the organization of
which is largely specified prenatally, based on a genetic plan, but
which requires normal cell-cell interactions and activity patterns
to be expressed (Rakic, 1977; Shatz, 1990; Goodman and Shatz,
1993; Katz and Crowley, 2002; Kennedy and Burkhalter, 2004;
Espinosa and Stryker, 2012). The role of postnatal visual experi-
ence is to maintain and refine that existing organization (Wiesel,
1982; Movshon and Kiorpes, 1990; Hensch, 2004; Mitchell and
Sengpiel, 2009). The initial assumption was that this postnatal
reorganization and refinement permitted the development of vi-
sual function, not from zero, but from a baseline, low level of
function to fully adult levels of vision. The puzzle to be solved is as
follows: what is the relationship between postnatal neural matu-
ration and the development of visual function?

In the midst of the intense research effort on the effects of
visual deprivation in the late 1960s and early 1970s, a critically
important and influential paper appeared by Horace Barlow on a
framework for relating single neuron properties and subjective
perceptual experience (Barlow, 1972). He defined a collection of
five “dogmas” to serve as a basis for conceptualizing how neural
activity translates visual stimuli in the real world to perception. A
central principle of his proposal was that the activity of a small
number of neurons with “trigger features” matched to important
features of the environment through experience and develop-
mental processes formed the basis for perception (Barlow, 1972).
The challenge for those interested in visual development was to
understand that matching process, that is, identify the appropri-
ate linking hypothesis (Teller, 1984), as well as the cellular mech-
anisms of experience-dependent plasticity at a neural level. To
approach that problem, it was necessary to define the state of the
infant brain both functionally, as reflected in behavior, and
mechanistically, by identifying the limits placed on infant vision
via the functional organization and neural responsiveness of the
visual pathways.

To make the comparison in the most direct way, it is necessary
to use an animal model. For the purposes of this review, we focus
on a nonhuman primate model, the macaque monkey, because it
is the most appropriate model for human vision and visual de-
velopment. The similarity between the visual system of human
and old world nonhuman primates has been extensively docu-
mented (Boothe et al., 1985; Kaas, 2004; Van Essen, 2004). The
spatial and temporal visual sensitivity of macaque monkeys in
particular is very close to that of humans (De Valois et al., 1974a,
b; Stavros and Kiorpes, 2008). For developmental models, it is
critical for the developmental program to proceed similarly
across species. Macaque monkey and human infants demonstrate
parallel profiles for visual development from infancy to adult-
hood (Fig. 2) (Boothe et al., 1985; Kiorpes, 2008). Moreover,
when studying a disorder, it is important that the behavioral and
neural profiles of that disorder are similar between the model
species and humans. Macaques naturally develop amblyopia (Ki-
orpes, 1989; Horton et al., 1997), and the approaches used to
model human amblyopia in macaques yield a visual disorder that
parallels the human condition both in basic visual function and
more complex perceptual losses (Boothe et al., 1985; Kiorpes,
2008, 2015; Kiorpes and Mangal, 2015).
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Figure2. The development of spatial resolution in macaque monkeys and humans. Spatial

resolution, or acuity, is measured via grating resolution with a combination of forced-choice
preferential looking and operant testing methods for both species. The translation to Snellen
acuity is represented on the right-hand ordinate. Age is plotted in weeks for macaques and
months for humans. Both species show an increase in resolution on the order of a factor of 30
over the course of development. Monkey data are from Kiorpes (1992). Human data are from
Mayer and Dobson (1982), redrawn from Kiorpes (2015).
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Figure 3.  The development of contrast sensitivity in macaque monkeys and humans. Con-

trast sensitivity is plotted as a function of age for an individual macaque infant tested longitu-
dinally (@) and group data from multiple studies of human infants and children (b). The pattern
of improvement in contrast sensitivity with age is similar in the two species. The macaque data
are from Boothe et al. (1988). The human data were compiled as average sensitivity at the
spatial frequencies tested. The 1and 3 month data are from Banks and Salapatek (1978). The 8
month data are from Peterzell etal. (1995). The 48 month data are from Ellemberg etal. (1999).
Redrawn from Kiorpes (2008).

What is the visual status of infant primates?

The development of visual acuity and contrast sensitivity, basic
measures of spatial visual ability, are shown in Figures 2 and 3 for
humans and macaque monkeys. Spatial resolution, analogous to
acuity measured with an eye chart, is plotted as a function of age
for both species in Figure 2; example contrast sensitivity func-
tions for a young monkey and group data from human infants are
plotted in Figure 3. The plots show the closely parallel develop-
mental trajectories for acuity and contrast sensitivity in macaques
and humans. For acuity, the trajectories for the two species over-
lap completely when monkey age is plotted in weeks and human
age is plotted in months; this comparison yields a simple scaling
rule with monkeys developing ~4 times faster than humans
(Teller and Boothe, 1979; Teller, 1997). Comparison of the hu-
man and monkey contrast sensitivity data follows the same rule.
Figure 4 illustrates the effect of the poor spatial resolution and
contrast sensitivity (and chromatic sensitivity) at age 1 week/
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month. Figure 4 (left) is an unedited picture as would be seen
through the eyes of a visually normal adult observer; the right
panel shows the same image modified to simulate the view as seen
by a very young infant. Clearly, the immature status of the infant
visual system compromises its ability to faithfully represent the
visual world. Additional properties of basic visual function, such
as temporal vision, and motion perception are also measureable
near birth but are immature; each develops over a unique time
course that quite likely depends on the maturation of a related
neural substrate (Fig. 5a—e) (Boothe et al., 1985; Teller, 1997;
Kiorpes, 2008; Stavros and Kiorpes, 2008; Braddick and Atkin-
son, 2011; Kiorpes and Movshon, 2014).

There are, however, a number of visual functions, typically
more sophisticated abilities or tasks requiring integration of in-
formation over space and/or time, that are not present at birth
and only emerge at older ages. Examples of such abilities are
stereopsis, figure-ground segregation, global form perception,
and object recognition. The developmental trajectories for these
functions are less well known, and there is much speculation
regarding their neural substrates. Importantly, the developmen-
tal profiles for these visual functions are not directly correlated
with the development of basic spatial vision. Figure 5 shows a
direct comparison of acuity development with a variety of other
visual functions. Higher-order visual functions (Fig. 5/~h) de-
velop later and over longer time courses than basic visual func-
tions. For example, Kiorpes and Bassin (2003) tracked the
development of contour integration (a measure of figure-ground
segregation) in infant macaques compared with acuity. Whereas
acuity followed the typical time course, approaching adult levels
~6 months, the contour integration task was impossible for the
same infants to perform before 5-6 months (Fig. 5h). Thus, the
process of visual development is not uniform across different
functions, and is perhaps hierarchical. Given the poor visual abil-
ity of infants, illustrated in Figure 4, which precludes parsing of
objects, surfaces, and scenes, it makes sense that the development
of these higher-order visual functions is delayed (Brown et al.,
2007).

Neural limits on visual development

There are documented immaturities of both the eye and the ret-
ina of infant primates. For example, the eye grows, changing the
image magnification, the optics and focusing ability of the infant
change, the photoreceptors themselves grow and elongate, im-
proving quantal absorption, and the high density of the cone
photoreceptors typical of adult fovea develops postnatally over a
somewhat prolonged trajectory. The greater process of retinal
and photoreceptor maturation takes place over the first 6—8
months in macaque (Packer et al., 1990; Springer and Hendrick-
son, 2005) and 4—6 years in humans (Yuodelis and Hendrickson,
1986), whereas the other, optical changes take place early, before
~3 months (Kiorpes et al., 2003; Kiorpes and Movshon, 2004).
Are these changes sufficient to explain the developmental profile
that is described behaviorally? This question can be addressed by
using an ideal observer analysis (Geisler, 1984, 2004). An ideal
observer takes account of the properties (anatomical, optical,
physiological) at each step of the process of light capture, trans-
duction, and output to the subsequent processing stages of the
retina, and establishes what the best possible performance could
be given those known properties of the system. The performance
of the model is then compared with the performance of infants on
atask, such as contrast detection, across age. Using this approach,
it is clear that these front-end factors can affect the quality of the
visual input to the brain in newborn macaques; but beyond about
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Figure 4.

IIlustration of the effect of the poor resolution and contrast sensitivity of the 1-week/month primate infant. Left, Lake-side picture, as viewed by a visually normal adult. Right, Same

image filtered to represent the reduced spatial resolution (simulated by blur), and contrast and color sensitivity (simulated by contrast and saturation reduction) of the infant.

the first 4 weeks after birth, the sensitivity of the ideal observer
model shows only moderate improvement and asymptotes at a
level far superior to infant performance, whereas visual function
continues to develop over many months. Thus, these peripheral-
level changes cannot account for the subsequent development of
vision (Kiorpes et al., 2003; Kiorpes and Movshon, 2004). Anal-
yses of human infant vision support a similar conclusion (Banks
and Bennett, 1988; Candy et al., 1998). These analyses establish
that important limitations on infant visual development are not
optical or photoreceptor-limited.

The neural computations related to visual activity in the retina
are transmitted to the brain by the retinal ganglion cells, whose
axons carry information to the lateral geniculate nucleus of the
thalamus (LGN), among other subcortical sites. The geniculos-
triate pathway is the dominant route by which visual information
from the periphery reaches the cortex in primates. Several inves-
tigations into the development of neural response properties at
the level of the LGN have been conducted (Blakemore and Vital-
Durand, 1986a; Hawken et al., 1997; Movshon et al., 2005). All
studies reported sluggish, long-latency responses from neurons
in the youngest monkeys, but also evidence of typical receptive
field organization. Movshon et al. (2005) recorded contrast re-
sponses and spatial and temporal resolution of LGN neurons in
young macaques for comparison with behavioral development.
They found improvement in all aspects of neural sensitivity on
the order of a factor of 2-3 from 1 week of age to adult. However,
the comparison with behavioral contrast sensitivity and acuity
showed far superior neural sensitivity at the youngest ages and a
rate of change much like that predicted by the ideal observer (Fig.
6, squares, circles). Thus, the spatial properties of these neurons
did not set an important limit on visual sensitivity. On the other
hand, a comparison of behavioral and neural sensitivity to high
temporal frequency modulation showed a very close match, sug-
gesting that this aspect of visual development was indeed limited
by neural sensitivity at or before the level of the LGN (Stavros and
Kiorpes, 2008).

The early work on deprivation effects reviewed above led to the
assumption that postnatal development, through reorganization
and refinement, at the level of the primary visual cortex (V1), per-
mitted the development of functional vision in infants. Early studies
of the relative maturity of visual cortex focused on functional orga-
nization, mainly columnar organization related to binocularity and
orientation, as well as other neuronal response properties (Hubel
and Wiesel, 1963; Wiesel and Hubel 1974; Hubel et al., 1977;

Blakemore and Vital-Durand, 1981; Wiesel, 1982). The primary
conclusions were that cortical neurons were weakly responsive and
sluggish but that receptive field organization and structural organi-
zation in infants were similar to those in adults. Subsequent studies
confirmed and extended these findings showing that, even in new-
borns and animals lacking visual experience, cortical organization
was adult-like (Blasdel et al., 1995; Coogan and Van Essen, 1996;
Horton and Hocking, 1996; Callaway, 1998; Batardiere et al., 2002;
Kennedy and Burkhalter, 2004); physiological properties were com-
paratively mature as well (Chino et al., 1997; Kiorpes and Movshon,
2004a; Zhang et al., 2005, 2008, 2013; Zheng et al., 2007). Closer
examination revealed that, whereas some receptive field properties,
such as binocularity, orientation tuning, and direction selectivity, are
fully mature at early ages, other aspects, such as neural acuity and
contrast sensitivity, improved with age. However, as in the LGN,
these properties improved on the order of a factor of 3, and neural
sensitivity was much better than expected based on the poor vision of
infants (Fig. 6, triangles). These data call into question the assump-
tion that maturation of V1 limits visual function in infants, defining
its developmental time course. Indeed, what they show is that there is
high-quality visual information represented in the infant brain that
is not being used to guide behavior. These conclusions are supported
by findings in human infants showing that visual evoked potential
measures of visual sensitivity mature more rapidly than behavioral
measures, reflecting the fact that the VEP is a summed signal from
populations of visual cortical neurons (Norcia et al., 1990; Teller
1997).

In aggregate, the data provide a different perspective on the
role of visual experience in brain development. The visual path-
ways up through area V1 are remarkably mature in infants, yet
neural organization can be disrupted by visual experience. So the
role of experience is not to shape the visual cortex per se, but
instead to maintain it, and with the benefit of normal visual ex-
perience permit the maturation process to continue to comple-
tion. However, because the cortex remains plastic for some
period of time after birth, the possibility for reorganization exists.
It is important to note that, before V1, there is no significant
physiological effect from even long-term monocular deprivation
(Blakemore and Vital-Durand, 1986b; Levitt et al., 2001), reveal-
ing much reduced postnatal plasticity at this level. Monocular
deprivation is indeed a very dramatic form of abnormal visual
experience, which is beyond the realm of most common clinical
conditions seen in humans. It is analogous to a very dense cata-
ract appearing in the eye of an infant, allowing light perception
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Figure 5. A comparison of developmental time courses for eight visual functions: a, Spatial
resolution, as in Figure 2. b, Vernier acuity, a fine positional acuity that develops over a similar
profile to spatial resolution but over a longer time course and improves on the order of a factor
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but not form vision. Happily, on the basis of the visual depriva-
tion research done in cats and monkeys, clinical practice has now
adopted the approach of removing cataracts from babies at very
young ages, often as early as 6 weeks, so as to prevent the
development of deprivation amblyopia (Birch and Stager,
1996; Lambert et al., 2001; Kiorpes, 2008; American Academy
of Ophthalmology, 2015).

Amblyopia

Initially, monocular deprivation was promoted as a model for
amblyopia. However, because of its devastating effects on vision
and the cortex, other more appropriate models for human am-
blyopia have been developed. Amblyopia in children occurs most
commonly in association with anisometropia (blur from unequal
refraction in the two eyes) and strabismus (misalignment of the
eyes), and typically results in more moderate degrees of vision
loss than deprivation. These conditions can be modeled in mon-
keys by rearing them with artificial defocus, via lens-rearing or
atropine drops, to simulate anisometropia, or artificial strabis-
mus via surgical alteration of the horizontal eye muscles or
prism-rearing (Smith et al., 1997; Kiorpes and Movshon, 2004;
Kiorpes, 2008). These manipulations result in vision loss that is
better matched to clinical experience (Fig. 7). Clinical standards
for amblyopia are based on a difference in acuity between the eyes
of 2 lines or more on an eye chart; the typical range of acuity
difference is a factor of 2—4. Initial studies using these rearing
conditions demonstrated that the abnormal visual experience
was causal in the loss of visual function that followed the special
rearing and the character of visual loss closely mirrored that seen
in human amblyopia (von Noorden and Dowling, 1970; Kiorpes
and Boothe, 1980; Harwerth et al., 1983; Kiorpes et al., 1987,
1989, 1992b).

Most research into the neural basis of amblyopia in nonhu-
man primates has been focused on area V1. One of the early
studies directly compared behavioral, neurophysiological, and
anatomical changes related to anisometropic rearing via atropine
defocus in the same animals (Hendrickson et al., 1987; Kiorpes et
al., 1987; Movshon et al., 1987). Anatomical and physiological
changes were seen at the level of V1 but not earlier. Losses in
behavioral acuity and contrast sensitivity were correlated with
reductions in neural acuity and contrast sensitivity; however, the
neural deficits were too small to account for the behavioral losses.
This result is reminiscent of the findings in the normal infant
brain, where neural function is more mature than behavioral
function and information is present in the brain that appears to
be unavailable to guide behavior. Furthermore, all animals
showed a reduction in cortical binocularity, but they did not
necessarily show an underrepresentation of the amblyopic eye in

<«

of ~100. ¢, Peak spatial contrast sensitivity. d, Peak temporal modulation sensitivity. e, Sen-
sitivity to global motion measured with random dot kinematograms. f, Sensitivity to global
form measured with Glass patterns. g, Sensitivity to complex pattern motion measured with a
plaid direction discrimination task. h, Contour integration ability measured as a figure-
background discrimination. All eight visual functions illustrated here were measured using the
same psychophysical task; the exact time course could be different depending on task and
stimulus choice. The panels are ordered from top to bottom by age of onset of the visual ability.
Smooth curves indicate Naka-Rushton functions illustrating the developmental profiles. In-
verted triangles represent the age at which the function reaches one-half its asymptotic level,
which is a metric for relative age at maturation. a, ¢, d, Data are redrawn from Stavros and
Kiorpes (2008). b, Data are redrawn from Kiorpes (2015). e, f, Data are from Kiorpes et al.
(2012). g, Data are from Hall-Haro and Kiorpes (2008). h, Data are from Kiorpes and Bassin
(2003).
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Figure6. A comparison of behavioral and neural acuity development in macaque monkeys.

Behavioral spatial resolution data are plotted as a function of age, as in Figure 2 (filled circles)
along with neural measures of acuity: Nyquist frequency of the cone mosaic (open circles, data
from Kiorpes et al., 2003), characteristic spatial frequency of parvocellular LGN neurons (open
squares, data from Movshon etal., 2005), spatial resolution of V1 neurons (black triangles, data
from Kiorpes and Movshon, 2004a), and spatial resolution of V2 neurons (gray triangles, data
from Maruko et al., 2008). The overall extent of neural development is small compared with
behavioral maturation. Redrawn from Kiorpes (2015).

cortex. Only those with the most severe amblyopia showed the
shift in ocular dominance that characterizes monocular depriva-
tion. Thus, the visual loss that accompanies amblyopia is not
indeed a result of binocular imbalance alone (Wiesel, 1982; Kior-
pes and Movshon, 2004). These findings were confirmed and
extended by a subsequent study of neural correlates of amblyopia
resulting from strabismus and anisometropia (Kiorpes et al.,
1998). That study showed that ocular dominance was often bal-
anced between the eyes despite the presence of amblyopia; this
was especially true in cases of strabismic amblyopia. Smith and
colleagues further showed that there are substantial residual bin-
ocular interactions among neurons in V1 and V2 of amblyopic
monkeys (Smith et al., 1997; Bi et al., 2011).

Until recently, all investigations of the cortical correlates of
amblyopia were based on single-cell recordings. A different ap-
proach was taken by Shooner et al. (2015), who performed a
decoding analysis based on multielectrode array recordings in V1
and V2. They concluded that the difference in contrast sensitivity
between the eyes, seen behaviorally, in amblyopes could be better
captured by taking into consideration the response of the popu-
lation of neurons dominated by (rather than driven by) each eye
along with the reduction in sensitivity of those cells. This analysis
suggested that the information that is read out from the early
visual cortical areas can be characterized as a weak signal from the
amblyopic eye resulting from a combination of poor neural sen-
sitivity and reduced representation, depending on the depth of
amblyopia. That weakness may be amplified as it traverses the
visual pathways to the behavioral output.

Recent studies with amblyopic macaques have shown losses in
higher-order and integrative visual functions that are qualita-
tively and quantitatively different from their losses in basic visual
functions, such as acuity and contrast sensitivity (Kozma and
Kiorpes, 2003; Kiorpes, 2006; Kiorpes et al., 2006; Nakatsuka et
al., 2007; Wensveen et al., 2011; Kiorpes and Mangal, 2015).
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These studies show amblyopic eye deficits, and sometimes dom-
inant eye losses, in many functions related to parsing the visual
world, such as contour integration, global form perception, and
motion perception, which are the same visual abilities that de-
velop late or have extended developmental time courses. It is
unclear what neural mechanisms explain these more complex
amblyopic perceptual losses, but they quite likely depend on ab-
normalities beyond V1. This profile may reflect a hierarchical
cascade of development whereby late maturing visual abilities
have extended sensitive periods, which leave them more vulner-
able to abnormal visual experience.

Returning to Barlow’s (1972) hypothesis regarding a small
population of neurons with matched “trigger features,” it seems
that these neural features are very close to adult level at birth and
change relatively little postnatally. The impact of abnormal visual
experience on these features then is minimal. The most vulnera-
ble synapses are those that receive converging input from the two
eyes; studies in cat and mouse have shown that these synapses are
modified during the sensitive period by typical Hebbian plasticity
mechanisms as well as additional local synaptic and cellular pro-
cesses (Daw, 1995; Hensch, 2004; Espinosa and Stryker, 2012;
Coleman et al., 2013; Nagakura et al., 2014). Furthermore, the
broad assumption (not made by Barlow) was that neurons with
appropriate environmental trigger features lie in V1. Given the
data reviewed above, three obvious alternatives can be proposed:
(1) The specificity of a small number of single neurons determin-
ing perceptual experience is not the correct linking hypothesis.
Perhaps a better conceptualization is one in which the collective
output of V1, that is, the response of the population of V1 neu-
rons, reflects perceptual experience. (2) There is a bottleneck, or
“gate,” somewhere along the pathway, for example, at or before
the motor output, that must mature to permit the organism to
fully express its perceptual experience. (3) There are “critical im-
maturities” (Teller, 1984) in visual areas further along the visual
pathways that require an extended period of postnatal experi-
ence, a hierarchical model of development. To date, there are no
developmental data available with which to assess the first hy-
pothesis. However, the population analysis presented by Shooner
et al. (2015) on the neural correlates of amblyopia suggests that
this could be a promising approach. The second hypothesis seems
unlikely given the diversity of developmental profiles seen for
different visual functions. If there was a single bottleneck, the
many visual functions studied would mature in concert. The idea
of critical immaturities in downstream areas has appeal in partic-
ular because of the variety of developmental profiles. We now
know that a great deal of visual processing takes place in extra-
striate cortical areas comprising the dorsal and ventral visual
streams (Bell et al., 2014). We can take advantage of the hetero-
geneity of developmental profiles to explore the possibility that
those differential profiles reflect the maturation of higher-order
visual areas.

There are only a few studies to date on the development of
extrastriate visual areas in primates, with investigations into the
development of areas V2, MT/V5, and inferotemporal cortex
(Rodman et al., 1993; Distler et al., 1996; Zhang et al., 2013; for
review, see Kiorpes and Movshon, 2014). Two particular experi-
ments are relevant to the third hypothesis. First, Maruko et al.
(2008) studied the development of disparity sensitivity in neu-
rons in areas V1 and V2. O’Dell and Boothe (1997) had previ-
ously shown rapid development of stereopsis in infant monkeys,
which is onset at ~4 weeks and matures by ~10 weeks. Maruko et
al. (2008), aiming to identify the neural correlates of that rapid
development, found that disparity sensitivity, which underlies
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Characteristicamblyopic contrast sensitivity data from three macaque monkeys. Strabismic amblyopia (left) resulted from surgical alteration of the horizontal rectus muscles of one eye

(data from Kiper and Kiorpes, 1994). Anisometropic amblyopia (middle) resulted from rearing with a defocusing lens over one eye (data from Kozma and Kiorpes, 2003). Deprivation amblyopia
(right) resulted from rearing with one eye closed for 14 months (data from Harwerth et al., 1990). Redrawn from Kiorpes (2008).

stereopsis, was present as early as 2 weeks of age. However, the
disparity properties of the neurons in combination with im-
proved spatial resolution and responsiveness of V2 neurons over
the first 8 weeks after birth could accurately model the behavioral
development of stereopsis. Second, Movshon and colleagues
studied the development of motion sensitivity in area MT (Kior-
pes and Movshon, 2014), an area that in adults uniformly repre-
sents motion of objects and patterns (Movshon et al., 1985). The
aim was to identify a substrate for the development of motion
sensitivity, which is measureable near birth in infant monkeys but
develops over along time course (Fig. 5e) (Kiorpes and Movshon,
2004b). They found that even at 1 week postnatal, infant MT
neurons showed adult-like signaling of direction of motion of
objects (but not patterns); but like earlier areas of the visual path-
ways, infant responses were weak and long-latency. Simulating
the population response of M T over the first 4 months after birth,
they found a plausible match to the behaviorally measured devel-
opmental time course (Kiorpes and Movshon, 2014). Impor-
tantly, using a similar model, El-Shamayleh et al. (2010) were able
to capture behavioral losses in motion perception that occur in
amblyopic vision. Together, these findings suggest that matura-
tion of downstream areas may indeed represent important limi-
tations on development of visual function. They also suggest that
population-level analyses provide a more accurate basis for link-
ing neural activity and behavior than simpler comparisons of
single-unit properties.

This review has focused on the macaque monkey as the model
of choice for understanding visual development and amblyopia.
However, it is important to acknowledge the substantial benefits
of the cat as an animal model (Mitchell, 1989; Mitchell and Sen-
gpiel, 2009). There is now a trend toward mouse models for
investigations into mechanisms of visual system development,
plasticity, and amblyopia. There are important differences be-
tween mice and higher species. The visual acuity of an adult
mouse is an order of magnitude lower than that of a newborn
human infant, the structure of the visual system at every level,
beginning with the eye, is different from humans; and al-
though there are areas of binocular overlap in the mouse visual
cortex, the opportunity for binocular visual function, such as
stereopsis, is extremely limited due to its laterally placed eyes.
However, like cats and monkeys, mice show shifts in ocular
dominance following closure of one eye as well as modest
acuity loss in the deprived eye (Baroncelli et al., 2011; Bochner
et al., 2014). But, as discussed above, amblyopia in primates
can exist independently of ocular dominance shifts, and there
is a broad constellation of deficits in higher-order visual func-

tions for which there is no clear correlate in the mouse. In
addition, visual deprivation is an extreme condition that is not
necessarily representative of amblyopia more broadly. It is
therefore important to be cautious about the parallels that can
be drawn between the deprivation model in the mouse and
human amblyopia. There is currently much work underway
that is directed at understanding the genetic mechanisms that
drive sensory system development, and the molecular and
circuit-level modifications involved in cortical plasticity and
recovery from deprivation for which the rodent is an impor-
tant model system (Hensch, 2004; Mitchell and Sengpiel,
2009; Baroncelli et al., 2011; Espinosa and Stryker, 2012; Cole-
man et al., 2013; Bochner et al., 2014; Nagakura et al., 2014).
It will be important to confirm critical findings in higher
mammals, though, before extrapolating promising advances
to humans.

Conclusions and challenges for the future

Research over the last 60 years has taken us from a notion of
infants as blind and unresponsive to a wealth of knowledge about
infant visual processing, the relevance of cortical development to
the development of visual function, the importance of sensitive
periods in postnatal sensory experience, and the value of normal
binocular visual experience from an early age for the develop-
ment of normal adult vision. We have seen that immaturities at
the earliest levels of the visual pathway do not set important limits
on the spatial vision of infants, although temporal resolution is
limited early in the visual pathway, at or before the level of the
LGN. Critical immaturities exist in extrastriate visual areas that
may limit development as well as underlie losses in higher-order
visual abilities in amblyopia. Amblyopia is a complex develop-
mental visual disorder that can exist independently of a shift in
ocular dominance, instead comprising a combination of neural
sensitivity loss and imbalance in the representation of the am-
blyopic eye feeding forward in cortex. The challenge is to ade-
quately capture the neural information that is being transmitted
along the visual hierarchy, and to learn why the infant or am-
blyope is unable to fully access that information.

Linking hypotheses based on population representations
rather than single cells can more accurately capture the processes
involved in visual development and amblyopia. Similarly, analy-
ses that attempt to link development of particular functions with
extrastriate cortical development will undoubtedly provide im-
portant insights. The field could benefit from greater attention to
linking hypotheses, generally. In the past, there has been much
speculation about neural mechanisms underlying perceptual and
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cognitive phenomena, in adults and infants, without much atten-
tion to the nature of the implicit assumptions (Kiorpes et al.,
2013; Welchman and Kourtzi, 2013). This issue is already being
addressed more effectively in the context of amblyopia (Levi,
2013) and development (Atkinson and Braddick, 2013; Pallett
and Dobkins, 2013), which will certainly enhance progress in
these areas.
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