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The tens of thousands of industrial and synthetic chemicals released into the environment have an unknown but potentially
significant capacity to interfere with neurodevelopment. Consequently, there is an urgent need for systematic approaches that
can identify disruptive chemicals. Little is known about the impact of environmental chemicals on critical periods of
developmental neuroplasticity, in large part, due to the challenge of screening thousands of chemicals. Using an integrative
bioinformatics approach, we systematically scanned 2001 environmental chemicals and identified 50 chemicals that consistently
dysregulate two transcriptional signatures of critical period plasticity. These chemicals included pesticides (e.g., pyridaben),
antimicrobials (e.g., bacitracin), metals (e.g., mercury), anesthetics (e.g., halothane), and other chemicals and mixtures (e.g.,
vehicle emissions). Application of a chemogenomic enrichment analysis and hierarchical clustering across these diverse
chemicals identified two clusters of chemicals with one that mimicked an immune response to pathogen, implicating
inflammatory pathways and microglia as a common chemically induced neuropathological process. Thus, we established an
integrative bioinformatics approach to systematically scan thousands of environmental chemicals for their ability to dysregulate
molecular signatures relevant to critical periods of development.

1. Introduction these are commercially produced and may be exposed to

human beings [2]. Our dedication to generating this impres-
Millions of newly synthesized chemical substances are added  sive chemical inventory has not been matched by our capac-
to the global inventory each year [1]. Tens of thousands of ity to screen these chemicals for their impact on human brain
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development. Neurodevelopmental disorders are highly
prevalent, occurring in 17% of children, and this rate may
be increasing [3], demanding serious consideration of how
synthetic chemicals introduced into the human environment
impact brain development. Human and animal studies have
demonstrated that a number of environmental chemicals
profoundly disrupt prenatal neural events such as prolifera-
tion, migration, and differentiation, leading to severe neuro-
developmental disorder [4]. In contrast, identification of
chemicals impacting postnatal and childhood neurodevelop-
ment has received less effort.

During childhood, the human brain undergoes refine-
ment and reorganization during windows of heightened
brain plasticity. These critical periods allow refinement of
brain circuits by sensory and social experiences, which helps
to establish normal perception and higher cognitive function
[5-10]. Disruption of these critical periods can alter neural
circuits that shape function and behavior, which may in turn
contribute to neurodevelopmental disorders such as autism
[11, 12].

Despite the potential for deleterious impacts on health,
the role of environmental chemicals on critical period neu-
roplasticity has received minimal attention, although a few
disruptors of developmental plasticity have been identified,
including alcohol and bisphenol A [13, 14]. However,
given the number of synthetic chemicals present in the
environment, we need systematic approaches in order to
accelerate the discovery of chemicals that damage brain
development.

In our proof-of-principle study, we applied an integra-
tive bioinformatics approach to assess hundreds of known
neurotoxicants; using this strategy, we were able to rapidly
identify and demonstrate that lead (Pb) disrupts critical
period brain plasticity [15]. In this study, we built on that
proof-of-principle, scanning across thousands of environ-
mental chemicals to identify those that dysregulate two
gene signatures of visual cortex critical period plasticity in
mice. Among the 50 chemicals that dysregulated both gene
signatures, we identified enrichments of common immune
pathways, implicating microglia and inflammatory path-
ways in the pathology induced by exposure to these chemi-
cals. Our findings show that an integrative bioinformatics
approach is well suited to systematically assess the vast
chemical space to identify candidate compounds that dis-
rupt brain development.

2. Methods

2.1. Critical Period Plasticity-Related Signatures. Critical
period signatures were generated from publicly available data
obtained from juvenile and Lynx1-/- mice ([16]; GSE89757).
Briefly, transcriptomes from the primary visual cortex (V1)
in juvenile C57BL/6 mice on postnatal day (P) 29, adult
Lynxl-/- mice (>P60), and adult C57BL/6 (>P60) mice
(n =3 each group) were profiled by microarray. Probe-level
data were background corrected, quantile-normalized, and
log2-transformed with Limma [17], yielding 9657 genes that
mapped to human orthologues according to the Mouse
Genome Informatics homology reference. Critical period sig-
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natures were defined as differential gene expression across
the 9657-gene transcriptome in juvenile wild-type or
Lynx1-/- adult vs. wild-type adult.

2.2. Environmental Chemical Signatures. Chemical signatures
were derived as gene sets from Comparative Toxicogenomics
Database (CTD) data. Only the chemical-mRNA relation-
ships but not the chemical-protein relationships were
extracted from 1.25 million CTD relationships between che-
micals and 33 biological substrates (protein, DNA, mRNA,
etc.). We only kept the chemical-mRNA relationships associ-
ated with PubMed references. To maximize power to detect
biological and chemical characteristics in downstream analy-
sis, all chemicals, including biologics and chemicals with
unknown relevance to human exposure, were retained. Three
gene set libraries consisting of groups of genes differentially
expressed by a given chemical were created, limiting gene
members to those also expressed in the critical period tran-
scriptomes consisting of the 9657 genes after filtering for a
minimum gene number filter of 3 genes: (1) CHEM compos-
ite (2001 chemicals; 3-750 genes per gene set), consisting of
genes whose expression was either increased or decreased
by a given chemical; (2) CHEM up (1742 chemicals; 3-726
genes per gene set), consisting of genes that were increased
by a given chemical; and (3) CHEM down (1242 chemicals;
3-653 genes per gene set), consisting of genes that are
decreased by a given chemical. Note that there are overlaps
of chemicals among three libraries as CHEM composite gene
sets were split into CHEM up and CHEM down libraries.

2.3. Molecular Matching. Gene Set Enrichment Analysis
(GSEA) was used to assess the transcriptional similarity
between a given chemical and the critical period signatures.
GSEA was selected over other methods, such as the Con-
nectivity Map approach [18], because GSEA controls the
size of the input gene set (e.g., chemical gene sets) in its
false discovery rate (FDR) calculation, which otherwise
generally correlates with a P value; this is ideal in this con-
text given the wide range of our chemical signature sizes
(3 to 750 genes). Molecular matches using GSEA were
computed between the CHEM composite, CHEM up,
and CHEM down libraries and the juvenile and Lynx1-/-
signatures; matches were considered significant if P < 0.05
and FDR<0.25. An FDR of 0.25 was chosen for this
exploratory discovery study to find candidate hypothesis
to be further validated as a result of future research while
avoiding overlooking potentially significant results. An ini-
tial exploratory GSEA was performed to assess whether
CHEM composite signatures tended to impact expression
of genes up- or downregulated in the juvenile and
Lynx1-/- critical period signatures, as determined by the
binomial test. Given that genes belonging to the CHEM
composite signatures were much more likely to yield neg-
ative GSEA scores, indicating that they were among the
downregulated genes in both juvenile and Lynx1-/- signa-
tures, we then assessed separately if chemicals increased or
decreased these genes applying GSEA to the 1742 CHEM
up signatures and the 1242 CHEM down signatures.
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2.4. Chemogenomic Enrichment Analysis. To uncover neuro-
biology of the 50 candidate plasticity-disrupting chemicals,
we applied chemogenomic enrichment analysis (CGEA) to
identify biological pathways overrepresented among the 50
chemicals relative to the remaining 1692 CHEM up signa-
tures. To do so, we calculated gene set enrichment for 5191
Gene Ontology (GO) Biological Processes (BP) and for 96
Library of Integrated Network-based Cellular Signatures
(LINCS) ligand expression profiles, using Fisher’s exact test
to assess the likelihood that genes overlapped between a given
CHEM up signature and a given GO BP or ligand pathway.
Enrichments were binarized to 1 if Padj < 0.05 and to 0 oth-
erwise, and a hypergeometric test as implemented in the
hypergea R package [19] was performed for each of 5191
GO BP and 96 LINCS ligand profiles to determine whether
a given pathway was more likely to have a chance to be
enriched in the 50 CHEM up signatures compared to the
1692 chemicals in the background.

2.5. Human Exposure Annotations. The risk of human expo-
sure for a given chemical was determined from the literature,
using the PubMed and Google Scholar search tools. Specifi-
cally, each name of the 50 chemicals derived from informat-
ics analysis was searched in combination with other key
terms such as “neurodevelopment”, “neurotoxin”, “neuro-
toxicity”, “neurological side effects”, and “cognitive develop-
ment”. We added more explanation to this section in
Discussion. We identified 11 chemicals as high exposure risk,
14 as medium exposure risk, and 25 as low exposure risk. For
example, chemicals like pyridaben, which are commonly
detected on agricultural produce consumed by humans
[20], were considered a high risk for exposure. In contrast,
tool chemicals that are only used in the laboratory, such as
SB-431542, were considered low risk. Medium risk included
chemicals such as medications that are no longer the primary
prescription for a given indication.

2.6. Activated Microglia Gene Set Enrichment. A total of 72
genes that increased by lipopolysaccharide- (LPS-) activated
microglia were identified from the supplementary tables of
a previous study [21]. Enrichments between the activated
microglia genes and each of the 50 CHEM up signatures were
calculated using Fisher’s exact test, using as a background
15071 genes expressed in both microglia and CTD chemicals.

2.7. Statistical Analyses. Statistical analyses were completed
in the R programming language (v 3.2.2). In cases of multiple
hypothesis testing, P values were corrected using the false dis-
covery rate (FDR) approach [22]; the corrected values are
referred to as P adjusted (Padj) throughout the manuscript.

3. Results

3.1.  Molecular ~Matching of Critical Period and
Environmental Chemical Signatures. We generated two criti-
cal period signatures from transcriptomes of the primary
visual cortex (V1) of juvenile wild-type mice during the peak
of the critical period for visual cortex-mediated ocular
dominance plasticity at postnatal day (P) 26 [23] or adult
Lynx1-/- mice that have open-ended critical period plasticity

throughout life [24] in comparison with adult wild type,
revealing differential expression of 9657 genes (signatures
derived from GSE89757 [16]) (Figure 1(a)). To determine
the impact of environmental chemicals on juvenile and
Lynx1-/- plasticity signatures, we used GSEA [25] to com-
pute molecular matches of chemical gene expression signa-
tures derived from the Comparative Toxicogenomics
Database (CTD) to critical period signatures. Using 2001
composite chemical signatures (i.e., genes either increased
or decreased by a given chemical, referred to as CHEM
composite) (Figure 1(b)), we found that chemicals were more
likely to impact the expression of genes that were downregu-
lated in juvenile and Lynxl-/- critical period signatures,
rather than genes that were upregulated (binomial tests:
P=18x10" and P<2.2x10'°) (Figure 1(c)). Because
environmental chemicals preferentially impact genes
downregulated in the critical period signatures, we used
GSEA to compute molecular matches between the direc-
tional chemical signatures (CHEM up: sets of genes
increased by 1742 chemicals; CHEM down: sets of genes
decreased by 1242 chemicals) and assessed only negative
GSEA scores (reflecting a chemical’s impact on downregulated
critical period genes) to find that chemicals tended to prefer-
entially increase, as opposed to decrease, the expression of
genes downregulated in both juvenile and Lynx1-/- signatures
(binomial testss P=23x10" and P<22x10")
(Figures 2(a) and 2(b)). We focused our subsequent analysis
on 50 chemicals (of a total of 1742) that increased genes whose
expression was downregulated in both of the critical period
signatures, which was a significant overlap (Fisher’s exact test:
P=22x10"' OR=14.4) (Figure 2(b)). Genes downregu-
lated in the critical period signatures are putative “brakes”
on developmental brain plasticity, suggesting that these 50
chemicals may disrupt neurodevelopment by prematurely
expressing plasticity-dampening molecules.

3.2. Chemicals That Dysregulate Critical Period Signatures
Converge on Pathogen Response Inflammatory Pathways.
The 50 chemicals shown by GSEA to impact both juvenile
and Lynx1-/- signatures were diverse and included pesticides
(e.g., pyridaben), antimicrobials (e.g., bacitracin), metals
(e.g., mercury), anesthetics (e.g., halothane), and other com-
pounds or mixtures (e.g., vehicle emissions) (Supplementary
Table 1). To gain insight into biological effects that might be
shared by these diverse chemicals, we applied
chemogenomic enrichment analysis (CGEA) by calculating
overrepresentation of biological pathways in each of the 50
chemical signatures, relative to the remaining 1692 chemical
signatures (see Figure 3 for the workflow). Using 5191 Gene
Ontology (GO) Biological Process (BP) gene sets, we
identified 33 BPs overrepresented in the 50 chemical
signatures (at Padj < 0.05). CGEA enrichments of GO BPs
were overwhelmingly associated to response to pathogen,
immune cell chemotaxis, and inflammation (Figure 4(a)).

To understand the potential cytokine signaling by which
these chemicals induce inflammatory responses, we com-
puted overrepresentations for 96 ligand gene sets derived
from the Enrichr library (http://amp.pharm.mssm.edu/
Enrichr/) [26] which includes the Library of Integrated
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FiGurek 1: Environmental chemicals preferentially impact expression of genes downregulated in the critical period brain plasticity signatures
of juvenile and Lynx1-/- mice. (a) We generated two in vivo critical period transcriptome signatures (juvenile at the peak of the endogenous
critical period at P26 and Lynx1-/- adult mice, which maintain critical period-like plasticity) from public data. (b) Environmental chemical
signatures using genes either increased or decreased by a given chemical (CHEM composite) were derived from the Comparative
Toxicogenomics Database. (c) Molecular matches were computed to the critical period signatures using Gene Set Enrichment Analysis
(GSEA) to identify that chemicals preferentially impact genes downregulated in the critical period signatures.

Network-based Cellular Signatures (LINCS) database, com-
prising genes upregulated after exposure to cytokines or
growth factors. Consistent with the GO overrepresentations,
we observed consistent overrepresentations of genes
increased by IL-1 (5/7 IL-1 gene sets) and TNF-a (5/5
TNF-a gene sets), suggesting that these chemicals mimic an
immune response to pathogen at the level of cytokine signal-
ing (Figure 4(b)).

To determine whether these enrichments were consistent
across all 50 chemicals, we performed hierarchical clustering
on the negative log Padj values of the BP and ligand enrich-
ments. This analysis yielded two primary clusters: Cluster A
(29 chemicals) with few enrichments for inflammatory path-
ways and instead enriched in antimicrobials and Cluster B
(21 chemicals) enriched in inflammatory pathways and more
likely to be exposed to humans (Cluster B has 15/21 chemi-
cals with medium or high exposure likelihood versus 10/29
chemicals in Cluster A; 2.07-fold enrichment; binomial test
expecting equal likelihood: P =0.103) (Figure 5 and Supple-
mentary Table 1). These results suggest that 50 chemicals
that dysregulate critical period signatures segregate into two
major clusters; the members of one of these clusters are
more likely to be exposed to humans and mimic an
immune response to pathogen.

3.3. Chemicals That Dysregulate Critical Period Signatures
Mimic Lipopolysaccharide-Activated Microglia. Given that
CGEA identified enrichments of response to pathogen,

immune cell chemotaxis, and inflammatory pathways,
including the IL-1 and TNF-a pathways, we sought to
determine whether these chemicals induce a peripheral
pathogen-like inflammatory response in microglia. Microg-
lia, the resident immune cells of the brain, not only survey
the landscape for pathogens and cellular detritus but also
support neural function and are required for critical
period plasticity [27].

We hypothesized that these chemicals activate microglia,
shifting them from the “resting-state” phenotype necessary
to facilitate plasticity to a vigilant, activated state. To test this
hypothesis, we generated a transcriptional signature of lipo-
polysaccharide- (LPS-) activated microglia, comprising 72
genes increased by LPS [21]. We then assessed this signature
for overlap with the genes in a given CHEM up signature.
The majority of chemicals (58%) mimicked an activated
microglia phenotype at the transcriptional level, and Cluster
B was more likely than Cluster A to display this phenotype
(Fisher’s exact test: OR=3.8, *P=0.26) (Figure 6(a) and
Supplementary Table 2), indicating that a subset of these
chemicals activates microglia in a similar manner to LPS.
These analyses indicate that a subset of chemicals that
increase the expression of putative brakes on critical period
plasticity, and whose gene expression signatures are enriched
for inflammatory pathways, induces a transcriptional
response similar to that of microglial activation, suggesting
that exposure of these environmental chemicals during the
critical period could activate microglia, shifting them from
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FIGURE 2: Molecular matching via GSEA identifies 50 chemicals that increase expression of genes downregulated in the juvenile and Lynx1-/-
critical period transcriptome signatures. (a) 2001 CHEM composite gene sets were split into CHEM up (1742 signatures) and CHEM down
(1242 signatures) libraries to assess the directional impact of each chemical on critical period gene expression. (b) GSEA was used to assess
negative scores (reflecting a chemical’s impact on downregulated critical period genes) for CHEM up and CHEM down signatures against the
critical period signatures and the binomial test to assess a bias to up or down library. (c) Fifty chemicals increase downregulated critical period

genes. See Supplementary Table 1 for a list of all 50 chemicals.

their physiological role in plasticity to a state of active
watchfulness and disrupting critical period plasticity.

4. Discussion

Building on our recent proof-of-principle study [15], we
established a transcriptome-based integrative bioinformatics
approach to systematically identify environmental chemicals
that dysregulate transcriptional signatures of critical periods
of cortical plasticity. Previous high-throughput approaches
typically used biochemical and cell-based experimental
assays focused on a limited number of gene/protein
expression or enzymatic activities. Although these assays
may themselves be straightforward, they do not necessarily
reflect more complex in vivo neurodevelopmental events.
On the other hand, in vivo animal assays are low-
throughput and only appropriate for the validation of
screening results. Due to these limitations, no previous
studies have attempted to systematically identify environ-
mental chemicals that disrupt complex in vivo phenome-
non such as critical periods of plasticity. Here, leveraging
the utility of transcriptional signature matching to identify
functional and mechanistic relationships [28], we matched
multiple signatures of in vivo critical period plasticity to
thousands of chemical signatures derived from public
transcriptional data to systematically identify novel child-
hood critical period toxicant candidates.

The developmental consequences of disruption by
these chemicals could be far-reaching. Disruption of the
critical period for visual cortex plasticity prevents the
development of an important visual function termed bin-
ocular matching of orientation preference [29], resulting
in a disordered visual experience. Moreover, due to the
hierarchical dependency of multiple critical periods (i.e.,
hearing, vision, language, and cognitive processes) across

development, disruption of a sensory-specific critical
period might ultimately interfere with higher-order cog-
nitive functions [12]. In addition, given the fact that
the mechanisms of plasticity identified in the visual crit-
ical period have been generalized to other brain regions
and functions [30-32], critical period toxicants identified
using the visual model may disrupt plasticity and neuro-
development in other brain regions and for other
functions.

Included among the 50 plasticity-disrupting chemical
candidates we identified were both known and novel neuro-
toxicants with high exposure likelihood including inorganic
metals (mercury, sodium arsenate), pesticides (pyridaben,
chlorpyrifos, and carbofuran), anesthetics (chloroform and
halothane), antimicrobials (bacitracin+nine others), and
other chemicals (vehicle emissions, cyanuric acid—a
common swimming pool water additive). There is evidence
consistent with the ability of these chemicals to disrupt criti-
cal periods. For example, mercury levels have increased by 3-
fold over the past 100 years, in large part due to power plant
emissions and industrial byproducts [33]. Human exposure
is primarily through the microorganism-processed methyl-
ated form (MeHg), which is found in aquatic organisms con-
sumed as food, such as fish. Perinatal treatment of MeHg to
mouse dams (embryonic day 7 (E7) to P7) at a dose of
0.59 mg/kg/day suggested a potential decrease in the matura-
tion of parvalbumin-expressing neurons in the hippocampus
of juvenile animals [34], suggesting that MeHg could delay
the opening of critical periods, which requires the normal
maturation of inhibitory neurons, such as parvalbumin-
expressing cells [35]. Moreover, mercury, arsenic, chlorpyri-
fos, pyridaben, and vehicle emissions have been implicated in
the neurodevelopmental disorder autism [20, 36-39], for
which the critical period is emerging as a potential period
of risk [15].
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F1GUrg 3: Chemogenomic enrichment analysis (CGEA) workflow.
(a) Enrichments of 5191 Gene Ontology (GO) Biological Process
(BP) and 96 Library of Integrated Network-based Cellular
Signatures (LINCS) ligand gene sets were calculated for 1742
CHEM up signatures. (b) We calculated overrepresentation of
pathways in each of 50 chemical signatures that impact critical
period signatures, relative to the remaining 1692 chemical
signatures. (c) Top overrepresentation hits were calculated
(Figure 4), and hierarchical clustering was performed on
enrichment Padj values (Figure 5).

A large portion of critical period-disrupting candidates
were antimicrobials (10 of 50) indicating that the down-
stream pathways of antimicrobials may ultimately impact

Neural Plasticity

brain development. Bacitracin is used in humans as an anti-
biotic as well as in commercial farming practices to control
microbes and in the feed of swine, chickens, and other live-
stock to promote growth [40]. Given the widespread admin-
istration of antibiotics to livestock for human consumption,
there is considerable concern about the impact of residual
antibiotic in animal products and its impact on human health
[41]. Moreover, there is a growing recognition of the impor-
tance of the microbiome-immune-neural axis on health and
disease and antibiotics can profoundly disrupt healthy
microbiomes [42]. Bacitracin disrupts the microbiome and
impacts BDNF levels [43], a growth factor involved in the
opening of the visual critical period [35].

Given the diversity of the 50 candidate plasticity disrup-
tors, we applied a chemogenomic enrichment analysis
(CGEA) approach to identify shared pathways among these
chemicals, which included response to pathogen, immune
cell chemotaxis, and inflammatory pathways including IL-1
and TNF-« cytokine signaling. This suggests that chemicals
that disrupt critical period plasticity may be perceived as
invaders by the immune system, leading to induction of an
inflammatory response. In the brain, this may involve activa-
tion of microglia. Should this occur during the critical period,
it might shift microglia away from their physiological role in
experience-dependent critical period plasticity [27] to a state
of active watchfulness in which they are not able to facilitate
experience-dependent brain development. Upon exposure to
toxicants such as ozone and acetaminophen, peripheral
immune cells (e.g., macrophages) activate and induce an
inflammatory response that includes cytokines such as
TNF, mimicking the response to Gram-negative bacterial
pathogens [44]. Given the role of TNF in activating microglia
[45-47], soluble transport of TNF across the blood-brain
barrier [48] from peripherally stimulated immune cells could
activate the stimulus. Future studies should assess the ability
of individual chemicals to activate microglia and disrupt crit-
ical period plasticity.

This study was limited by the quality and breadth of
available chemical data, and a future work will benefit from
the toxicology in the 21st Century (Tox21) program, an
ongoing effort to systematically profile the effect of tens of
thousands of chemicals on the expression of 1500 genes in
cell lines [49]. The chemical data used here were derived
from heterogeneous tissues in multiple animal and cell
models, not specifically focused on neurons or the brain
[50]. Hence, specificity for neuronal phenotypes could be
improved by extending current efforts to screen for damag-
ing effects of toxicants in human cell lines [51] to neurons
derived from human-induced pluripotent stem cells (iPSCs).
Finally, we limited ourselves to two models of critical period
plasticity; additional models, such as voluntary exercise-
induced plasticity [52], may reveal additional insight regard-
ing the mechanisms that can disrupt critical period plasticity.

In summary, we established an integrative bioinformatics
paradigm for generating rational hypotheses about the
impact of environmental chemicals on critical periods of
brain plasticity, as well as their underlying mechanisms, with
the goal of identifying targets for therapeutic intervention.
This approach could be generalized to other brain
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F1GURE 4: Chemogenomic enrichment analysis of 50 chemicals that increase expression of genes downregulated in the critical period
signatures reveals inflammatory, response to pathogen, and immune cell chemotaxis pathways. We computed gene set enrichments for the
CHEM up library (1742 chemical signatures) across 5191 Gene Ontology (GO) Biological Process (BP) gene sets and 96 LINCS ligand
gene sets to yield 9,042,722 and 167,232 enrichment P values, which were corrected for multiple testing using the Benjamini and
Hochberg approach. For each biological process or ligand, we calculated the overrepresentation of that gene set (if it was significant after
multiple test correction) among the 50 chemicals identified as impacting both juvenile and Lynxl-/- critical period signatures, in
comparison to the remaining 1692 chemicals, using a hypergeometric test (hypergea R package implementation). A pathway was
considered associated with a chemical if the enrichment Padj < 0.05, yielding (a) 33 GO BP gene sets and (b) 48 LINCS ligand gene sets.
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F1GURE 5: Clustering of chemical pathway enrichments identifies antimicrobial and inflammatory clusters. Hierarchical clustering (Ward D
method) on the negative log Padj values of Gene Ontology (GO) Biological Process (BP) and LINCS ligand enrichment analysis revealed two
clusters of chemicals. Cluster A (29 chemicals) contains few inflammatory pathway enrichments and 9 of the 10 antimicrobials in the set of 50
chemicals examined, whereas Cluster B contains the majority of enrichments for response to pathogen, inflammation, immune cell
chemotaxis, and IL-1/TNF-a. See Supplementary Figure 1 for detailed enrichment information.
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FIGURE 6: Fifty chemicals mimic the gene expression phenotype induced by LPS-activated microglia. We used Fisher’s exact test to calculate
the overlap of microglia genes increased by LPS activation to the genes in a given CHEM up signature. 58% of all chemicals were enriched (at
Padj < 0.05), and Cluster B was more likely than Cluster A to display this phenotype (Fisher’s exact test: OR = 3.8, *P = 0.26). Chemicals

ordered as in Figure 5.

phenotypes, allowing systematic assessment of the impact of
chemicals on a wide array of brain development phenotypes.
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Unsolved questions in computational visual neuroscience research are whether and how neurons and their connecting cortical
networks can adapt when normal vision is compromised by a neurodevelopmental disorder or damage to the visual system. This
question on neuroplasticity is particularly relevant in the context of rehabilitation therapies that attempt to overcome limitations or
damage, through either perceptual training or retinal and cortical implants. Studies on cortical neuroplasticity have generally made
the assumption that neuronal population properties and the resulting visual field maps are stable in healthy observers.
Consequently, differences in the estimates of these properties between patients and healthy observers have been taken as a
straightforward indication for neuroplasticity. However, recent studies imply that the modeled neuronal properties and the
cortical visual maps vary substantially within healthy participants, e.g., in response to specific stimuli or under the influence of
cognitive factors such as attention. Although notable advances have been made to improve the reliability of stimulus-driven
approaches, the reliance on the visual input remains a challenge for the interpretability of the obtained results. Therefore, we
argue that there is an important role in the study of cortical neuroplasticity for approaches that assess intracortical signal

processing and circuitry models that can link visual cortex anatomy, function, and dynamics.

1. Introduction

Unravelling the organization of the visual cortex is funda-
mental for understanding the foundations of vision in
health and disease. A prominent feature of this organiza-
tion is the presence of a multitude of visual field maps.
These maps are spatially and hierarchically organized rep-
resentations of the retinal image and are often specialized
to encode specific environmental visual attributes. Studying
these cortical visual maps is relevant as it enables the char-
acterization of the structure and function of the visual cor-
tex and therefore the study of the neuroplastic capacity of
the brain. With the latter, we refer to the ability of the brain
to adapt its function and structure in response to either injury
or to a treatment designed to recover visual function.

Over the last two decades, visual field mapping has
been extensively used to infer neuronal reorganization
resulting from visual field defects or neuroophthalmologic
diseases. For a review, see Wandell and Smirnakis [4].
Because of its focus on the analysis of individual partici-
pants and the relative amount of detail provided, the
pRF model seems ideal to study questions on neuroplasti-
city—at least in theory. Some of the hypotheses that can
be tested with pRF mapping are as follows: are the neu-
rons within the lesion projection zone active? Is there a
displacement in position or enlargement of the pRF size
during development, following a retinal or cortical lesion?
Do the pRF properties change in response to monocular
treatments that promote the use of the amblyopic eye,
e.g., patching or blurring therapy?
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Noninvasive measurement of receptive fields.

The visual maps result from a combination of the receptive fields (RF) of individual neurons. In vision, a RF corresponds to the portion
of the visual field that a neuron responds to. A fundamental property of the visual cortex is that visual neurons are retinotopically orga-
nized (neighboring visual neurons respond to nearby portions of the visual field). Currently, it is not possible to measure the activity of
single neurons noninvasively; however, the development of noninvasive neuroimage techniques, such as functional magnetic reso-
nance imaging (fMRI), combined with computational neural models have been used to characterize RF properties at a larger scale.
Briefly, fMRI uses a magnetic field to detect changes in blood oxygenation, a proxy of neural activity. This activity is coupled to oxygen
consumption, which is why fMRI is also called blood oxygen level-dependent (BOLD) imaging. In fMRI, a standard voxel of 3 mm®
captures the aggregate activity of ~1 million neurons [1, 2].

Therefore, the notion of the RF is extended to the collective RF of a population of neurons, the population receptive field (pRF). By
applying biologically plausible models to describe the structure of this collective RF at a recording site, pRF mapping became a popular
technique for the detailed characterization of visual cortical maps at the level of neuronal populations [3]. In essence, this method
models the pRF as a two-dimensional Gaussian, of which the center and width correspond to the pRF’s position and size, respectively.
The model pipeline and description are presented in Figure 1.
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F1gurE 1: The population receptive field (pRF) modeling procedure. A pRF model describes, per voxel, the estimated pRF properties position
(%, y) and size (o). A voxel’s response to the stimulus is calculated as the overlap between the stimulus mask (the binary image of the stimulus
aperture: a moving bar) at each time point and the receptive field model. Following this, the delay in hemodynamic response is accounted for
by convolving the predicted time courses with the hemodynamic response function. Finally, the pRF model parameters are adjusted for each
voxel to minimize the difference between the prediction and the measured BOLD signal. The best fitting parameters are the output of the

analysis. Figure adapted from Dumoulin and Wandell [3].

Given that visual neuroplasticity is greatest during early
stages of development (childhood), the characterization
of the pRF properties has special relevance to determine,
in vivo, the presence of atypical properties of the visual cor-
tex during development and plasticity. In particular, changes
in pRF size have been reported in a series of studies on devel-
opmental disorders. Clavagnier and colleagues measured
enlarged pRF sizes in primary visual areas (V1-V3) in the
cortical projection from the amblyopic eye as compared to
the fellow eye [5]. Schwarzkopf and colleagues reported that
individuals with autism spectrum disorder (ASD) have larger
pRFs as compared to controls [6]. Anderson and colleagues
found smaller pRF sizes in the early visual cortex of indi-
viduals with schizophrenia compared to controls, using a
specific pRF model that takes into account the center
surround structure of the RF [7].

In the case of congenital visual pathway abnormalities
that affect the optic nerve crossing at the chiasm, e.g,
achiasma, albinism, and hemi-hydranencephaly, several
studies revealed overlapping visual fields and bilateral vertical
symmetric pRF representations [8-12]. This contrasts with
the case of a single patient that had her left hemisphere
removed at the age of three, who did show the expected right
hemifield blindness, even though she had larger representa-
tions of the central visual field in extrastriate visual maps,
which was particularly apparent in area LO1 in the right
hemisphere [13].

Hence, the pRF modeling approach has been applied
with at least some degree of success to reveal neuroplastic
changes at the level of the visual cortex. Nevertheless, in
the present paper, we will briefly indicate issues with the cur-
rent pRF approach as it relates to neuroplasticity and ways to
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improve the methods. Finally, we will argue that we should also
look beyond it to fully address questions on neuroplasticity.

2. Limitations of Current Stimulus-Driven
Approaches When Studying Neuroplasticity

We address the question to what extent population receptive
field mapping is actually a suitable tool to capture cortical
plasticity. We point out various limitations. The most impor-
tant one is that the assumption of the receptive field and
map stability in healthy controls is largely untenable.

The most common and straightforward manner in
which the pRF approach has been applied is to compare
model parameters between either two groups of partici-
pants—usually a patient group and matched controls [8, 14],
or between the affected eye and the normal fellow eye,
which can be done in the case of monocular developmen-
tal conditions such as amblyopia [5]. In both types of
studies, it is commonly assumed that the differences in
pRF estimates are caused by differences in brain organiza-
tion and eye-brain connectivity of the two groups or the
two eyes. However, there are various issues that complicate
the interpretation of pRF differences in health and disease.
A number of these limitations were recently discussed by
Dumoulin and Knapen [15], and for this reason, we will
only reiterate the most critical ones.

2.1. Changes at the Level of the Eye Limit the Use of pRF
Mapping to Study Neuroplasticity in Both Ophthalmic and
Neurological Diseases. Estimates of pRFs are based on the
stimulus input. In numerous ophthalmic diseases, changes
at the level of the eye—such as cataract or retinal
lesions—strongly modify the visual input. This could be a
decrease in visual acuity, contrast sensitivity, or the entire
loss of vision in part of the visual field. Consequently, in
many of such diseases, the stimulus-driven input to the
brain will be different and usually deteriorated. In neuro-
logical conditions such as in hemianopia, retrograde
degeneration of the retina [16, 17] gives rise to a similar
concern. As changes in the visual input have a direct effect
on the signal amplitude, straightforward differences in BOLD
signal cannot be taken as an indicator of neuroplasticity or
degeneration at the level of the cortex.

The retinotopic maps of healthy adults with normal or
corrected to normal vision are stable over time when mea-
sured under similar environmental and cognitive factors
[18, 19]. Hence, it would appear that changes in maps or
population properties should be a good indication for the
presence of neuroplasticity. Indeed, it was found that in
patients with long-term visual impairment due to macular
degeneration, the pRF of voxels representing both the sco-
tomatic area and neighboring regions are displaced and
changed in size [20].

However, there is mounting evidence that simple stimu-
lus manipulations, e.g., masks mimicking retinal lesions,
can have a large effect on the population-receptive field esti-
mates in healthy participants. Estimated pRF properties
(position shift and scaled size), similar to those in patients
with retinal lesions, were observed in healthy adults in whom

a visual field defect was simulated [20-22]. Comparable shifts
in pRF position and scaling of pRF size were also found in an
experiment that used scotopic illumination levels to examine
the “rod scotoma” in the central visual field [23]. In other
words, changes in visual input can mimic the consequences
of lesions due to ophthalmic disease in healthy observers.
This implies that observed differences in pRF properties in
patients relative to controls may simply reflect normal
responses to a lack in visual input rather than a reorganiza-
tion of the visual cortex. Therefore, just by themselves,
changes in pRF measures are insufficient to decide on the
presence of neuroplasticity.

The feasibility to use pRF estimates to topographically
map visual field defects in the cortex, particularly in early-
stage disease, is further complicated by two aspects. First,
neurons near the border of either the scotoma or the edge
of the visual stimulus field may be partially stimulated. In
such cases, the stimulus aperture partially activates receptive
fields that belong to voxels whose pRF center would ordinar-
ily be outside the stimulus presentation zone [21, 24]. Second,
the presence or absence of a scotoma affects mostly the signal
amplitude while the temporal dynamics of the modulation
pattern are not affected. As pRF estimates are mostly invari-
ant to the BOLD amplitude, the pRF model does not properly
capture the effect of the scotoma. These two factors induce
biases in the pRF estimates that can be wrongly interpreted
as signs of neuroplasticity (see Box 2).

Nevertheless, changes in the BOLD signal may be used as
an alternative assessment for nonfunctional parts of the
visual system in patients that are unable to perform standard
ophthalmic examinations, e.g., infants or patients with
nystagmus [25-27]. However, because of the above aspects,
caution is warranted when interpreting such data. Eye move-
ments may affect the pRF estimates substantially, resulting in
noisy maps and increased pRF sizes [28-30]. This is particu-
larly relevant for developmental disorders such as amblyopia
[5, 31-33]. In addition, pRF mapping is most accurate at an
advanced stage of ophthalmologic disease where the visual
field defects are relatively large and the scotomatic edge
(i.e., the transition between healthy visual cortex and
damaged visual cortex) is sharp [34, 35]. Overall, this
inability to accurately detect small visual field defects
implies that the sensitivity of the pRF approach is too
limited to monitor the effects of slow retinal degeneration
or slow cortical changes that would presumably be associ-
ated with rehabilitation therapies or other procedures to
restore visual functioning.

2.2. Different Stimulus Properties Result in Distinct pRF
Properties in Healthy Human Observers. An additional factor
to be considered when interpreting pRF estimates is that the
PREF represents the cumulative response across all neuronal
subpopulations within a voxel. These subpopulations are
selectively sensitive to spatial properties, such as orientation,
color, luminance, and temporal and spatial frequencies.
Hence, their activity can be driven by specific stimuli. In
pRF mapping, manipulating the carrier—the stimulus aper-
ture which drives the neuronal activity—elicits responses
from a particular neuronal population. By selectively
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A bias in pRF estimates induced by the presence of real and simulated scotomas.

To show how the presence of a scotoma may affect the pRF estimates, we simulated the pRF behavior in healthy vision (absence of
scotoma) and in the presence of a scotoma (either due to a retinal or cortical lesion). The simulated circular scotoma is located in
the horizontal meridian at 5 degrees of eccentricity, and it has a 3-degree radius. Figures 2(a) and 2(d) depict the overlap between
the pRF model (in red) and the stimulus in the absence and presence of a scotoma (circular region within the bar aperture), respec-
tively. Figures 2(b) and 2(e) show the respective simulations of the predicted pRF response resulting from convolving the stimulus with
the pRF model (first part in Figure 1) and subsequent addition of noise. A similar level of noise was added to both simulations. The
noise simulates any nonbiological signals captured with MRI. Note that the modulation pattern of the time series only differs between
both conditions on the basis of the artificial noise added. The difference is mostly visible in the signal amplitude (note the different
scales of the y-axes). When applying the pRF model, we need to define a stimulus mask which, ideally, should match the stimulus dis-
played during retinotopic mapping. Figure 2(c) shows the pRF-estimated properties in the absence of scotoma. Figures 2(f) and 2(g)
depict the pRF estimates in the presence of a scotoma, using a stimulus mask that does not (Figure 2(f)) and that does (Figure 2(g)) take
the scotoma into account. When we model the stimulus mask without taking the scotoma into account, this results in a bias, as pRF are
enlarged and displaced towards the artificial lesion projection zone border (Figure 2(f)).When the presence of the scotoma is taken into
account in the pRF model, the estimated properties of the pRF closely match the simulated ones. Note that the variance explained of
pRE estimates in the three situations (normal vision (Figure 2(c)), lesion modelled without scotoma (Figure 2(f)), and lesion modelled
with a scotoma (Figure 2(g))) is very similar. This shows that the pRF mapping approach is invariant to the BOLD amplitude, which
hinders the detection of small scotomas. Additionally, in clinical cases where the extent of the scotoma is not fully established, it is thus
impossible to accurately account for the presence of a scotoma in the pRF mapping.
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FIGURE 2: Simulated pRF time series and the associated estimated pRF properties: (a) simulation of a pRF (red) located at a specific region of the
visual field (x =5,y =0) and with a size of 0 =0.5 deg assuming normal vision (i.e., no scotoma); (b) simulated fMRI response given the
retinotopic stimulus (a) modelled with added noise (signal to noise ratio of 1:1); (c) estimated pRF using the normal vision simulated time
series (b). The mask used in the pRF model is presented in the upper left corner. The estimated properties were identical to the simulated
ones: x =5, y=0, 0 =0.5 deg, and a variance explained of 0.46. (d, e) are analogues to (a, b), but for a simulated pRF located in the lesion
projection zone (thus inside the simulated scotoma); (f) estimated pRF based of the scotoma simulated time series (e) using a mask that
assumes normal vision. The estimated pRF shifted in position and increased in size (estimated position shifted towards x =4 and y = -1 and
the size was enlarged, o = 1 deg). The variance explained obtained was 0.45; (f) estimated pRF based of the scotoma simulated time series (e)
and taking into account the lesion by using a mask that includes the scotoma (upper left corner). The estimated pRF properties are now
again identical to the simulated ones (x =5, y =0, 0 = 0.5 deg, and variance explained = 0.44).
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stimulating these neuronal populations, a number of recent
studies have shown that compared to the standard
stimulus (flickering luminance contrast checkerboard bar),
pRE estimates shift in position and change their size
[36-39]. These studies indicate that the recruitment of
neural resources depends on the task and that there is a
dependency of the retinotopic maps on the task or stimu-
lus. This type of stimulus selectivity captures the neuronal
population characteristics for features such as luminance,
orientation, or words. In contrast, Welbourne and col-
leagues [40] found no difference in pRF estimates when using
chromatic and achromatic stimuli. This implies that for
color, there may be a decoupling between the pRF measure-
ment and the underlying neuronal populations [40].

The spatial distribution of the receptive fields can
also be modelled by attention. A series of studies manip-
ulating spatial and feature-based attention found that the
neuronal resources are shifted towards the attended posi-
tions [30, 41, 42].

These findings imply one of two things: (1) the topog-
raphy of the visual cortex is flexible and may change in
response to environmental (stimulus, task) as well as cog-
nitive factors such as attention or (2) pRF measures are
inaccurate and may change in response to spatial and cog-
nitive factors. Either of these explanations limits the ability
of the pRF approach to provide a straightforward assess-
ment of neuroplasticity.

3. Improving Stimulus-Driven Approaches

We consider various ways in which the pRF method might be
improved to study neuroplasticity. Of note are models that
provide information on the reliability of the pRF-estimated
properties. As a further incentive, we propose a new pRF
model that incorporates cortical temporal dynamics and
which integrates connectivity and topography.

Given the limitations mentioned above, this raises the
question whether and how the pRF approach can be modi-
fied to render it more suitable to track neuroplastic changes.
As was indicated, mimicking visual field defects can alter pRF
properties in a similar manner to patients. At the mini-
mum, this requires creating elaborated control stimulus
conditions (simulations) that exactly mimic patient condi-
tions. Unfortunately, this is often impossible to achieve.
Deviations of parameter estimates in the patient group from
those control values could be an indication of neuroplasti-
city. However, obtaining good simulations is not trivial.
Thus far, the simulations that have been used have generally
been quite simple, i.e., mimicking scotomas in which no light
sensitivity remained—usually simulated as a region without
signal modulation. However, the perceptual awareness of
natural scotomas may be substantially different from that
of artificial ones. For example, when the visual input is
incomplete, the visual system appears to fill in any missing
features (through prediction and interpolation) in order
to build a stable percept. Moreover, scotomas in patients
are usually more complex than simulated ones, both in
their shape and their depth (reduced sensitivity). Finally,
the scotoma may also change the attentional deployment

by the patient, potentially affecting the estimated pRF
properties [30, 41, 42].

In order to accurately measure neuronal reorganization, it
is crucial to overcome the abovementioned limitations. A sig-
nificant amount of work has been directed towards the devel-
opment of more reliable models of retinotopic mapping. The
methodological advances serve three different goals, which
may be useful in studying neuroplasticity: (1) improve the
reliability of the estimates using more informative pRF shapes
and more complex computational models, (2) measure
stimulus-selective maps, which allow to capture the reorgani-
zation of specific neuronal populations, and (3) measure spa-
tial modulation and dynamics of neuronal populations,
potentially reflecting short-term neuroplastic changes.

3.1. Computational and Model Advances. Computational and
model advances have been made to (a) improve the pRF
shape so that it better reflects the biological structure of
the RF, e.g., using a difference of Gaussian model allows
to account for surround suppression [43], and (b) account
for nonlinearities, provide distributions of property magni-
tudes, and capture neuronal characteristics, such as tuning
curves. Such models add new pRF features which may be
important to infer functional reorganization and provide
a measure of the reliability of the estimates.

A different pRF shape can be an indication of neuroplas-
ticity. Several models have been developed to account for var-
ious possible receptive field shapes: circular symmetric
difference of Gaussian (DoG) functions [43], bilateral pRF
[10], elliptic shape [34], Gabor wavelet pyramids [34, 44],
and compressive spatial summation [45]. Some reviews have
discussed these methods in detail [15, 46]. However, the
above models all assume some form of symmetry. Recently,
data-driven models were developed that do not assume any
a priori shape [47-49]. These model-free approaches are par-
ticularly relevant to measure the functioning of the visual sys-
tem in patients, as plasticity may manifest as a differently
shaped pRF without affecting its position or size. An example
is that asymmetrical shapes capture best the pRF properties of
any skewed distributions of RF within a voxel. However, even
in these data-driven approaches, the estimated shape of the
receptive fields remains dependent on the stimulus used.

Extending the pRF model to account for more complex
RF shapes will improve its explanatory power—the model
can better predict the BOLD response. However, this will
not remove the issue of model bias, mentioned in Box 2. In
various attempts to resolve this, computational advances
were made which can be categorized into four different clas-
ses. The first class comprises nonlinear pRF models, such as a
compressive spatial summation model and convex optimized
pRF, which substantially increases the range of shapes that
the model can describe [45]. The second class is the develop-
ment of Bayesian models. For each property, these models do
not only estimate the best fitting value but a full posterior
distribution as well [50, 51]. This serves several needs: (a) it
indicates the uncertainty associated with each estimate
(Figure 3). Such uncertainty maps are of particular impor-
tance when a visual field defect is present, as higher uncer-
tainty will most likely be associated with model biases, (b)
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FIGURE 3: Mapping the uncertainty of model estimates: (a) maps obtained using conventional pRF mapping [3] and a custom implementation
of the Monte Carlo Markov chain Bayesian pRF approach [50, 51]. Both methods result in similar visual field maps. However, the latter
method also enables the estimation of the uncertainty associated with each parameter; (b) eccentricity, phase, and pRF size uncertainty
maps obtained for the left hemisphere of a single healthy participant. The uncertainty maps describe how reliable each estimate is. For
example, we see that the polar angle estimates for the central fovea (near fixation) are less reliable than those measured in the periphery. The
uncertainty associated for each estimate was calculated as the difference between the 75% and 25% quantiles of the Bayesian Markov

chain pRF distribution.

it facilitates the statistical analysis, and (c) it allows one to
incorporate additional biological knowledge by providing
prior information. An example of such a biologically based
prior is that the density of cortical neurons is higher in the
fovea than in the periphery [50, 51]. In combination, the
above-referred three factors improve the interpretability
of pRF estimates. The third class comprises the develop-
ment of the feature-weighted receptive field (fwRF) models
that allow capturing additional pRF parameters—such as
neuronal tuning curves (e.g, the spatial frequency
tuning)—through the combination of measured neural
activity and visual features [52]. Finally, the fourth class
relates to methods that allow to enhance the resolution at
which we can detail RF properties. Of relevance are the
approaches that allow to estimate the average single-unit
RF size (suRF) [49, 53] or multiunit RF (muRF) properties
that can without restriction uncover the size, position, and
shape of neuronal subpopulations, also when these are
fragmented and dispersed in visual space [49, 53].

3.2. Models of Perception: Spatial Modulation and Dynamics.
Specific models have been developed to capture short-term
plasticity. Such models take into account cognitive and/or
perceptual factors such as attention [30, 54] or crowding
[55, 56] to understand changes in observed spatial properties
or perception. Recently, Dumoulin and Knapen proposed a
more complex pRF model that relates pRF changes to the
underlying neural mechanisms [15]. This very general model
allows modeling and predicting dynamic changes that result
from changes in the visual input. In particular, they proposed

an extension of the pRF model to account for multiple neural
subpopulations responding to different properties of the
stimulus. Their expectation is that this will enable unravelling
of the different sources of pRF plasticity.

Although there have been significant improvements in
pRF models which may be able to aid in charting neuroplastic
changes, in our view, this is still insufficient. There are still
many constraints to be addressed, in particular, the fact that
a voxel may contain a mixture of neurons with spatially dis-
tinct receptive fields. This is particularly relevant in develop-
mental disorders such as albinism and achiasma [9, 10] or for
voxels located in sulci. In those cases, the measured pRF
properties will either represent the strongest contributing
RF or be erroneously large.

In our view, the neuronal spatiotemporal dynamics can
be better captured if we would take into account the interac-
tions with nearby linked populations. The connectivity-
weighted pRF, described next, is a first attempt to integrate
models of cortical organization with cortical connectivity.
This further encourages the development of new models that
integrate stimulus- and cortex-referred methods.

3.3. The Connectivity-Weighted pRF Integrates Cortical
Organization and Connectivity. Current analytical approaches
to track retinotopic changes are voxel based. This limits their
accuracy, as the visual system is dynamic and the activity of
one population of neurons is influenced by nearby connected
populations. Ideally, a more complete model should reflect
the balance between inhibitory and excitatory processes and
account for various cortico-cortical interactions.
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Here—as an example of such a model—we propose a
stimulus-driven pRF model, in which the estimated parame-
ters, pRF ), depend upon the unique activity of the neuronal

population pRFu; and the activity of interacting cortical neu-

ronal populations, weighted by the strength of their connec-
tions, C;.. Note that e, is the error associated with voxel j.

pRF]:pRFuj* (chk *pRFk> te;. (1)

k#j

Depending on the goal of the study and the design of the
experiment, the connectivity (C) can be based either on the
structure (anatomically connected neighbors), on function
(neuronal populations which exhibit specific correlated activ-
ity during the resting state), or on effective connectivity [57].
Here, we treat it as effective connectivity given that it
accounts for dynamic interactions and the model of coupling
between neuronal populations.

Such a model can describe the spatiotemporal dynamics
of neuronal populations. It is sensitive to the recurrent flow
of synchronized activity between connected neurons. Using
such a connectivity-weighted model, we may—in the
future—assess brain plasticity based on both structural reor-
ganization and functional reorganization.

4, Cortical Circuitry Models Look beyond
the Stimulus

We suggest that models that can be estimated without requir-
ing visual stimulation, which we refer to as cortical circuitry
models (CCM), may be highly suitable to measure cortical
reorganization. While not without potential pitfalls them-
selves, such approaches avoid many of the complications asso-
ciated with the stimulus-driven pRF approach. Additionally,
we indicate various other avenues that may improve our
ability to quantitatively assess neuroplastic changes in the
visual cortex.

4.1. Studying Neuroplasticity Using Intrinsic Signals and
Cortical Circuitry Models. The fMRI signal is a mixture of
stimulus-specific and intrinsic signals [57, 58]. As a result, it
is plausible to assume that intrinsic generated signals may
influence stimulus-driven signals [57, 58]. Therefore, the
study of brain plasticity may be ameliorated and/or comple-
mented if the dependence on stimuli is reduced. For this rea-
son, estimates based on intrinsic signals rather than task
responses are potentially a very suitable source of informa-
tion on the presence or absence of cortical plasticity. Intrinsic
signals are commonly obtained in a “resting-state” condition
in which participants are not required to do anything in par-
ticular and usually have their eyes closed. Resting-state fMRI
signal fluctuations have been shown to correlate with ana-
tomically and functionally connected areas of the brain. In
particular, specialized networks have been found in cortical
and subcortical areas in sensory systems [59-64]. Based on
resting-state data, CCMs can be used to infer the integration
of feedback and feedforward information [65]. However, one
important limitation is that currently, the directionality of

information flow cannot be directly inferred from the BOLD
signal. Therefore, primarily because of the limited temporal
resolution of fMRI, it remains to be determined whether
CCMs can be used to assess this aspect.

Nonetheless, CCMs have the potential to capture the
effects of structural reorganization and can inform about
which neural circuits have the potential to reorganize and
which are stable. An example of this type of model is the
connective field (CF) model, which applies the notion of a
receptive field to cortico-cortical connections [66]. Another
example is the connectopic model which combines voxel-
wise connectivity “fingerprints” with spatial statistical infer-
ence to detail multiple overlapping connection topographies
(connectopies) in the human brain [66, 67]. Ultimately, in
our view, it will be essential to combine retinotopic and
neural circuitry models, such that their combination can
be used to fully describe the dynamics of the visual cortex
[68]. To accomplish this, models will have to be developed
that can capture the (dynamic) adaptation of feedback,
feedforward, and lateral connections in the functional net-
works underlying visual processing and cognition. Such
models may be implemented by calculating the correlation
between neuronal populations taking time lags into account
or by using CCM to describe connections across cortical
layers (see also below).

4.2. The Connective Field Defines a Receptive Field in Cortical
Surface Space. Connective field (CF) modeling predicts the
neuronal activity in a target area (e.g., V2) based on the activ-
ity in a source area (e.g., V1). In a similar way that a neuron
has a preferred location and size in visual space (its receptive
field), it also will have a preferred location and size on the
cortical surface of a region that it is connected with [65, 66,
68]. Based on retinotopic mapping, the visual field coordi-
nates of the target area can be inferred from the preferred
locations in the source region. In this way, the connective
field—when combined with pRF mapping—can link a CF’s
position in cortical surface space also to a position in visual
space. The connective field model is briefly described in
Box 3.

There are several advantages of CCMs when compared to
pRF models. First, the ability to assess and compare the fine-
grained topographic organization of cortical areas promotes
the comparison of connectivity patterns between groups of
participants with different health conditions and between
experimental conditions [67, 70]. Second, CCMs can even
be applied to data that was acquired in the absence of any
sensory input, enabling the reconstruction of visuotopic
maps even in the absence of a stimulus and in blind people.
Several studies have shown that cortical connectivity during
the resting state reflects the visuotopic organization of the
visual cortex [65, 67, 70-73]. A comparison between
stimulus-driven and resting-state CCMs may also convey
information on the influence of retinal waves and prior visual
experience in the cortical circuitry. For example, larger CF
sizes were measured with visual stimulation when compared
to the resting state [65, 73, 74]. Third, CCMs provide insight
into the anatomical and functional neuronal circuitry that
enables the visual system to integrate information across
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Connective field modeling.

The CF model, as originally proposed by Haak and colleagues, assumes a circularly symmetric 2D Gaussian model on the surface
of the source region as the integration field from the source to the target [66]. This 2D Gaussian is defined by its position (v0)
and size (o), where d(v,10) is the shortest distance between the voxel v and the connective field center v0 and o is the Gaussian
spread (mm). Distances are calculated across the cortical surface, using Dijkstra’s algorithm [66, 69]. The connective field pipe-

line is described in Figure 4.

Box 3
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FiGURE 4: (a) CF pipeline as described by Haak and colleagues [66]. The model comprises two steps: (1) predict the fMRI response, p(t), by
multiplying the CF model g(v0, o) with the measured source fMRI signal a(v, t), and (2) the CF position (v) and size (o) are estimated by
varying parameters and selecting the best fit between the predicted time series and the measured BOLD signal y(¢). Then this procedure is
repeated for every voxel in the target region. (b) The V2 response is predicted based on the pRF (stimulus-driven, in blue) and connective
field (cortical-driven, in red) model. The color map on the brain shows the V1>V2 CF model weights for a specific voxel.

different cortical areas. They can reveal the presence or
absence of a change therein following a disease [74-76].
Fourth, CCMs, in particular when assessed in the resting
state, are less affected by various intrinsic and extrinsic fac-
tors such as the type of task and stimulus [37-39], patient
performance, optical properties and health condition of the
eye [77], or stimulus-related model-fitting biases [22, 77].
Despite these important advantages, the current CCM
approaches also have their limitations. First, the reliability
of CCM parameters, such as the CF size, is affected by the
signal-to-noise ratio. Fortunately, the signal-to-noise ratio
does not introduce a systematic bias in the estimated param-
eters [74-76]. Second, the current iteration of CCM models
does not capture causal interactions between different
cortical visual areas. Third, like pRF estimates, it is likely
that the accuracy of the CCM-related estimates depends

on the spatial and temporal resolution, the distortion
and spatial spread of the BOLD signal, and the distribu-
tion of dural venous sinuses and vessel artifacts. Fourth,
although there is no need for stimulus-driven signals,
resting state signals—and thus also any estimated CCM
properties—are influenced by the environmental condi-
tions under which they were acquired. Factors such as eye
movements and exterior luminance may also influence esti-
mates. These limitations demonstrate that although the
CCM approach seems suitable to infer the presence or
absence of plasticity by associating connectivity strength with
cortical degeneration [75], it still requires careful experimen-
tation as well.

Some of the above limitations have recently been
addressed. For example, global search algorithms that help
to avoid local minima have also been applied to CCMs
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[74, 75]. Furthermore, new data-driven methods are able
to measure multiple and even overlapping connectopies
[67]. Although, currently establishing these connectopic
maps requires a very large number of participants, they
hold a promise of being able to reveal cortical and network
reorganization and plasticity one day [67].

4.3. Cortical Circuitry Models in Ophthalmic or Neurological
Diseases. The development of CCMs is a sequel to the classi-
cal pRF mapping. Hence, the available literature is still rela-
tively small. Nonetheless, the existing studies give a good
impression of the possible applications and the type of infor-
mation that these models can provide.

At this point in time, in particular, the CF modeling
approach has been applied in several ophthalmic disorders,
in which visual perception was either impaired or completely
absent. A study by Haak and colleagues found that in macular
degeneration, long-term deprivation of visual input had not
affected the underlying cortical circuitry [75]. This suggests
that the visual cortex retains the ability to process visual
information. In principle, following the restoration of visual
input, i.e., via retinal implants, such patients may thus recu-
perate from vision loss. Papanikolaou and collaborators
applied CF modeling to study the organization of area
hV5/MT+ in five patients with large visual field defects
resulting from either early visual areas or optic radiation
lesions [76]. They showed that in three of the five subjects,
the CFs between areas V1 and hV5/MT+ covered visual field
locations that overlapped with the scotoma. This indicates
that activity in the lesion projection zone in hV5/MT+ may
originate from spared V1. Bock and collaborators applied
the CF model to resting-state BOLD data acquired from nor-
mally sighted, early blind, and monocular patients in which
one of the eyes had failed to develop [74]. All subjects showed
retinotopic organization between V1 and V2/V3. Butt and
colleagues studied the cortical circuitry of the visual cortex
in blind observers and compared this to that of sighted con-
trols [70, 74]. They found a very minute change in the pattern
of fine-scale striate correlations between hemispheres, in
contrast to the highly similar connectivity pattern within
hemisphere. They concluded that the cortical connections
within a region (which can be a hemisphere) are independent
of visual experience. The above-cited studies show that, in
general, the visuotopic organization of the cortical circuitry
is maintained even after prolonged visual deprivation or
blindness, supporting that the plasticity of the adult visual
brain is limited (see Wandell and Smirnakis for a similar con-
clusion based on stimulus-driven mapping [4]). Moreover,
these studies suggest that CCMs may be able to capture the
integrity of cortical connections using both stimulus-driven
and resting-state data. This encourages the development of
new CCMs that can be applied to study how connected neu-
rons in different layers and columns interact.

4.4. Mesoscale Plasticity: Layer- and Column-Based Cortical
Circuitry Models. Measuring cortical reorganization at a
finer scale might reveal changes that are invisible or
masked at a coarser scale. With the recent advance in
ultra-high field functional MRI, the tools to examine the

human brain at a mesoscale in vivo have become available.
This enables assessing the presence of cortical reorganiza-
tion across cortical depth to measure the flow of informa-
tion across different cortical laminae—in particular feedback
and lateral inputs—and to infer the microcortical circuits by
studying their columnar organization.

Many of the opportunities and challenges in visual neu-
roscience provided by increases in MRI field strength have
been described in a recent review, to which we refer [78].
With respect to the topic of neuroplasticity, a study that
showed that pRF in the input (middle) layer have a smaller
RF than those in superficial and deeper intracortical layers
is of particular interest [79]. Although this study provides
hints about cortical organization, it exclusively relied on
stimulus-based modelling and thus does not truly inform
about the underlying circuitry. In order to bridge this gap,
we propose that the application of CCM-like approaches to
study short-range connections at laminar and columnar
levels is warranted.

The development of methods that reflect the mesoscale
circuitry should be able to answer various outstanding critical
questions in visual neuroscience and contribute with new
fundamental and clinically relevant insights into cortical
functioning and neuroplasticity. For example, following a
visual field defect, is the input/feedforward layer the one that
is most affected? Do neurons in the upper and deepest layers
of the lesion projection zone establish new connections to
healthy neurons in the input layer? At what level of cortical
processing do feedback and feedforward signals modulate
our conscious percepts? Are putative overlapping representa-
tions in ventral areas [38] perhaps encoded in distinct layers
of the visual cortex?

5. Conclusion

In this paper, we discussed (a) the role of pRF mapping to
cortically characterize visual areas and extrinsic and intrinsic
factors that influence the pRF estimates, (b) methodological
advances in retinotopic and connectopic mapping, and (c)
stimulus-driven and cortical circuitry models that can link
visual cortex organization, dynamics, and plasticity.

Although we fully acknowledge the important contribu-
tion of pRF mapping towards understanding the structure
and functioning of the visual cortex, we strongly argue
against a “blind” reliance on this technique when studying
neuroplasticity. The degree to which a change in signal
amplitude or pRF measurements—by themselves—reflects
that cortical reorganization remains to be determined: even
in the presence of a presumed stable cortical organization
in healthy participants, different pRF estimates may be
elicited due to a change in the task at hand, cognitive fac-
tors, and the type of stimulus used. For this reason, we
have stressed that prior to deciding that pRF changes are
the result of reorganization, one has to exclude that these
are due to different inputs, (implicit) task conditions, or
cognitive demands.

To improve the reliability of retinotopic mapping, more
complex models and computational approaches have been
developed with a noticeable trend to move from stimulus-
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driven to data-driven techniques. These efforts have resulted
in a multitude of new methods. Their specific use depends
upon the goal of the study and the neuronal population of
interest. Nevertheless, although these newer techniques pro-
vide clear improvements, they potentially retain the issues
associated with stimulus-driven approaches. Therefore, we
argue in favor of also considering alternative techniques to
study brain plasticity, in particular ones that directly assess
the neural circuitry rather than stimulus-driven responses
to estimate the extent of neuronal reorganization. As an
exemplary incentive, we propose a model that combines con-
nectivity with spatial sampling. In theory, such a model will
not only inform about the spatial sampling but also about
interactions between the linked neuronal populations.
Finally, we encourage the development and application of
models to capture the plasticity of layer-based circuitry at
the mesoscale.
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Damage to the visual system can result in (a partial) loss of vision, in response to which the visual system may functionally
reorganize. Yet the timing, extent, and conditions under which this occurs are not well understood. Hence, studies in individuals
with diverse congenital and acquired conditions and using various methods are needed to better understand this. In the present
study, we examined the visual system of a young girl who received a hemispherectomy at the age of three and who consequently
suffered from hemianopia. We did so by evaluating the corticocortical and retinocortical projections in the visual system of her
remaining hemisphere. For the examination of these aspects, we analyzed the characteristics of the connective fields (“neural-
referred” receptive fields) based on both resting-state (RS) and retinotopy data. The evaluation of RS data, reflecting brain
activity independent from visual stimulation, is of particular interest as it is not biased by the patient’s atypical visual percept.
We found that, primarily when the patient was at rest, the connective fields between V1 and both early and late visual areas
were larger than normal. These abnormally large connective fields could be a sign either of functional reorganization or of
unmasked suppressive feedback signals that are normally masked by interhemispheric signals. Furthermore, we confirmed our
previous finding of abnormal retinocortical or “stimulus-referred” projections in both early and late visual areas. More
specifically, we found an enlarged foveal representation and smaller population receptive fields. These differences could also be a
sign of functional reorganization or rather a reflection of the interruption visual information that travels, via the remainder of
the visual pathway, from the retina to the visual cortex. To conclude, while we do find indications for relatively subtle changes
in visual field map properties, we found no evidence of large-scale reorganization—even though the patient could have
benefitted from this. Our work suggests that at a later developmental stage, large-scale reorganization of the visual system no
longer occurs, while small-scale properties may still change to facilitate adaptive processing and viewing strategies.

the degree to which this potential can be deployed to restore
lost function. For this reason, detailed studies on the organi-

Damage to critical components of its circuitry can have
major consequences for the visual system. For example,
lesions at the level of the optic radiation or early visual cortex
can result in visual field defects spanning part of, or the
entire, hemifield. Evidence supporting a reorganizatory
potential of the visual system following both early and late
acquired brain damage is now emerging (see for reviews
[1-6]). For rehabilitation purposes, it is critical to understand

zation of the visual system in patients and healthy observers
are essential.

In the present study, we revisited the case of a girl who, at
the age of three, received hemispherectomy as a treatment for
Rasmussen syndrome (chronic focal encephalitis) and intrac-
table epilepsy [7]. Her left hemisphere had been removed
completely, which resulted in a full right homonymous visual
field defect. The acquired visual field defect allowed us to
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examine the potential reorganization of functional regions
through examination of the properties of the visual field
maps in her remaining hemisphere. Specifically, it allowed
us to examine the effects of an interrupted processing of half
of the retinal output (i.e., visual information coming from the
left visual field) and the deprivation of interhemispheric
inputs on the visual field map (VFM) properties.

We originally examined the VFM using retinotopy based
on functional magnetic resonance imaging (fMRI) and estab-
lished an absence of large-scale reorganization. However,
using a specific analysis technique called population recep-
tive field (pRF) modeling, we were able to assess more
detailed properties of the underlying neuronal architecture.
These pRF properties describe how the visual field is neuron-
ally represented in the visual cortex. Because pRFs are
modeled based on signals acquired during active stimulation,
they are also referred to as “stimulus-referred” receptive
fields. The application of pRF modelling to this patient sug-
gested the presence of abnormal pRF properties in the visual
areas [7]. Due to methodological developments since that
study, we now had the opportunity to investigate this patient
more extensively using connective field (CF) modeling. CF
modeling, as an extension of the pRF technique, assesses
the intracortical receptive fields, which are therefore also
called “neural-referred” receptive fields [8]. The properties
of the CFs describe how the visual field representations are
projected from one region in the brain to another. A particu-
lar interesting aspect of CFs and the resulting CF maps is that
we can estimate these, in addition to “active” stimulus-driven
data, also based on resting-state data [9]. This has the advan-
tage that the underlying signals are based on spontaneous
fluctuations in brain activity and thus do not rely on visual
input, which in neurological or ophthalmic patients may
already be altered due to changes at the level of the eye or
elsewhere in the brain [10].

In addition to the detailed evaluation of the CF maps,
we also revisited pRF mapping (based on the “active”
stimulus-driven data). Where our previous work focused
on pRF modeling using a single unilateral pRF model,
we additionally applied bilateral pRF modelling to examine
a potential ipsilateral contribution to the patient’s cortical
VEMs. Ipsilateral VEM representations have been reported
in cases with a congenital absence of or acquired damage
to one of the two cerebral hemispheres [11-13]. In the
interest of replication, and as a further improvement on
our previous report, we also reevaluated the unilateral
pRF model parameters of the patient. Yet, in addition to
examining only differences in average or median values,
we also compared parameter distributions between the
patient and controls to assess whether changes occurred
in specific parameter ranges.

2. Evaluation of Visual Field Map Properties
2.1. Materials and Methods

2.1.1. Participants. In this case-control study, the VEM
properties of the right hemisphere of a 16-year-old female
hemispherectomy patient were investigated. At the age of
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three, the girl’s left hemisphere was removed completely
(see Figure 1(a) for an anatomical MRI image of her brain).
This surgical procedure resulted in a full right homonymous
visual field defect without macular sparing (see Figure 1(b)
for the results of a Goldmann perimetry). In spite of her
visual defect, the girl was able to fixate reliably (as can also
been seen from the straight visual field boundary along the
vertical meridian of the Goldmann perimetry). At the same
time, despite an initial major impact on her motoric and lin-
guistic abilities, the girl partially recovered her motor control
and speaks bilingually.

Twelve young healthy female participants (mean age = 22,
sd = 1.8 years), of whom data was already acquired for a
different project [14], with normal or corrected-to-normal
visual acuity served as a control group. An additional four
young healthy female participants (mean age = 27.5, sd = 1.7
years) with normal or corrected-to-normal visual acuity were
recruited. This additional cohort served to control for the
effect of different viewing instructions during RS on the esti-
mation of the CF properties (see last paragraph of Data
Acquisition).

For each participant, a high-resolution structural mag-
netic resonance (MR) image and a series of functional MR
images were made available or newly collected. Informed
written consent was obtained from all observers in accor-
dance with the study procedures and protocols approved by
the Medical Ethical Committee of the University Medical
Center Groningen, the Netherlands. As the patient and the
control participants were scanned at different points in time
and initially for two different project, there were slight differ-
ences in the MR acquisition and visual stimulation protocols.

2.1.2. Stimulus. Visual field maps (VEM) were localized using
a retinotopic mapping paradigm. The stimulus used was a
drifting bar with a high-contrast checkerboard pattern and
was presented on a grey (mean luminance) background.
The bar had a radius of 12 or 10.21 degrees of visual angle
and width of 3 and 2.75 degrees of visual angle, for the patient
and controls, respectively. The full stimulus presentation
(192 seconds) consisted of a sequence of eight bar apertures
with four different orientations and two opposite motion
directions (motion step every 1.5seconds). Four 12-second
mean-luminance periods (“blank periods”) were inserted
that replaced the bar presentation when it traversed the
visual field along the diagonals. To ensure participants’
central fixation, a small dot was presented in the center
of the screen. Participants were asked to press a button
on a button box whenever the dot changed color. The full
stimulus cycle was presented to the participants either four
or six times, for the patient and the controls, respectively,
during separate scans. The VISTADISP toolbox (VISTA
Lab, Stanford University) and PsychToolbox (https://github.
com/Psychtoolbox-3/Psychtoolbox-3/) were used for stimu-
lus control and display. For the patient, the stimulus was
back-projected on a translucent display (44 x 34 cm) using
a Barco LCD projector G300 set at a resolution of 800 x 600
pixels. For the control participants, the stimulus was pre-
sented on a 24-inch BOLD screen, an MRI-compatible full-
color H-IPS LCD, and set at a resolution of 1920 x 1200
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F1GURE 1: Anatomical MRI and Goldmann perimetry of the hemispherectomised patient. (a) High-resolution anatomical MRI scan showing
the absence of the left hemispheres from a sagittal (left), coronal (middle), and axial (right) view. (b) Goldmann perimetry of both the left and
right eyes showing a complete right-sided homonymous visual field defect, without macular sparing. The red patch indicates the size of the

visual field that was stimulated during the fMRI experiment.

pixels. All participants viewed the display through a mirror
placed at 11cm from the eyes, with a viewing distance of
64cm and 118cm, for the patient and the controls,
respectively.

2.1.3. Data Acquisition. All MRI images were acquired, using
a 32-channel head coil, using a 3T Philips Intera MRI scanner
(Philips; Best, the Netherlands) at the Neuroimaging Center
in Groningen, the Netherlands.

For the patient, six functional scans (i.e., four reti-
notopy (RET) and two resting-state (RS) scans) were
obtained using echo-planar imaging (EPI; TR, = 1500 ms/
TR, =2000ms, FOV,, =194 x 72 x 244 mm/FOV = 192 x
144 x 192 mm, voxel - size,, =2.33 X 2.33 x 3 mm/voxel —
size,, = 3 x 3 x 3mm). During the RS scans, the patient was
instructed to keep her eyes open and do nothing. Each RS scan

had a duration of 370 seconds during which 181 volumes of
each 48 slices were obtained. Both RS scans were obtained
after the four RET scans. During retinotopy, the patient was
instructed to pay attention to the stimulus and maintain fixa-
tion. In principle, each RET scan had a duration of 204 sec-
onds (including a prescan period of twelve seconds), during
which 136 volumes of each 24 slices were obtained. For some
RET scans, the scanner was on longer than the actual experi-
ment duration lasted; hence, additional acquired volumes
were discarded.

For every control participant, seven EPI scans (i.e., one
RS scan and six RET scans) were obtained or were made
available (TR, =2000ms/TR,, =1500ms, FOV =220 x
121 x 220 mm/FOV ., = 224 x 72 x 193.5 mm, voxel — size =
3.44 x 3.44 x 3.29 mm/voxel — size, = 2.33 x 2.33 x 3 mm).
During the RS scan, control participants were instructed to



keep their eyes closed and do nothing. The RS scan had a
duration of 708 seconds, during which 350 volumes of each
37 slices were obtained. During retinotopy, the control par-
ticipants were instructed to pay attention to the stimulus
and maintain fixation. Each RET scan had a duration of
204 seconds (including a prescan period of twelve seconds),
during which 136 volumes of each 24 slices were obtained.
However, due to technical issues, some scans lasted for only
198 seconds. As a consequence, no BOLD responses to the
last two frames of the stimulus presentation (corresponding
to a blank period) were recorded. A correction for this has
been implemented in the pRF model.

The cohort of twelve control participants was initially
scanned with a different project in mind [14]. As a result,
the patient and the control subjects had received different
instructions during the acquisition of the RS scans. Even
though the scanner room was dimmed, the patient was
instructed to fixate yet allowed to keep her eyes open. How-
ever, no eye tracking was performed leaving some room for
fixation instability as a factor, and there was no control on
whether she had in fact kept her eyes open during the entire
RS scans. The participants that now serve as controls were
instructed to keep their eyes closed. It cannot be excluded
that these differences in instruction or their execution may
have influenced the CF estimates. To verify this, in four addi-
tional female control participants, three six-minute EPI RS
scans were collected during which participants were
instructed, in successive scans, to keep their eyes closed
(EC), fixated on a centered cross (FIX), or open (EO). The
scanning parameters for these scans were identical to those
used for the original control group. Furthermore, in this
group of controls, six RET scans were also collected following
the same scanning protocol and procedure as the other con-
trol participants in order to localize the visual areas.

For each participant, a TI1-weighted high-resolution
three-dimensional scan was obtained (TR =9.00ms, TE =
3.5ms, flipangle=_8°, acquisition matrix =251 x 251 x 170
mm, FOV =256x170x 232, voxel —size=1x1x1mm)
over a duration of 251 seconds, with a maximum number
of 170 slices. Additionally, a short T1-weighted anatomical
scan, with the same inplane resolution and orientation as
the RET scans, was acquired for registration purposes of
the retinotopy data.

2.14. Data Preprocessing. The TI1-weighted anatomical
scans were reoriented to AC-PC space and subsequently
automatically segmented into grey and white matter using
FreeSurfer (http://surfer.nmr.mgh.harvard.edu/), the results
of which were manually refined using ITK-SNAP 3.6.0
(http://www.itksnap.org). To obtain a cortical reconstruc-
tion of the patient’s brain, the intact hemisphere was cop-
ied and flipped along the x-axis to mimic a normal brain.
Furthermore, because the tissue contrast in the patient’s
anatomical scan was suboptimal, we used a white matter
(WM) mask created by FSL (https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki) FAST to decrease the intensity values for non-
WM tissue, which significantly improved the automated
cortical reconstruction done by FreeSurfer. All functional
data were then preprocessed and analyzed at the individ-
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ual level using FSL and the mrVista toolbox (https:/
github.com/vistalab/vistasoft) in MATLAB 2012b. RS data
were first corrected for motion using FSL MCFLIRT and then
denoised using ICA AROMA [15], a tool for head-motion-
related artefact identification and removal. Using mrVista,
RS data were interpolated to 1 mm structural data. The time
series of the two, six-minute, consecutively collected RS scans
of the patient were first normalized over time and then
concatenated. This created a time series that matched the
length of the RS time series of the controls.

RET data were preprocessed in mrVista. As the RET
scans included a prescan of 12 seconds, the first eight vol-
umes were removed from further analysis. Motion correction
was applied to every scan; head movements within and
between scans were calculated and corrected for (using
rigid-body motion compensation [16]). Scans containing
sudden head displacements larger than 1.5 voxels were
discarded from further analyses. Functional scans were then
averaged, interpolated to 1 mm structural data, and projected
onto a mesh representation of the cortical surface.

2.1.5. Population Receptive Field Mapping (pRF Mapping).
Population receptive fields (pRFs) were estimated using a
model-based analysis (i.e., population receptive field map-
ping), by fitting 2D Gaussian pRFs to the data, as described
in [17]. Parameters of interest were pRF eccentricity, polar
angle, and size, where a voxel’s pRF size reflects the size of
the region of visual space that the voxel responds to and polar
angle and eccentricity represent that voxel’s pRF center
location. The best-fitting models with a variance explained
of at least 10% were then projected on an inflated repre-
sentation of the visual cortex, on which early visual areas
(V1, V2, and V3) and late visual areas (V3A, hV4, LOI1,
and LO2) were delineated based on their retinotopic prop-
erties (i.e., polar angle and eccentricity) using standard cri-
teria [17-20]. More specifically, boundaries of the VFMs
were based on phase reversals (i.e., reversals in polar angle
value) and a maximum eccentricity of 10.2 degrees of
visual angle. Furthermore, from every voxel within each
RO, its estimated pRF eccentricity and size were extracted
for further analyses (see Section 2.1.8).

2.1.6. Connective Field Mapping (CF Mapping). Connective
fields (CF) measure interareal spatial integration (as reflected
by measures of corticocortical correlations) and were esti-
mated using a model-based analysis (i.e., connective field
mapping), as described by [8]. Parameters of interest derived
were CF size and eccentricity. CF size reflects the size of the
cortical surface area within a source region from which a
target region samples its information. CF eccentricity equals
the pRF eccentricity corresponding to the center of the
sampled cortical area. Hence, the smaller the radius of the
sampled area of the source region (i.e., the CF size), the
higher the sampling resolution from cortical space. Using
this CF-mapping approach, the functional connectivity pro-
files between the different VFEMs were charted.

Six “source > target” CF maps (representing either CF
eccentricity or size estimations) were computed with V1 as
the source ROI and V2, V3, V3A, hV4, LO1, and LO2 as
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the six target ROIs (tROIs). These CF maps were estimated
(separately) from both signals under visual stimulation and
spontaneous (resting-state) BOLD signals. For each partici-
pant, this resulted in one “active-state” CF (CF,g) map and
one “resting-state” CF (CFgg) map per tROIL From every
voxel within the tROIs, its estimated CF eccentricity and size
were extracted for further analysis.

Similarly, for the additional four control participants,
the CF field parameters were estimated per tROI and for
the three viewing conditions (i.e., eyes closed, fixated,
and open) separately. This resulted in three CF maps per
tROI: CFp, CFpx, and CFpe. Again, for each tROI, the
estimated CF eccentricity and size were extracted for
further analysis.

2.1.7. Bilateral pRF Mapping. In order to test whether each
cortical location processes information from a single region
of the visual field (as assumed with the conventional one
Gaussian pRF model mentioned above) or from two bilateral
regions of the visual field, two additional pRF models were
run. With these bilateral pRF models, the time series predic-
tions based on two, rather than one single, 2D Gaussians are
fitted to the data. The Gaussians were mirrored around either
the horizontal meridian (second fit in the ipsilateral hemi-
field) or the vertical meridian (second fit in the contralateral
hemifield). This allowed us to examine the additional value of
the second fit to the model prediction (see also [21]). Note
that due to the mirroring, the unilateral and both bilateral
models have the same number of parameters and can there-
fore be directly compared in terms of the explained variance
in the fMRI time series.

2.1.8. Data Analyses. The derived VEM parameter estimates
(i.e., CF size and eccentricity and pRF size and eccentricity)
were thresholded at a variance explained (VE) level of 20%.
Furthermore, we restricted our analyses to the VFM param-
eters corresponding to the stimulated region of the visual
field of the controls. Hence, CFs and pRFs with eccentricity
values larger than 10.2 degrees of visual angle were excluded
from further analysis. Regions of interest were grouped into
early (ie, VI, V2, and V3) and late (i.e, V3A, LO1, LO2,
and hV4) visual areas, and the CF and pRF parameter esti-
mates were aggregated accordingly. Subsequent analyses
were performed on the grouped areas, representing either
early or late visual areas.

To examine whether the VEM parameter estimates dif-
fered between the patient and the control participants, sev-
eral comparisons were performed. First, per area group,
participants’ CF and pRF sizes were plotted against the corre-
sponding eccentricity estimates to examine the relationship
between the two parameters. Per bin of 1 degree of CF,g,
CFgs, and pRF eccentricity, the corresponding median sizes
were calculated. Linear fits were computed for the median
size vs. eccentricity relationship. Furthermore, the 95% con-
fidence intervals (Cls) of the median were computed using
a bootstrapping procedure with 1000 iterations.

Second, as a summarizing descriptive, participants’
median CF and pRF eccentricities and sizes were computed
per area group. Difference scores for each of the parameter’s

median were calculated for each possible “patient minus con-
trol” comparison. Obtained difference scores were statisti-
cally tested for deviating from zero with a one-sample ¢-test
(p values of <0.0125 were considered significant after Bonfer-
roni correction).

Lastly, per area group, relative frequency distributions
were computed for all CF and pRF parameters, with bin sizes
of 0.5deg for CF eccentricity and pRF eccentricity/size or
0.5 mm for CF size. Obtained relative frequency distributions
of the controls were averaged, and the 95% ClIs of the mean
were computed. This allowed us to examine, in addition to
their medians, the distributions of the different VEM
parameters.

In case relevant differences in CFpgq parameters
between the patient and the controls were revealed by
any of the above comparisons, a similar comparison was
made between the CF estimates of the three viewing con-
ditions. In this way, we were able to assess whether the
apparent difference between patient and the controls could
be potentially attributed to the different viewing instruc-
tions they received. For that reason, of primary interest
were the comparisons of CFpy vs. CFp and CFpy vs.
CFpc. For each of these comparisons, only those voxels
were considered for which the models explained at least
20% of the variance in the time series of both viewing
conditions to ensure an evaluation of the same set of vox-
els. For the CFj, this resulted in two sets of voxels: one
for the comparison with CFy, (ie., CFyegp)) and one
for the comparison with CFgi (i.e., CFyoex)-

To examine the presence of ipsilateral visual field rep-
resentations in the right hemisphere, a comparison was
made between the two bilateral pRF models and the uni-
lateral pRF model by comparing their VE distributions.
Here, we limited ourselves to V1, since bilateral represen-
tations have been shown before for V1 [11-13] and since
late visual areas are already known to sometimes possess
large pRFs that overlap with the ipsilateral visual field
[16, 21]. Only those voxels were considered for which all
models explained at least 20% of the variance in the time
series, ensuring evaluation of the same set of voxels for
each model. The three models were compared in pairs,
with the VE distribution of the first model taken as the
test distribution, and the VE distribution of the second
model taken as the baseline distribution. By iteratively
changing the VE threshold (varying from 0.20 up to
0.99), the hit (HIT) rates (proportion of the test distribu-
tion passing the threshold) and false alarm (FA) rates
(proportion of the baseline distribution passing the thresh-
old) were computed. For each of the participants, and each
of the model comparisons, isosensitivity curves were created
by plotting the HIT rates against the FA rates. The area under
the curve (AUC) of each of the isosensitivity lines described
which model predicted the data best. AUC values above 0.5
indicated that the test model predicted the data better than
the baseline model and vice versa. An AUC value of 0.5 indi-
cated that the test and baseline model predicted the data
equally well. For each of the model comparisons, a 95% CI
was computed by bootstrapping the test and baseline distri-
bution 2000 times with replacement.
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TaBLE 1: Median eccentricity and size estimates for CF ,g and CFyg per area group, for the patient and averaged across controls. The medians’

1" and 3™ quartiles are presented between brackets.

CF g ecc CF g size CFgg ecc CFgg size PRF ecc PREF size

Early visual areas

Patient 4.73 (2.4-7.5) 3.27 (1.8-5.1) 3.96 (2.9-7.2) 4.69 (1.4-8.6) 3.63 (2.3-5.8) 0.61 (0.2-3.6)
Controls 4.28 (2.4-6.9) 2.04 (0.8-3.9) 4.04 (2.4-6.8) 1.02 (0.4-2.4) 3.89 (2.2-6.2) 2.26 (1.5-3.2)
Late visual areas

Patient 2.11 (1.6-4.1) 5.10 (1.6-8.0) 3.36 (2.2-4.0) 3.06 (1.0-9.2) 1.90 (0.9-4.2) 1.36 (0.2-5.0)
Controls 438 (2.5-6.7) 2.86 (1.0-7.3) 4.83 (2.8-8.0) 1.02 (0.4-2.2) 3.36 (1.7-6.1) 430 (2.7-6.5)
3. Results small CF ¢ (up to 2mm) in the patient, in early visual areas.

We evaluated the visual field map properties in a hemispher-
ectomy patient, using fMRI, to seek for the presence of func-
tional reorganization of her visual system. More specifically,
we evaluated CF properties both when at rest (resting-state
(RS)) (CFgg) and when visually stimulated (active-state
(AS)) (CF ). Median values of the CF g, CFyg, and pRF size
and eccentricity estimates are presented in Table 1, for the
patient and across the controls. These indicate that various
differences exist between the patient and the controls.

3.1. Connective Field (CF) Eccentricity and Size

3.1.1. Patient vs. Controls. Figure 2(a) shows the relation-
ship between eccentricity and size for CF,q for both area
groups. In the early visual areas, the patient shows an
increase in CF,q size with the eccentricity bin (f=3.09,
p=0.007, df =8), which is much larger (Af=14.52, F=
19.01, p<0.001) than that of controls in the controls
(B=-11.43, p=0.008, df =8). For the late visual areas,
we found larger median CF,q overall (mean A=2.00,
paired t-test: t=4.62, p=0.0013, df =9). Figure 2(b)
shows the relationship between eccentricity and size of
CFgs. For both area groups, the CFgg of the patient is
larger at all eccentricities (paired t-test; early visual areas:
mean A =3.41, t =9.145, p <0.001, df = 9; late visual areas:
mean A =3.20, t=3.73, p=0.0047, df =9).

Figure 3 compares, per area group, the difference in
median eccentricity (Figure 3(a)) and size (Figure 3(b))
for CF,g (purple) and CFyg (blue) between the patient
and the controls. This revealed various differences between
the patient and controls. Namely, we found a lower
median CF g eccentricity for the late visual areas (one-sam-
ple t-test: t=-7.10, p <0.001, df = 11) and a larger median
CF; for early visual areas (one-sample t-test: = 6.23, p <
0.001, df = 11). Furthermore, we found larger median CFgg
for both early and late visual areas (one-sample t-test: t =
38.9, p<0.001, and df =11 and t=16.0, p<0.001, and
df =11, respectively).

Figure 4 shows the associated relative frequency-
distributions for CF eccentricity (Figure 4(a)) and size
(Figure 4(b)) to illustrate the origin of the differences
described above. The distributions for CF,q eccentricity
indicate that the patient has a larger proportion of voxels
with low eccentricities (range 1-2deg) in late visual areas.
Furthermore, it shows a smaller proportion of voxels with

This is accompanied by a larger proportion of CF,g in the
range of 3-7mm. For CFgg, we found smaller proportions
of small CFrg (<2mm) for both area groups, which are
accompanied by larger proportions of large CFyq (>9 mm).

3.1.2. Eyes Closed vs. Fixated and Eyes Closed vs. Open. Our
primary finding revealed larger CFq in the patient compared
to the controls, in both early and late visual areas. To assess
whether these observations could potentially be attributed
to differences in viewing behavior, we compared the CF sizes
in three viewing conditions (eyes open (EO), eyes fixated
(FIX), and eyes closed (EC)) in four additional control par-
ticipants. Table 2 shows the median values of CFpq, CFp,
CFgcoy and CFyegy). The median CFg, and CFy are
slightly higher than CFpggo) and CFpcgx), respectively.
Pairwise comparisons of the CF size for the early visual
areas revealed no difference between CFp, and CFpgq,
(paired t-test; t=-0.95, df = 1142, p=0.34) but did reveal
a difference between CFpy and CFycpy, (paired t-test;
t=2.09, df =989, p=0.04). Furthermore, we found a dif-
ference between CFy, and CFycyoy (paired t-test; t=
4.16, df =647, p<0.001) and a difference between CFp
and CFygrxy (paired t-test; t=2.61, df =443, p=0.0095)
for the late visual areas. p values are uncorrected for spatial
autocorrelation and the upsampling that has been applied
to the data during the CF modelling.

Figure 5 shows the associated relative frequency distribu-
tions of CF sizes for each of the three viewing conditions.
This illustrates the origin of the differences in CF size
between viewing conditions as described above. In both area
groups, the distributions show a slightly larger proportion
of voxels with small CFs (2-4mm) for both the CF, and
CFpx compared to CFy.. In addition, the distribution of
the patient (solid black line) and the mean distribution
of the original group of controls (dashed black line) are
presented that allowed for a direct comparison of all CF
size distributions. From this, it can be noted that the ori-
gin of the CF size difference for CF, and CFpy is differ-
ent from that of the patient (i.e, she has a smaller
proportion of CF sizes in the 0-2mm range and a larger
proportion of CF sizes in the 9-10 mm range).

3.2. Population Receptive Field (pRF) Eccentricity and Size.
Figure 6 shows the relationship between pRF eccentricity
and size for both area groups. In the patient, in both early
and late visual areas, we found smaller pRFs at the low
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FIGURE 2: Relationship between eccentricity and size for CF ¢ (a) and CFyg (b). Data for both area groups of interest, grouped over controls
and for the patient (red). CF eccentricity was binned in intervals of 1 deg. Median CF eccentricities are plotted, for which quantile regression
fits were calculated (solid red line). Dashed lines represent the 95% bootstrapped confidence intervals for the fit of the median (1000
iterations).

CF eccentricity CF size
10 - 10 4
— * * * *
)
Q
T 5 T 51
Q .
: £ e
& X3 . N 15 H etee ==
k) : vee . g [ = A
= 0+ e b5y [ . - .
o et . . . =
> .. sou Sece &
. . ]
=) . 2 .
g 51 : 5 -5 :
Q
Q
25
-10 T T -10 T T
Early visual Late visual Early visual Late visual
Region of interest Region of interest
Active-state Active-state
Resting-state Resting-state
(a) (®)

Ficure 3: Difference distributions of the medians (patient — control,). (a) Differences in median CF eccentricity (deg) per area group. (b)
Differences in median CF size (in mm) per area group. Pink: CF ¢ data; blue: CFyq data; thick line: mean difference over all participants,
with the dark and lighter shaded areas representing one SD and the 95% confidence interval of the mean, respectively. Blue dashed line at
zero indicates no difference between the patient and control. An asterisk indicates a distribution deviating significantly from zero
(p <0.0125).
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across controls (n = 12); shaded areas: 95% CI; dashed lines: patient.

TaBLE 2: Median CF size estimates across subjects of the selected
voxels per viewing condition. Interquartile ranges are presented in
brackets.

Condition Early visual Late visual

CE 1.43 (0.61-2.65) 1.22 (0.61-2.65)
FIX (n=990) (n=444)

CF 0.82 (0.41-2.25) 0.82 (0.20-2.040)
EC(FIX) (n=990) (n =444)

CF 1.22 (0.61-2.45) 1.22 (0.82-2.65)
EO (n=1143) (n=648)

CF 1.02 (0.41-2.60) 0.61 (0.20-1.43)
EC(EO) (n=1143) (n=648)

eccentricities. At higher eccentricities, pRFs are within the
normal range. These observations are in line with the pre-
vious observations of deviating pRF parameters in this
patient [7].

Figure 7 compares the median eccentricity and size in
both area groups for the patient and control. In the patient,
for the late visual areas, we found a lower median pRF eccen-
tricity. In addition, we found a smaller median pRF size in the
early visual cortex and a substantially smaller median pRF
size in the late visual areas (all p < 0.01).

To enable a more detailed evaluation of the differences
between the patient and the control, Figure 8 shows the rela-
tive frequency distributions for pRF eccentricity (Figure 8(a))
and size (Figure 8(b)). The distributions for pRF eccentricity
indicate that the patient has a larger proportion of voxels
with low pRF eccentricities in the late visual areas (at
1 deg). Furthermore, it shows a larger proportion of voxels
with small pRF sizes (up to 1 deg) in the patient, in both early
and late visual areas. This is accompanied by a smaller pro-
portion of pRFs in the range of 1-3 deg.

3.3. Follow-Up Analyses. Previous literature on CFs for V1
established that the sampling from V1 does not vary as a
function of eccentricity [8, 22, 23]. To facilitate the interpre-
tation of the (thus unexpected) increase in CF size with eccen-
tricity in the early visual areas of the patient, we separately
examined the pRF sizes of the source (i.e., V1) and the target
regions of these CFs (i.e,, V2 and V3). For the patient, we
found a smaller median pRF size in V1 (p < 0.01), but not
in V2 and V3, compared to controls. A larger CF size (ie., a
higher interareal sampling resolution) in the early visual areas
of the patient may have given rise to this change in pRF size
(from smaller to normal) from V1 to V2 and V3 that was
observed at the lower eccentricities.

3.4. Single versus Bilateral pRF Model Comparison. We
evaluated a possible ipsilateral contribution to the patient’s
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cortical VEM by applying bilateral pRF modelling. In V1, the
three different models (one unilateral and two bilateral) were
evaluated using the isosensitivity curves. The isosensitivity
lines for the patient showed a similar course as those of the
controls, for the two single-versus-bilateral model compari-
sons (see Figures 9(al), 9(bl), and 9(cl1)). Specifically, they
lie below the bisection line (the blue dotted line), suggesting
that the single pRF model outperformed both the bilateral
models. Bootstrapping analyses of the AUCs showed that
the single pRF model performed better than the bilateral
models for the majority of the participants (see
Figures 9(a2), 9(b2), and 9(c2)), as indicated by the confi-
dence intervals that do not overlap with 0.5. Nevertheless,
for none of the participants, the AUC value was significantly
larger than 0.5. Thus, by Occam’s razor, the unilateral model
was adopted as it is the simplest (i.e., with the fewest param-
eters) and performs at least as well as the more complex
model (i.e., with more parameters). The isosensitivity lines
of the vertically versus the horizontally mirrored pRF model
lie around the bisection line, suggesting that one model did
not perform better than the other. This was confirmed by
the bootstrapping analyses that showed no AUC values sig-
nificantly deviating from 0.5.

4. Discussion

Our main finding of the evaluation of the VFM properties of
a hemispherectomy patient is that both the early and late
visual areas contained larger CFs; this is most evident when
in a resting-state condition. Additionally, we found smaller
pRFs at low eccentricity, primarily for the late visual areas.
Lastly, unlike what has been reported for cases with a con-
genital cause for an absence of a hemisphere, we found no
evidence that V1 processes information from two bilateral
regions of the visual field. This indicates a strictly contralat-

eral processing of visual spatial information, in line with
the patient’s perimetrically established homonymous
hemianopia.

4.1. Enlarged CFs in the Case of a Single Hemisphere. The
main advance of this study, compared to our previous report
[7], is that we were able to analyze the CF properties in the
patient, both for active- and resting-state acquired signals.
For the active-state condition, we found an increase in CF
size with eccentricity in the early visual areas of the patient.
In line with previous findings [7], this increase was absent
in the controls. The decreased slope in the patient’s later
visual areas, compared to her early visual areas, suggests that
the nonconstant sampling in these areas is largely inherited
from V2/V3. For the resting-state condition, we also found
larger CFs, this time in both area groups and over practically
the entire range of eccentricities.

To our knowledge, our study is the first to find abnor-
mally large CFs in a clinical case to date. Three other studies
have examined CF parameters in a clinical population with a
visual deficit. In patients with macular degeneration, Haak
et al. showed preserved corticocortical organization, when
visually stimulated, between input-deprived portions of V1
>V2/V3 [24]. In early blind and anophthalmia cases, Bock
et al. found an intact corticocortical organization between
V1 > V2/V3, even despite a complete absence of visual expe-
rience and retinal input [25]. Recently, Ahmadi et al. [26]
showed changes in corticocortical connections for V1 > V3
in albinotic participants. Hence, this raises the question
whether the abnormally large CF in our case is a sign of func-
tional reorganization. While the absence of one hemisphere
and half of the visual field might be a strong incentive for
reorganization to occur [11, 12], it may also change the pro-
cessing in the remaining hemisphere without reorganization
per se. Therefore, before interpreting the observed differences
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in terms of functional reorganization, we should be able to
rule out other possible causes [27].

Rather than the other two studies, ours presents the
CF estimates in the case of a single hemisphere in the
absence of the other one. What might explain the enlarged
CFs in our case? And how can the enlarged CFs be recon-
ciled with the observed pRF sizes, which were smaller than
normal in foveal regions and roughly normal in the visual
periphery? Indeed, it seems reasonable to expect that the
PREF size scales with the CF size because larger CFs cover
a larger cortical area and therefore cover a wider range of
visual field locations. For example, if a voxel in V3 sam-
ples from a large area of V1 (ie., it has a large CF), it
intrinsically represents a large area of visual field. How-
ever, unlike the stimulus-referred pRF, the neural-referred
CF captures both excitatory and suppressive responses
[8]. Receptive fields can be conceptualized as spatial tuning
curves with an excitatory center and a suppressive surround,
the latter of which is thought to consist of a classical surround
underpinned by lateral (intra-areal) connections and a wider
extraclassical surround linked to feedback connections from
higher order visual areas [8, 26-29]. The single Gaussian
pRF model used in the present work captures only the excit-
atory responses and therefore reflects the center of the spatial
tuning curve [27]. Since the pRF was not enlarged in the
patient, and given that the CFs model interareal connectivity,

we speculate that the enlarged CFs reflect a change in the
extraclassical suppressive surround underpinned by modula-
tory feedback connections from later visual areas. This
account suggests that the absence of the opposing cerebral
hemisphere perturbs the feedback connectivity between V1
and later visual areas, the function of which is normally
highly dependent on interhemispheric interactions (e.g., they
have large receptive fields that overlap with the vertical
meridian of the visual field). The account is also consistent
with the observation that the CF enlargement is most pro-
found in the absence of visual stimulation. When visually
stimulated, the brain’s activity is largely dominated by feed
forward processes [29]. This makes the neural-referred
receptive fields, estimated when visually active, less suscep-
tible to feedback perturbations. This is in contrast with
their estimations at rest and thus based on intrinsic brain
activity. Whether these perturbations are the result of
plastic reorganization or a consequence of unmasked
suppressive feedback signals that are normally masked by
interhemispheric signaling is an open question that
remains to be addressed in future work.

However, the larger CFs in the early visual areas may also
be a response to the smaller pRFs found in the early visual
areas. In this case, their increased size may compensate for
a lack of signal integration at this earlier level of processing
in the cortical hierarchy. Indeed, detailed inspection of the
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FIGURE 9: Isosensitivity and AUC plots for model comparison. (al, bl, c1) Isosensitivity lines for the different model comparisons. Control
participants are presented in colored solid lines and the patient in a dashed black line. Bisection line (AUC = 0.5) is plotted in dotted blue. (a2,
b2, c2) A bar graph of the AUC values per participant. Error bars represent the 95% CIL.

PRE sizes in the source (i.e., V1) and target regions (i.e., V2
and V3) of these CF estimations revealed smaller pRFs in
the patient, exclusive to V1. While one would expect that
these smaller V1 pRFs would be carried over to later visual
areas, this is not what we found. A possible explanation is
that the relatively large CFs of the patient for early visual
areas V2 and V3 compensate for the small pRFs in V1. In this
way, the pRF sizes of later stages of visual processing would
be normalized.

4.2. CF Differences during Resting-State Cannot Be Attributed
to Differences in Viewing Behavior. To investigate whether
the observed increase in CFyq size for the patient might be
explained by a difference in viewing behavior, we compared
the estimates from RS data acquired under three different
viewing conditions (EC, FIX, and EO). Of primary interest
were the comparisons of the eyes-open and eyes-fixated
(most closely resembling the patient’s condition) to the
eyes-closed (identical to the controls) condition. Differences
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between these conditions could affect the interpretation of
the enlarged CFpg as found in the patient.

For both the eyes-open and the eyes-fixated condition, we
found a slightly larger median CF compared to the eyes-
closed condition, in both area groups. Note that since uncor-
rected statistics have been reported, this difference found is
most likely an overestimation of the actual difference. Never-
theless, these differences were much smaller (i.e., ~0.5mm)
than the difference we observed when comparing the patient
to the controls (i.e., 3.20 mm). Furthermore, from the relative
frequency distribution of CF size, we can conclude that the
slight “viewing-condition-dependent” increase in CF size
originated from a larger proportion of 2-4 mm range CFs.
This is very different from the patient, who had primarily
smaller proportions of small range CFs (<2mm) and larger
proportions of large range CFs (>9mm), compared to
controls.

To conclude, the differences in CF observed between the
patient and the controls are much larger than can be
explained by differences in viewing behavior and also occur
in different parts of the CF size spectrum. Therefore, we
conclude that the enlarged CFs of the patient are genuine.

4.3. Enlarged and More Detailed Foveal Processing. Our pRF
modelling revealed a larger proportion of voxels with a low
PREF eccentricity (foveal—parafoveal) for the late visual areas.
Furthermore, we found larger proportions of small pRFs for
both the early and late visual areas. These smaller than nor-
mal pRFs were found at a low eccentricity and are hence
associated with a (para)foveal vision. These findings are in
line with, and complement, previous observations on this
patient of an enlarged foveal representation and smaller pRFs
in the lateral occipital cortex as compared to controls [7].
This difference in pRF cannot be attributed to poor fixation
as the patient was able fixate well. Furthermore, poor fixation
would have resulted in larger pRF estimates, whereas in the
patient, we found smaller pRF estimates.

Deviating pRF properties have been reported in a
number of studies in patients with homonymous hemiano-
pia. In another hemispherectomy patient, compared to
controls, larger pRFs and increased eccentricity for dorsal
V2 and V3 were found [30]. In a subset of hemianopic
patients, Papanikolaou et al. [31] found a slight increase in
pRE size in V1 of the intact hemisphere. This contrasts our
finding of smaller pRFs at lower and approximately
normal-sized pRFs at higher eccentricities in the early visual
areas. All studies reported that polar angle representations
remained unchanged [7, 29, 30].

Our pRF data implies that in the late visual areas, the
patient shows an enlarged foveal representation (as
reflected by the larger proportions of low pRF eccentrici-
ties), with a detailed processing of the visual field (as
reflected by smaller pRFs). Similarly, the patient’s early
visual areas also possess a more detailed processing of spa-
tial information (as reflected by the smaller pRFs). These
findings might be explained as a functional response to
the homonymous hemianopia (which was without macular
sparing). Patients with central vision loss—for example, due
to macular degeneration—often adopt an eccentric preferred
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retinal locus (PRL; see [31, 32]), which they use as a kind of
pseudofovea. We speculate that our patient might have
developed such a PRL as well and, in response to that, also
a more extended (para)foveal processing in certain brain
areas. Unfortunately, at present, we have no means to clin-
ically verify this interpretation.

Haak et al. [7] attributed the unusually small pRFs in the
patient’s late visual cortex to a lack of input from the opposite
cerebral hemisphere. At the same time, both Georgy et al.
[30] and Papanikolaou et al. [31] attributed the increase in
pRF size in the early visual cortex in their patients to a
loss of interhemispheric input as well. Hence, there is no
indication that the condition of hemianopia leads to con-
sistent deviations in either field map representations or
pRE properties. Differences in cause and onset of the
hemianopia may be factors that affect what type of change
will occur. At the same time, we should note that the
number of cases studied is still very small, which prevents
us from drawing firmer conclusions.

4.4. No Evidence for Representations of the Ipsilateral Visual
Field. We also examined whether the V1 in the remaining
hemisphere represented the ipsilateral visual field. Compari-
son of the three different pRF-mapping models showed no
better model fit for the bilateral pRF models compared to
the single pRF model, neither for the controls nor the patient.
This suggests that the V1 of the patient, like the controls,
primarily represented the contralateral visual field. This
finding is consistent with the patient’s perimetric results
(i.e., a homonymous hemianopia).

Despite being described as infrequent, cases of bilateral
visual field representations have been reported before in
the literature, with patients possessing bilateral visual field
representations despite having only one (intact) hemisphere
[12] or two underdeveloped hemispheres [33], suggesting
functional reorganization of the visual system. More recently,
another case of congenital unilateral loss of the cerebral
cortex (hemihydranencephaly) with a preserved visual field
was investigated [11]. In particular, using the same bilater-
ally pRE-modelling approach as presented here, they tested
for the presence of both ipsilateral and contralateral visual
field representations in this patient. Data revealed inter-
leaved representations of both the ipsilateral and the con-
tralateral visual hemifield located in the early visual cortex
of the intact hemisphere.

These studies show that in cases of major cortical damage
to the visual system, there is a potential for functional reorga-
nization that supports an improved perceptual performance.
Yet, no bilateral processing was found in our hemispherec-
tomy patient. It must be noted that most of the cases
described above concern congenitally hemiblind observers
whereas our case has an acquired cortical hemiblindness.
An explanation for this discrepancy could thus be that in
the congenitally unihemispheric patient, the abnormal func-
tional organization could be attributed to the fact that there is
an absence of the molecular gradient directing the growth of
white matter fibers that normally cross the corpus callosum.
Without this gradient and with no hemisphere to grow to,
white matter fibers remain in the ipsilateral hemisphere
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allowing for ipsilateral projections. In the case of a hemi-
spherectomy, however, such fibers have already been grown
and cut away during surgery. Additionally, molecular gradi-
ents are no longer present after the critical period (the pres-
ent case had her hemispherectomy at the age of three).

5. Conclusion

The case presented here provides signs of relatively subtle
functional reorganization. The patient’s visual system did
not recover from her acquired visual hemifield defect that
emerged after removal of the left hemisphere. On the other
hand, despite the initial major impact of the hemispheric
removal on her motoric and linguistic abilities, the girl par-
tially recovered her motor control and speaks bilingually.
These aspects do indicate that functional reorganization has
taken place after the surgery but not so obviously in the visual
domain. In line with this, evaluation of the patient’s visual
field maps indeed did not reveal any major remapping, in
that the remaining hemisphere does not contain representa-
tions of the ipsilateral visual field. Hence, we conclude that no
large-scale reorganization has taken place.

At the same time, the chronic visual field defect allowed
us to examine the effects of an interrupted processing of half
of the retinal output and deprivation of interhemispheric
inputs on the VFM map properties in the remaining
hemisphere. This led to the observation of abnormal VEM
properties in both the early and late visual areas. Specifically,
we found larger than normal CFs for the patient. These larger
CFs may be considered a form of subtle functional reorgani-
zation. The more detailed spatial processing and, in the late
visual areas, the additional enlarged foveal representation
found in the patient could be interpreted as a functional reor-
ganization as well. In particular, in the context of a possible
PRL, the brain might have adaptively reorganized itself in
response to the development of such eccentric fixation. How-
ever, the interpretation of these deviating properties should
be done with caution. Often other explanations are able to
account for the abnormal maps that do not require assuming
cortical reorganization. For example, abnormal visual maps
may be reflections of (partially) absent visual inputs [7].

To conclude, in the absence of large-scale functional
reorganization, we do find indications for relatively subtle
changes in VFM organization, which might facilitate adap-
tive processing and viewing strategies. This evaluation con-
tributes to the understanding of the consequences of
removing a hemisphere at an early developmental stage for
the functional organization of the visual system.
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Monocular deprivation (MD) during the critical period (CP) has enduring effects on visual acuity and the functioning of the visual
cortex (V1). This experience-dependent plasticity has become a model for studying the mechanisms, especially glutamatergic and
GABAergic receptors, that regulate amblyopia. Less is known, however, about treatment-induced changes to those receptors and if
those changes differentiate treatments that support the recovery of acuity versus persistent acuity deficits. Here, we use an animal
model to explore the effects of 3 visual treatments started during the CP (n = 24, 10 male and 14 female): binocular vision (BV) that
promotes good acuity versus reverse occlusion (RO) and binocular deprivation (BD) that causes persistent acuity deficits. We
measured the recovery of a collection of glutamatergic and GABAergic receptor subunits in the V1 and modeled recovery of
kinetics for NMDAR and GABAR. There was a complex pattern of protein changes that prompted us to develop an unbiased
data-driven approach for these high-dimensional data analyses to identify plasticity features and construct plasticity phenotypes.
Cluster analysis of the plasticity phenotypes suggests that BV supports adaptive plasticity while RO and BD promote a
maladaptive pattern. The RO plasticity phenotype appeared more similar to adults with a high expression of GluA2, and the BD
phenotypes were dominated by GABA a1, highlighting that multiple plasticity phenotypes can underlie persistent poor acuity.
After 2-4 days of BV, the plasticity phenotypes resembled normals, but only one feature, the GluN2A:GluA2 balance, returned to
normal levels. Perhaps, balancing Hebbian (GluN2A) and homeostatic (GluA2) mechanisms is necessary for the recovery of vision.

1. Introduction

Since the earliest demonstrations that monocular deprivation
(MD) during a critical period (CP) causes ocular dominance
plasticity and acuity loss [1-3], this model has been used to
deepen our understanding of the neural changes associated
with amblyopia. There have been fewer studies, however,
about cortical changes associated with the acuity deficits that
often persist after treatment for amblyopia [4-8]. Here, we
use an animal model to classify the expression patterns (phe-
notypes) of a collection of synaptic proteins that regulate
experience-dependent plasticity and explored if treatments
that promote good versus poor acuity reinstate CP-like plas-
ticity phenotypes in the visual cortex (V1).

Many animal studies have highlighted the roles of glu-
tamatergic and GABAergic mechanisms for regulating

plasticity during the CP [9-15]. For example, the subunit
composition of AMPA, NMDA, and GABA, receptors
regulates the bidirectional nature of ocular dominance plas-
ticity [16-21]. Some of the changes caused by MD include
delaying the maturational shift to more GluN2A-containing
NMDARs [22, 23] and accelerating the expression of
GABA ,al-containing GABA,Rs [20, 23]. Together, those
changes likely decrease signal efficacy and dysregulate the
spike-timing-dependent plasticity that drives long-term
depression (LTD) and weakens deprived-eye response
[24]. Furthermore, silencing activity engages homeostatic
mechanisms that scale the responsiveness of V1 neurons
by inserting GluA2-containing AMPAR into the synapse
[25]. Importantly, many of the receptor changes have been
linked with specific acuity deficits [26, 27] suggesting that
visual outcomes may reflect changes to a collection of
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glutamatergic and GABAergic receptor subunits that
together represent a plasticity phenotype for the V1.

Animal studies of amblyopia have also identified treat-
ments that promote good versus poor recovery of acuity
after MD. For example, reverse occlusion (RO) gives a com-
petitive advantage to the deprived eye that promotes an ocu-
lar dominance shift, but the acuity recovered by the deprived
eye is transient and can be lost within hours of introducing
binocular vision [6-8]. Similarly, closing both eyes after
MD to test a form of binocular deprivation therapy (BD)
leads to poor acuity in both eyes that does not recover even
after months of binocular vision [28]. In contrast, just open-
ing the deprived eye to give binocular vision (BV) after MD
appears to engage cooperative plasticity that promotes both
physiological recovery [29] and long-lasting visual recovery
in both eyes [27].

Here, we quantified the expression of glutamatergic and
GABAergic receptor subunits in the V1 of animals reared
with MD and then treated to promote either good visual
recovery (BV) or persistent bilateral amblyopia (RO, BD).
Next, we developed an unbiased high-dimensional analysis
approach to identify plasticity features in the pattern of
subunit expression and to construct plasticity phenotypes.
Finally, we used cluster analysis to classify plasticity pheno-
types associated with good versus poor acuity and analyzed
those to determine which features suggest the recovery of
adaptive versus maladaptive plasticity mechanisms.

2. Materials and Methods

2.1. Animals and Rearing Conditions. All experimental pro-
cedures were approved by the McMaster University Animal
Research Ethics Board. We quantified the expression of 7
glutamatergic and GABAergic synaptic proteins in the V1
of cats reared with MD from eye opening until 5 weeks of
age and then given one of the 3 treatments: RO for 18 d,
BD for 4 d, or BV for either short-term (ST-BV; 1 hr, 6 hrs)
or long-term (LT-BV;1d,2d, or 4 d) (n=7, 4 male and 3
female) (Figure 1). The lengths of RO and BD were selected
because they have well-documented and consistent visual
changes that result in poor acuity in both eyes [7, 8, 30].
The BV periods were selected to match the lengths used
previously to study rapid and dynamic changes caused by
MD in both cat and mouse V1 [27, 31, 32]. Also, the short-
and long-term BV groups were based on the data-driven
analysis of protein expression described in detail below
and that analysis placed the samples from ST-BV (1 hr or
6 hrs) versus LT-BV (1 d, 2 d, or 4 d) rearing conditions
into separate clusters. The raw data collected previously
[23] from animals reared with normal binocular vision until
2,3,4,5,6, 8,12, 16, or 32 wks of age (n = 9 animals, 2 male
and 7 female) or MD from eye opening (6-11 d) to 4, 5, 6, 9,
or 32 wks (n =8 animals, 4 male and 4 female) were used
for comparison.

MD was started at the time of eye opening by suturing
together the eyelid margins of one eye (5-0 Coated VICRYL
Ethicon P-3) using surgical procedures described previously
[8]. Sutures were inspected daily to ensure the eyelids
remained closed. At 5 weeks of age, the period of MD was
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stopped and either BV was started by carefully parting the
fused eyelid margins, RO was started by opening the closed
eye and closing the open eye, or BD was started by closing
the open eye. All of these surgical procedures were done
using gaseous anesthesia (isoflurane, 1.5-5%, in oxygen)
and aseptic surgical techniques.

At the end of the rearing condition, animals were
euthanized using sodium pentobarbital injection (165 mg/kg,
IV) and transcardially perfused with cold 0.1 M phosphate-
buffered saline (PBS) (4°C; 80-100 ml/min) until the circu-
lating fluid ran clear. The brain was removed from the
skull and placed in cold PBS. A number of tissue samples
(2 mm x 2 mm) were taken from the regions of the V1 repre-
senting the central (C), peripheral (P), and monocular (M)
visual fields (Figure 1(c)). Each tissue sample was placed in
a cold microcentrifuge tube, flash frozen on dry ice, and
stored in a -80°C freezer.

2.2. Synaptoneurosome Preparation. Synaptoneurosomes
were prepared according to a subcellular fractionation proto-
col [16, 33]. The tissue samples were suspended in 1 ml of
cold homogenization buffer (10 mM HEPES, 1 mM EDTA,
2 mM EGTA, 0.5 mM DTT, 10 mg/l leupeptin, 50 mg/l soy-
bean trypsin inhibitor, 100 nM microcystin, and 0.1 mM
PMSF) and homogenized in a glass-glass Dounce tissue
homogenizer (Kontes, Vineland, NJ, USA). Homogenized
tissue was passed through a 5 ym pore hydrophobic mesh
filter (Millipore, Billerica, MA), centrifuged at low-speed
(1,000xg) for 20 min, the supernatant was discarded, and
the pellet was resuspended in 1 ml of cold homogenization
buffer. The sample was centrifuged for 10 min (1,000xg),
the supernatant was discarded, and the pellet was resus-
pended in 100 ul boiling 1% sodium-dodecyl-sulfate (SDS).
Samples were heated for 10 min and then stored at -80°C.

Total protein concentrations were determined for each
sample and a set of protein standards using the bicinchoninic
acid (BCA) assay (Pierce, Rockford, IL, USA). A linear func-
tion was fit to the observed absorbance values of the protein
standards relative to their expected protein concentrations. If
the fit was less than R*=0.99, the assay was redone. The
slope and the offset of the linear function were used to deter-
mine the protein concentration of each sample, and then the
samples were diluted to 1 pg/ul with sample (M260 Next Gel
Sample loading buffer 4x, Amresco) and Laemmli buffer
(Cayman Chemical). A control sample was made by combin-
ing a small amount from each sample to create an average
sample that was run on every gel. Each sample was run twice
in the experiment.

2.3. Immunoblotting. Synaptoneurosome samples and a
protein ladder were separated on 4-20% SDS-PAGE gels
(Pierce, Rockford, IL) and transferred to polyvinylidene fluo-
ride (PVDF) membranes (Millipore, Billerica, MA). The
blots were blocked in PBS containing 0.05% Triton-x (Sigma,
St. Louis, MO) (PBS-T) and 5% skim milk (wt/vol) for 1
hour. Blots were then incubated overnight at 4°C with con-
stant agitation in one of the 7 primary antibodies (Table 1)
and washed with PBS-T (Sigma, St. Louis, MO)
(3 x 10 min).
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FI1GURE 1: Study design diagram. Timelines for the rearing conditions used in this study. (a) Normal visual experience and monocular
deprivation (MD), (b) treatment conditions (RO, BD, and BV) after MD to 5 wks. Filled bars indicate that an eye was closed. Black arrows
indicate the age of animals used in the study. A timeline for the critical period (CP) in cat visual cortex [34] highlights the peak of the CP
between 4 and 6 weeks of age. (c) Map of the sampling regions in the V1 representing the central (C, n = 2), peripheral (P, n=38), and
monocular (M, n =2) visual fields. (d) Representative bands from the Western blots for the 7 proteins quantified in the study and the

molecular weights (kDa).

The appropriate secondary antibody conjugated to
horseradish peroxidase (HRP) (1:2,000; Cedarlane Labora-
tories LTD, Hornby, ON) was applied to membranes for 1
hour at room temperature, then blots were washed in PBS
(3 x 10 min). Bands were visualized using enhanced chemi-
luminescence (Amersham, Pharmacia Biotech, Piscataway,
NJ) and exposed to autoradiographic film (X-Omat, Kodak,
Rochester, NY). After each exposure, blots were stripped
(Blot Restore Membrane Rejuvenation kit (Chemicon Inter-
national, Temecula, CA, USA)) and probed with the next
antibody so each blot was probed for all 7 antibodies
(Figure 1(d)).

2.4. Analysis of Protein Expression. The autoradiographic film
and an optical density wedge (Oriel Corporation, Baltimore,
MD) were scanned (16 bit, AGFA Arcus II, Agfa, Germany),
and the bands were identified based on molecular weight.
The bands were quantified using densitometry, and the
integrated grey level of the band was converted into optical
density units (OD) using custom software (MATLAB, The
MathWorks Inc., Natick, Massachusetts). The background
density between the lanes was subtracted from each band,
and the density of each sample was normalized relative to
the control sample run on each gel (sample band density/-
control band density).



4 Neural Plasticity

TaBLE 1: List of primary antibody concentrations.

Antibody Concentration Company Lot number Location RRID
Anti-GluN1 1:2,000 BD Biosciences Pharmingen 556308 San Diego, CA RRID: AB_396353
Anti-GluN2A 1:2,000 MilliporeSigma 24826 Burlington, MA RRID: AB_95169
Anti-GluN2B 1:2,000 MilliporeSigma 28629 Burlington, MA RRID: AB_2112925
Anti-GluA2 1:1,000 Thermo Fisher Waltham, MA RRID: AB_2533058
Anti-GABA jal 1:500 Santa Cruz Biotechnology L3102 Santa Cruz, CA

Anti-GABA , a3 1:2,000 MilliporeSigma Burlington, MA

Anti-Synapsin 1:2,000 Thermo Fisher Waltham, MA

TaBLE 2: The number of animals, cortical tissue pieces, and WB measurements for each condition and V1 region. Rows summarize the
number of runs from the central (C), peripheral (P), and monocular (M) regions of the V1 within a rearing condition. The columns list
each of the 7 proteins analyzed using Western blotting. Column sums detail the number of runs across rearing conditions and cortical
areas. The information for normal animals is in Table 2-1 and for MD animals is in Table 2-2.

Number of Western blot measurements after 2 replications

Condition Nun.1ber Region  Number of .
of animals cortical pieces GluN1 GluN2A GluN2B GABA,al GABA,a3 GluA2 Synapsin
C 2 4 4 4 4 4 4 4
Normal (5 wks) 1 P 8 16 16 16 15 16 16 16
M 2 4 4 4 4
C 3
MD (5 wks) 2 P 9 18 18 18 18 18 18 12
M 3 5 5
C 2 4 4 4 4 4 4
RO (18 d) 1 P 8 19 19 19 19 19 14 14
M 2 3 3 3 3 2
C 3 6 6 5 6 5 6
BD (4 d) 1 P 9 18 18 17 16 18 18 17
M 2 4 4 3 4 4 4
C 4 8 8 8 8 8
ST-BV (1 hr, 6 hr) 2 P 16 32 32 32 32 32 32 32
M 4 8 8 8 8 8 8 7
C 12 10 12 11 12 12 10
LT-BV (1d,2d,and 4 d) 3 P 24 43 40 43 43 42 43 40
M 6 12 12 12 12 12 12 12
Sum 222 217 219 218 220 216 198
The data were normalized relative to the average expres-  (heatmap2 function in gplots [37]), and the proteins were
sion of the 5 wk normal cases. Table 2 summarizes the num- ordered using the dendextend [38] and seriation [39] pack-

ber of tissue samples and replication of runs for the 5 wk  ages to place proteins with similar patterns of correlations
normal, 5 wk MD, and recovery conditions across the 3 ~ nearby in the dendrogram. Significant correlations were
regions of the V1 and 7 proteins that were studied. Descrip-  identified using the Bonferroni-corrected p values and indi-
tions of the expression for the individual proteins in each of ~ cated by asterisks on the cell in the correlation matrix.
the conditions can be found in [35]. Those univariate com-
parisons confirmed the complex nature of these data and 2.6. Principal Component Analysis. We used principal com-
led us to develop and implement the data analysis workflow ~ ponent analysis (PCA) to reduce the dimensionality of the
that is summarized in Figure 2. data, identify potential biological features, and create plastic-
ity phenotypes. We applied the PCA following the proce-
2.5. Protein Network Analysis. A network analysis of protein ~ dures we used previously [23, 40, 41] and included data
expression was done for each rearing condition by calculat- ~ from all of the normal animals and MDs as well as the 3
ing the pairwise Pearson’s R correlations among the 7 pro-  recovery conditions. We assembled the protein expression
teins using the rcorr function in the Hmisc package in R for GluA2, GluN1, GIuN2A, GIuN2B, GABA 4«1, GABA ,a3,
[36]. The networks were visualized as correlation matrices  and synapsin into an mxn matrix. The m columns
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FIGURE 2: Analysis workflow. The analysis workflow for data in the study. (a) Immunoblots were quantified using densitometry. (b)
Comparisons among rearing conditions were made [35]. (c) Pairwise correlations were calculated for the 7 proteins for each rearing
condition. (d) Next, a series of steps were done beginning with dimension reduction (PCA). (e) Feature selection. (f) Cluster visualization
based on the features (tSNE). (g) Correlation between features or the clusters and subclusters. (h) Construction and visualization of the

plasticity phenotypes for each subcluster.

represented the 7 proteins, and the n rows were the average
protein expression for each of the 12-14 samples from an ani-
mal. For a few of the rows, data was missing from a single cell,
and so those samples were omitted for a total of n = 279 rows
in the matrix and 1,953 observations.

The data were centered by subtracting the mean col-
umn vector and applying singular value decomposition
(SVD) to calculate the principal components (RStudio).
SVD represents the expression of all 7 proteins within a sin-
gle tissue sample as a vector in a high dimensional space, and
the PCA identifies variance captured by each dimension in
that “protein expression space.” The first 3 dimensions
accounted for 82% of the total variance and were used for
the next analyses.

We plotted the basis vectors for the first 3 dimensions
(Dim) and used the weight, quality (cos®), and directionality
of each protein, as well as known protein interactions, to help
identify potential biological features accounting for the
variance. We identified 9 potential features, calculated those
features for each sample, and correlated each feature with
Diml, Dim2, and Dim3 to create a correlation matrix (see
results). The p values for the correlations were Bonferroni
corrected, and significant correlations were used to identify
the features that would be part of the plasticity phenotype.

Eight of the features were significantly correlated with at
least one of the first 3 dimensions. A measure associated with
the E:I balance was not significantly correlated with the
dimensions, and so it was not included in the tSNE or cluster
analysis. The E:I measure, however, was used for analyzing
the composition of the clusters and as a component of

the plasticity phenotype because of the importance of the
E:I balance for experience-dependent plasticity.

2.7. tSNE Dimension Reduction and Cluster Analysis. The
average expression for the 8 features (Table 3) was com-
piled into an mxn matrix, with m columns (m =8) repre-
senting the significant features and n rows representing
each sample from the 3 V1 regions (central, peripheral,
and monocular) for 5 wk normal, 5 wk MD, RO, BD,
and BV animals (n = 109). t-distributed stochastic neighbor
embedding (tSNE) was used to reduce this matrix to 2-
dimensions (2D). tSNE was implemented in R [42], and the
tSNE output was sorted using k-means to assign each sample
to a cluster. To determine the optimal number of clusters (k),
we calculated the within-groups sum of squares for increas-
ing values of k, fit a single-exponential tau decay function
to those data, found the “elbow point” at 47 which was 6,
and used that as the optimal number of clusters. The clusters
were visualized by color-coding the dots in the tSNE plot, and
the composition of the clusters was analyzed.

To facilitate analysis of the tSNE clusters, we grouped the
BV cases into short-term BV (1 hr and 6 hr) (ST-BV) or
long-term BV (1 d, 2 d, and 4 d) (LT-BV), color-coded the
samples by rearing condition, and used different symbols
to indicate the V1 region. For each cluster, we annotated
the composition based on the rearing condition of the sam-
ples to create “subclusters” (e.g., LT-BV 1) that were used for
the next analyses.

We evaluated the similarity/dissimilarity among the sub-
clusters by calculating the pairwise correlations (Pearson’s R)
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TaBLE 3: Formulas and Pearson’s R correlation between the features and principal components. The formulas for PCA-identified features,
including protein sums (Figure 5) and receptor indices (Figure 6), along with corresponding correlation (R*) values for each of the first 3
principal components. The GluN1:GluA2 and GABA 4R sum:GlutR sum were not significantly correlated with any of these 3 components.

PCA-identified features Formula R? Diml R? Dim2 R? Dim3
All protein sum (GluA2 + GIuN1 + GluN2A + GluN2B + GABA y a1 + GABA a3 + synapsin) +7  0.983 0.134 0.039
GlutR sum (GluA2 + GluN1 + GluN2A + GluN2B) + 4 0.746 -0.160 0.573
GABA R sum (GABA a1 + GABA  a3) + 2 0.478 0.819 -0.047
GABA,R sum:GlutR (GlutR sum — GABA R sum) + (GlutR sum + GABA,, R sum) 0036 0064 0012
sum (EI index)

GABA ,al:GluN2A (GluN2A — GABA , a1) + (GluN2A + GABA , a1) 0.437 -0.743 -0.070
GluN2B:GluN2A (GluN2A - GluN2B) + (GluN2A + GIuN2B) 0.044 -0.421 0.338
GABA ,a1:GABA ,a3 (GABA, a1 — GABA , a3) + (GABA &l + GABA («3) -0.176 0.504 0.194
GluN2B:GluA2 (GluN2B - GluA2) + (GluN2B + GluA2) 0.058 0.209 -0.798
GluN2A:GluA2 (GluN2A - GluA2) + (GluN2A + GluA2) 0.113 -0.172 -0.643

between subclusters using the features identified by the PCA
as input to the R package rcorr. The correlations were visu-
alized in a matrix with the cells color-coded to indicate the
strength of the correlation [37]. The order of the subcluster
in the matrix was optimized using hierarchical clustering,
and a dendrogram was created based on the pattern of cor-
relations (using dendextend and seriation packages in R)
so that subclusters with strong correlations were nearby in
the dendrogram.

2.8. Visualization and Comparison of Plasticity Phenotype.
The features identified in the PCA were used to indicate the
plasticity phenotype for each of the subclusters. In addition
to the 8 significant features, the E:I measure was included
in the visualization of the plasticity phenotype. The features
were color-coded using grey scale for the 3 protein sum
features and a color gradient (red = -1, yellow = 0, and
green = +1) for the 6 protein indices. The plasticity pheno-
types were displayed as a stack of color-coded bars with
one bar for each feature. For the subclusters, the plasticity
phenotypes were ordered by the dendrogram to facilitate
comparison among subclusters that were similar versus
dissimilar. We also calculated the plasticity phenotypes
for the full complement of normally reared and MD animals
and displayed those in a developmental sequence to facil-
itate age-related comparisons with the recovery subclusters.
Finally, we did a bootstrap analysis to determine which fea-
tures of the plasticity phenotypes were different from 5 wk
normals and used Bonferroni correction to adjust the signif-
icance for the multiple comparisons. This analysis was dis-
played in 2 ways: first, each of the 9 feature bands for the
dendrogram-ordered subclusters was color-coded with white
if it was not different, red if it was greater, and blue if it was

NMDAR kinetics

less than 5 wk normals; second, boxplots were made to show
the value for each of the 9 features and to identify the sub-
clusters that were different from 5 wk normals.

A detailed description of the network analysis, PCA,
tSNE, clustering, and phenotype construction, along with
the example code for each of these steps, can be found in [43].

2.9. Modeling Population Receptor Decay Kinetics for NMDARs
and GABA ,Rs. The subunit composition of NMDARs and
GABA Rs determines the decay kinetics of the receptor
[44, 45], and so we used that information to build a model
for the decay kinetics of a population of receptors for each
of the rearing conditions. The decay kinetics of the most
common NMDAR composition, triheteromeric receptors
containing GluN2A and 2B, is 50 ms + 3 ms, while dihetero-
mers NMDARs containing only GluN2B are slower (2B =
333 ms + 17 ms) and those containing only GluN2A are fas-
ter (2A = 36 ms + 1 ms) [44]. The decay kinetics of GABA ,Rs
with both a1 and a3 subunits is 49 ms + 23 ms while receptors
with only the a3 subunit are slower (129.0 ms + 54.0 ms) and
only a1 are faster (42.2 ms + 20.5 ms) [45].

We used the relative amounts of GluN2A and 2B, or
GABA , a1 and a3, as inputs to the model. Receptors contain-
ing GIluN2A and 2B or GABA 4«1 and a3 are the most com-
mon in the cortex, so the model maximized the number of
these pairs which was limited by the subunit with less expres-
sion. The remaining proportion of the highly expressed sub-
unit was divided by 2 and used to model the number of pairs
for those receptors (2A:2A or 2B:2B; al:al or a3:a3) in the
population. The population decay kinetics were then mod-
eled by inserting the relative amounts of the subunits into
these formulas:

(([2A : 2B] x 50 ms) + ([2A] x 36 ms) + ([2B] x 333 ms))

>

([2A : 2B] + [2A] + 2B))

GABA R kinetics

(([al : @3] x 49 ms) + ([ol] x 42.2 ms) + ([a3] x 129 ms))

([eel = @3] + [a1] + [@3])
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For example, a sample where GIluN2A was 35% and 2B
was 65% of the total NMDAR subunit population and would
have population kinetics of 135 ms.

(([(0.65-0.35)/2] x 50 ms) + ([(0)/2] x 36 ms) + ([0.35/2] X 333 ms))

([(0.65—0.35)] +[(0)/2] + [0.35])

First, we plotted scattergrams of the average NMDAR
and GABA R decay kinetics for normal animals and each
treatment condition. The development of decay kinetics for
normal animals was described using an exponential decay
function, while changes in kinetics with increasing lengths of
BV were fit by either exponential decay or sigmoidal curves.
Then, we compared the relationship between NMDAR and
GABA ,R kinetics by plotting both on one graph.

2.10. Statistical Analyses. We used the bootstrap resampling
method to compare the features because it is a conservative
approach to analyzing small sample sizes when standard
parametric or nonparametric statistical tests are not appro-
priate. Here, bootstrapping was used to estimate the confi-
dence intervals (CI) for each feature in the subcluster, and a
Monte Carlo simulation was run to determine if the 5 wk
normal subcluster fell outside those CIs. The statistical soft-
ware package R was used to simulate normal distributions
with 1,000,000 points using the mean and standard deviation
from the subcluster. Next, a Monte Carlo simulation was
randomly sampled with replacement from the simulated
distribution n times, where n was the number of observa-
tions made from the normal subcluster. The resampling
procedure was repeated 100,000 times to determine the
95%, 99%, and 99.9% CIs. The subcluster feature was con-
sidered significantly different from normal (e.g., p <0.05,
p<0.01, or p<0.001) if the feature mean fell outside these
CIs. When a subcluster was significantly greater than normal
(p <0.05), the boxplot was colored red; when it was less
than normal (p < 0.05), the boxplot was colored blue; and
if it was not different from normal (p > 0.05), the boxplot
was colored grey.

All of the bootstrap statistical comparisons for the plas-
ticity features (Table 5-1 and 6-1) are presented in the
Supplemental material.

The p values for Pearson’s correlations were calculated
using the rcorr package [36], and the significance levels
were adjusted using the Bonferroni correction for multiple
comparisons. Pearson’s Rs and p values for the protein net-
works (Table 3-1), plasticity features with PCA dimensions
(Table 4-1), and association between clusters (Tables 8-1,
8-2) are included in the Supplemental material.

We tested if recovery during BV followed either an expo-
nential decay or a sigmoidal pattern by fitting curves to the
data using Kaleidagraph (Synergy Software, Reading, PA).
Significant curve fits were plotted on the graphs to describe
the trajectory of recovery.

=135ms. (2)

3. Results

3.1. Analyzing the Pairwise Similarity between Protein
Expression Profiles. First, we wanted to identify pairs of
proteins with similar or opposing expression profiles and
compare them among the rearing conditions. For each con-
dition, we collapsed the data from the 3 regions of the V1,
calculated the matrix of pairwise correlations between the 7
proteins, ordered the protein correlations using a hierarchical
dendrogram, and used 2D heatmaps to visualize the correla-
tions (Figure 3). The order of proteins in the dendrogram
indicated which ones had similar (e.g., on the same branch
of the dendrogram) or different patterns of expression, and
the color of the cell illustrated the strength of the correlation.
For 5 wk normal animals (Figure 3(a)), there were strong
positive correlations (red cells) among all proteins except
GluN2A, which was weakly correlated and not clustered with
the other proteins. A different pattern of correlations was
found after MD (Figure 3(b)); here, glutamatergic proteins
were weakly or even negatively correlated (blue cells) with
GABA a1, GABA a3, and synapsin. These results suggest
that MD drives a decoupling of these excitatory and inhibi-
tory mechanisms. RO also separated glutamatergic and
GABAergic proteins into different clusters at the first branch
(Figure 3(c)); however, the correlations were weaker, suggest-
ing that RO reduced the MD-driven decoupling of these
mechanisms. After BD, the correlation matrix had mostly
positive correlations (Figure 3(d)) except for synapsin which
was negatively correlated and not clustered with the other
proteins. BV treatment highlighted the dynamic nature of
this recovery (Figures 3(e)-3(i)). Just 1 hr of BV was enough
to change the correlation matrix from the MD pattern, but
even after 4 d of BV, the correlation matrix still appeared dif-
ferent from the normal 5 wk pattern of correlations.

These matrices suggest different patterns of correlations
depending on the condition, but this analysis treats each
comparison with the same weighting and it is likely that some
proteins contribute more than others to the variance in the
data. To assess this, we used the PCA to identify individual
proteins and combinations of proteins that capture the vari-
ance in the data and may represent plasticity features reflect-
ing differences among the treatment conditions.

3.2. Using Principal Component Analysis to Reduce
Dimensionality and Identify Plasticity Features. We used the
PCA to reduce the dimensionality, transform the data, and
find features that define the covariance among the proteins.
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FIGURE 3: Visualizing pairwise correlations between proteins. Correlation matrices are plotted showing the strength (saturation) and direction
(blue: negative; red: positive) of the pairwise Pearson’s R correlations between proteins for each condition: (a) 5 wk normal, (b) 5 wk MD, (c)
RO, (d) BD, and (e-i) BV. The order of proteins was determined using hierarchical clustering so proteins with stronger correlations were
nearby in the matrix. Significant correlations are denoted by an asterisk (*p <0.05, **p <0.01, and ***p <0.001). For the table of
Pearson’s R values and Bonferroni-corrected p values, see Supplemental Table 3-1.

An mxn matrix was made using protein expression, where
the m columns were the 7 proteins and the n rows (109) were
the tissue samples from all the animals and regions of the V1
used in this study. This matrix was analyzed using singular
value decomposition (SVD), and the first 3 dimensions
explained most of the variance (82%) in the data (Diml:
54%, Dim2: 18%, and Dim3: 10%) (Figure 4(a)).

To understand which proteins contributed to each
dimension, we addressed the quality of the representation
for each protein using the cos® metric and found that the
glutamatergic proteins were well represented by Diml,
GABA ,al by Dim2, and GluA2 and GIuN2B by Dim3, but
synapsin and GABA , a3 were weakly represented in the first
3 dimensions (Figures 4(b) and 4(c)). Next, we compared
the vectors for each protein (Figures 4(d) and 4(f)) and the
PCA space occupied by the rearing conditions (Figures 4(e)
and 4(g)). The protein vectors show that GluN1, GluN2A,
GluN2B, and GluA2 extended along Diml, GABA,al
along Dim2, and GluA2 and GluN2B were in different
directions along Dim3. The PCA space occupied by the
conditions suggest some differences: BD was separated on
Dim2 in the same direction as GABA ,«l, but the center
of gravity for the other conditions overlapped the space
occupied by normal samples.

The overlap among conditions raised the possibility that
higher dimensions may separate the conditions. To begin to
assess higher dimensional contributions, we examined the
basis vectors (Figure 4(h)) and the correlations between
individual proteins and PCA dimensions (Figure 4(i)) to
identify combinations of proteins that might reflect higher
dimension features. For example, all proteins had positive
amplitudes for the Diml basis vector (Figure 4(h)), and
positive correlations with Dim1 (Figure 4(i)) suggested that

protein sums may be higher dimensional features. In addi-
tion, weights for GIuN2A and GABA,«al on Dim2 were
opposite, suggesting that when one protein increased the
other decreased, and this could be a novel feature of these
data. Continuing with this approach, we identified 9 puta-
tive plasticity features: protein sums (all protein sum, GlutR
sum, and GABA R sum) or indices (GlutR:GABA R, Glu-
N2A:GluN2B, GABA ,«al:GABA, a3, GIuN2A:GABA ,«l,
GluA2:GluN2B, and GluN2A:GluA2). All of the protein
sums and 4 of the indices were features not analyzed with
the univariate statistics; however, each had a strong biological
basis in previous research. For example, the new indices
paired the mature GluN2A with the mature GABA ,al or
GluA2 subunit and GIuN2B with GluA2 which is known to
regulate the development of AMPARs [46]. Finally, we calcu-
lated the 9 features and determined if at least one of the first 3
dimensions was correlated with the features (Figure 4(j)).
Only the GlutR:GABA R balance was not correlated with
any of the first 3 dimensions, but because those mechanisms
are related to the E:I balance [47], we included that measure
in the next analysis.

3.3. Comparing Plasticity Features. We plotted the plasticity
features and saw that the GlutR and GABA,R sums and
indices identified various differences among the treatment
conditions (Figures 5 and 6). There were, however, consistent
changes after BV in the binocular regions with a loss of the
total amount of GABA 4R expression (44% + 12) and a shift
of the GlutR:GABA ,R balance to favor GlutR (Figure 5(d)).
The remaining indices in the feature list also identified differ-
ences (Figure 6) including the GABA ,a1:GluN2A balance
shifting to more GluN2A after BV (in binocular regions)
but more GABA a1 after BD. RO flipped the 2A:2B balance
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FiGURk 4: Identifying plasticity features using the principal component analysis. (a) .The percentage of variance captured by each principal
component by singular value decomposition (SVD) applied using all of the protein expression data. The first 3 principal components
capture 54%, 18%, and 10% of the variance, respectively, totalling >80% and thus representing the significant dimensions. (b). The quality
of the representation, cos® for the proteins is plotted for each dimension (small/white: low cos® large/blue: high cos?). (c). The sum of
cos” values for the first 3 dimensions for each protein. (d, e). Biplots of PCA dimensions 1 and & 2 and (f, g). 1 and & 3. These plots
show the vector for each protein (d, f) and the data (small dots) plus the average (large dots) for each condition with the best-fitting
ellipse (e, g). (h). The basis vectors for dimensions 1-3 showing the amplitude of each protein in the vector. (i). The strength (circle size)
and direction (blue-positive, red-negative) of the correlation (R?) between each protein and the PCA dimensions. (j). Correlation between
the plasticity features (columns) identified using the basis vectors (see Results) and then PCA dimensions 1-3. Filled cells are significant,
Bonferroni- corrected correlations (green = positive, red = negative). For the table of Pearson’s R values and significant p- values for these

associations, see Supplemental Table 4-1.

to favor more GluN2A as did BD in the central region. In
contrast, BV shifted the 2A:2B balance towards normal CP
levels in all of the V1. The GABA , al:GABA ,a3 balance
shifted towards the normal level after BV but strongly in
favor of GABA a3 after BD. The GluN2B:GluA2 balance
shifted to substantially more GluA2 after RO while the Glu-
N2A:GluA2 index shifted to more GluA2 outside the central
region after RO and BD. Together, these features provide evi-
dence of glutamatergic versus GABAergic differences among
the treatment conditions.

3.4. Using tSNE to Transform and Visualize Clustering in the
Pattern of Plasticity Features. We used tSNE to transform the
plasticity features and visualize them in 2D (Figure 7(a)),
then k-means and the “elbow method” (Supplemental
Figure 7-1) to identify the number of clusters. For these
analyses, the BV samples were grouped into ST-BV (1-6 hrs)
and LT-BV (1-4 d) groups, and the plasticity features were
calculated for all samples from the 3 V1 regions.

Six clusters were visualized with tSNE (Figure 7), and the
composition of the clusters was analyzed to determine the V1
regions and rearing conditions in each cluster. Cluster 1
was the largest with 39 samples (C=26%; P =54%; and
M =21%) and had the greatest number of samples from
the central region (Figures 7(b) and 7(d)). Cluster 3 also
had samples from the central, peripheral, and monocular
regions while clusters 4, 5, and 6 were dominated by
peripheral samples with few or no central region samples.
Thus, there was some clustering by the V1 region, but
more apparent clustering emerged when the samples were
color-coded by rearing condition (Figures 7(c) and 7(d)).
All but one of the normal samples were in cluster 1, all
of the RO samples were in cluster 2, most of the BD sam-
ples were in cluster 3 with a few in cluster 6, and most of
the MD samples were in clusters 1 or 3. The BV samples,
however, were found in 5 of the clusters with the greatest
number of BV central samples (83%) grouped with nor-
mals in cluster 1.
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F1GURE 5: Expression of plasticity features for protein sums identified using the principal component analysis. Histograms and scatterplots
showing the protein sums and a new protein sum index (GABAR sum:GlutR sum, rows) that were identified using the PCA basis vectors
(Figure 4(j)) and plotted for each region of the V1 (columns). For exact p values, Pearson’s R, and equations for the curve-fits, see

Supplemental Table 5-1.

Further analysis of cluster 1 showed that the majority of
LT-BV and ST-BV samples from the central region clustered
with the normals (Figure 7(d)). Interestingly, some of the
MD samples were also in cluster 1; however, those samples
were from the peripheral and monocular regions which are
known to be less affected by MD than the central region
[48]. Together, these results show that the data are clustered
and that the clustering was driven by both the rearing condi-
tion and the region of the V1.

3.5. Correlating Plasticity Features among Subclusters. We
annotated the samples in each cluster using the rearing con-
dition and V1 region and used that information to identify 13
subclusters where at least one region per condition had n >2
and >20% of the samples in that cluster (Figure 7(d), black
font). A correlation matrix was calculated (Figure 8) to assess
the similarity between subclusters (see Supplemental Table 8-
1 for R values and 8-2 for Bonferroni-adjusted p values),
and the order of the subclusters in the correlation matrix
was optimized by hierarchical clustering so subclusters with
similar patterns of features were nearby in the dendrogram.

Bonferroni-adjusted p value was used to determine the
significant correlations (0.05/78 =0.0006) (Figure 8). This
analysis showed that 3 of the 4 LT-BV subclusters (LT-BV
1: R=0.98; LT-BV 5: R=0.98; and LT-BV 4: R=10.96) and
the MD 1, subcluster (R=0.98) were strongly correlated
with normals. The other MD subcluster with central samples
(MD 3;) was on a separate branch of the dendrogram and
was strongly correlated with the 3 ST-BV subclusters (ST-
BV 1: R=0.98; ST-BV 3: R=0.99; and ST-BV 5: R=0.98).
The ST-BV subclusters were also correlated with normals
(ST-BV 1: R=0.96; ST-BV 3: R=0.94; and ST-BV 5: R=
0.97), LT-BV 1 (ST-BV 1: R=0.98; ST-BV 3: R=0.94; and
ST-BV 5: R=0.98), and MD1 (ST-BV 1: R=0.98; ST-BV 3:
R=0.94; and ST-BV 5: R=10.99) but weaker correlations
with LT-BV 4 (ST-BV 1: R=0.94; ST-BV 5: R=0.95)
and no significant correlations with LT-BV 5. RO was
correlated with normal (R=0.96) but only one of the LT-
BV subclusters (LT-BV 5: R=0.96) and none of the ST-BV
subclusters. The two BD subclusters were correlated (R =
0.94) but none of the other correlations were significant.
The pattern of strong correlations in this matrix and the
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FIGURE 6: Expression of plasticity feature for indices identified using the principal component analysis. Histograms and scatterplots showing
the plasticity features (rows) that were identified using the PCA basis vectors (Figure 4(j)) and plotted for each region of the V1 (columns).
The conventions are the same as in Figure 5. For exact p values, Pearson’s R, and equations for the curve-fits, see Supplemental Table 6-1.

resulting dendrogram suggested that the subclusters might
form 4 groups that have similar plasticity features (1:
normal, LT-BV, MDy, . s 2: RO; 3: ST-BV, MD; and 4: BD).

3.6. Constructing Plasticity Phenotypes and Comparing
among the Subclusters. To compare the pattern of plasticity
features among the subclusters, we visualized the average
for each feature as a color-coded horizontal band, stacked
the bands to illustrate the pattern that we called the plas-
ticity phenotype (Figure 9(a)), and ordered the pheno-
types using the same dendrogram as the correlation matrix
(Figure 9(b)). In addition, we visualized the plasticity pheno-
types for normal development and MD (using the data from
[23]) to compare the treatment subclusters with a broad
range of ages that had developed with either normal or
abnormal visual experience (Figures 9(c) and 9(d)).
Inspection of the plasticity phenotypes identified some
obvious and other subtler differences among the subclus-
ters (Figure 9(b)). Indeed, the pattern of red and green
bands in the BD phenotypes was different from 5 wk nor-

mals (Figure 9) and showed the shift to more GABA ,«al
and less GluN2A. For the RO subcluster, the light grey
bands and number of green bands identified loss of protein
expression and a shift to more GluN2A than 2B and more
GluA2 than 5 wk normals. The RO pattern, however,
appeared similar to an older (e.g., 12 wk) normally reared
animal suggesting that RO may accelerate maturation of
these proteins. Thus, these BD and RO treatments led to
distinct plasticity phenotypes.

The pattern of red and green bands in the plasticity
phenotype for LT-BV and some of the ST-BV subclusters
(ST-BV1, ST-BV5) appeared similar to the 5 wk normals
(Figure 9(b)), but many of the features were still significantly
different from the age-matched normals (Figure 10(a),
Supplemental Table 10-1). Nonetheless, these subclusters
had some consistent differences with less GABA,Rs and
more GluN2B than 5 wk normals. Interestingly, one of the
novel features found by the PCA, the GluN2A:GluA2
balance, was the only measure where all of the LT-BV
subclusters were not different from 5 wk normals, but both
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F1GUre 7: Clustering of samples with similar plasticity features identified using t-distributed stochastic neighbor embedding (tSNE) and
k-means clustering. (a) Using tSNE to visualize clustering of samples (109 tissue samples from animals reared to 5 wk normal, 5 wk MD, RO,
BD, and BV) calculated from k-means analysis of the 8 plasticity features identified by PCA. The optimal number of clusters (k = 6) was
identified by measuring the within groups sum of squares at intervals between 2 and 9 clusters (Figure 7-1). (b) The content of each
cluster was visualized for the region (central, peripheral, and monocular) (c) or treatment condition. (d) The table summarizes the
percentage of samples for each region and condition in clusters 1-6. For example, 100% of the samples from the central region of the V1
in normal animals were in cluster 1 while 100% of the samples from all regions of RO were in cluster 2. This information was used to
annotate subclusters based on the cluster membership (1-6), rearing condition, and region of the V1.

RO and BD were different. Thus, this visualization of the
plasticity phenotypes illustrated that the pattern promoted
by BV, and LT-BV in particular, was most similar to the
normal CP phenotype.

3.7. Modeling NMDAR and GABA,R Population Kinetics.
The subunit composition of NMDARs and GABA Rs helps
to regulate the threshold for experience-dependent plasticity,
in part by controlling receptor kinetics [44, 45]. We used the
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information about receptor kinetics with different subunit
compositions to make a model that predicts the average pop-
ulation kinetics and applied it to normal development and
the rearing conditions studied here. First, we transformed
the 2A:2B and al:a3 balances into predicted population
kinetics (see Methods) and plotted the normal postnatal
development (Figures 11(a) and 11(b)). Both the NMDA
and GABA , kinetics rapidly speed up between 2 and 6 weeks
of age. Next, we compared the predicted kinetics among the
rearing conditions (Figures 11(c) and 11(d)). The pattern of
results is necessarily similar to the balances presented for
the indices (Figure 6); however, the predicted kinetics sug-
gests a compression of differences between conditions when
the balances favor the mature subunits (2A or «1) versus an
accentuation of differences with much slower kinetics when
the immature subunits (2B or «3) dominated.

To address how treatment-induced changes to NMDAR
and GABA,R composition might affect the relationship
between glutamatergic and GABAergic transmission timing,
we made XY scatterplots using the predicted kinetics
(Figure 11(e)). During normal development (black line),

LT BV 5,

Neural Plasticity
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RO 2¢py
ST BV 3y
MD 3,
STBV 5,
ST BV 1oy,
LT BV 6,
BD 3CPM
BD6,

both balances progressed from slow kinetics at 2 wks to faster
kinetics through the peak of the CP (Figure 11(e), yellow
zone; 4-6 wks) to reach adult levels. The NMDAR:GABA R
kinetics for MD, RO, and BD fell outside the window pre-
dicted for the normal CP but in different directions. MD
had slower NMDAR (C: 135ms + 16 ms; P: 121 ms + 12 ms;
and M: 146 ms + 27 ms) but faster GABA,R kinetics (C:
47ms+0.3ms; P: 48ms+ 1ms; and M: 51 ms+4ms),
RO had faster NMDAR (C: 46 ms +0.8 ms; P: 46 ms +
0.4ms; and M: 46 ms + 0.2 ms) but normal CP range for
GABA R (C:54 ms + 6 ms; P:51 ms + 2ms; and M: 48 ms +
0.2ms), and BD had faster GABA,R (C: 46 ms + 0.9 ms;
P: 44ms+0.2ms; and M:45ms+0.2ms) but normal
CP range NMDAR Kkinetics in the central region only (C:
61ms+ 12ms; P: 130ms + 12 ms; and M: 155ms + 27 ms).

The introduction of BV caused a progressive change in
the predicted NMDAR:GABA 4R kinetics suggesting an ini-
tial speeding up of the NMDAR Kkinetics over the first 1 d
to 2 d followed by a slowing of the GABA ,R kinetics, espe-
cially in the central region. Taken together, the predicted
NMDAR:GABA R kinetics provided additional evidence
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FIGURE 9: Visualizing the plasticity features and phenotypes for each subclusters. (a) We visualized the plasticity features as a stack of color-
coded horizontal bars that together comprise the plasticity phenotype. The 3 grey scale bars represent the protein sums, and the 6 red-green
color-coded bars represent the protein indices identified by the PCA. (b) The plasticity phenotypes were calculated for each subcluster and
ordered using the same dendrogram as described in Figure 8. (c) For comparison, the plasticity phenotypes were calculated using
previously published data [23] for normal development (2 - 32 wks) (d) and animals MDed from eye open until either 4, 5, 6, 9, or 32 wks.

that BV shifts protein expression towards a normal CP bal-
ance, but none of the treatments reinstated normal kinetics.

4. Discussion

Here, we studied a set of glutamatergic and GABAergic
receptor subunits in the V1 that regulate plasticity and

explored classifying treatments that cause either persistent
bilateral amblyopia (RO or BD) or good acuity in both eyes
(BV). Not surprisingly, there was a complex pattern of
changes that varied by treatment and region within the V1.
Applying a new analysis approach, however, using the PCA
and cluster analysis, identified higher dimensional features
and subclusters with different plasticity phenotypes for
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FiGurek 10: Significant plasticity features. (a) We used bootstrap analysis to identify plasticity features that were significantly different from 5
wk normal animals and color-coded the horizontal bars red if the feature was >normal and blue if it was <normal (p < 0.05). (b-j) The
boxplots show the average protein sum (b-d) and an average index value (e-j) for each of the subclusters. Boxes were colored red if
significantly greater than 5 wk normals, blue if significantly less than 5 wk normals, and grey if not significantly different from 5 wk
normals. For exact Bonferroni-corrected p values, see Supplemental Table 10-1.

treatments that promote good versus poor recovery of acuity.
The LT-BV plasticity phenotypes were closest to the normal
CP pattern while the RO phenotype appeared more similar to
an older pattern dominated by GluA2. In contrast, the BD
phenotypes were dominated by GABA , a1 making it distinct
from RO and illustrating that multiple plasticity phenotypes
can underlie persistent bilateral amblyopia. The PCA identi-
fied an understudied feature, the balance between mature
glutamate receptor subunits (GIuN2A:GluA2 balance), as a
marker that might differentiate treatments supporting good
acuity (BV), from those that lead to persistent bilateral
amblyopia (RO, BD). Finally, modeling kinetics for NMDAR
and GABA,R provided additional evidence that BV can
return CP-like balances, especially in the central region of
the V1.

4.1. Study Limitations and Design. The exploratory nature of
the design used here was limited because the small number of
animals used leaves unanswered how much variation there is
in response to the treatments. The visual manipulations
(MD, RO, BD, and BV), however, are known to cause consis-
tent changes in visual perception [7, 8, 49-52], physiology [7,
29, 31, 53], and molecular mechanisms [23, 27, 54-59] that
have been reliably measured in a number of laboratories
using the cat to study visual system plasticity. Thus, these
treatment-induced changes provide an understanding about
the pattern of recovery that will be useful for formulating
new hypotheses about the links between these proteins and
persistent amblyopia.

The study design had some strengths including that (i)
the animal model has excellent spatial vision, with a central
visual field, so we could compare changes in the regions of
the V1 that represent different parts of the visual field [27],
(ii) the treatments were initiated and completed within the
CP [34], (iii) there is detailed information about the recovery
of physiology for RO and BV [7, 29, 32, 53] and acuity for all
3 treatments [7, 8, 27, 29, 30], (iv) both RO and BD cause

persistent bilateral amblyopia [8, 30], and (v) the treatments
engage different forms of experience-dependent plasticity
(RO: competitive; BD: cooperative with degraded visual
input; and BV: cooperative with normal visual input).

We observed that only one feature (GluN2A:GluA2
balance) returned to normal after LT-BV treatment rais-
ing the hypothesis that it is necessary for good recovery.
We were not able to test that question because the
molecular tools are not available for manipulating pro-
teins in the cat cortex so it will be important to replicate
that finding in the mouse and then test the question by
directly manipulating those proteins. In addition, a large
number of other treatments have been tested to improve
recovery after MD, including a brief period of dark-
rearing [30, 60], fluoxetine administration [61], perceptual
learning [27, 62], or targeting specific molecular mecha-
nisms (e.g., perineuronal nets [63]). Undoubtedly, the tim-
ing, length, and type of treatment influence recovery, but
the conditions used here were necessarily limited because of
the labor-intensive nature of this study. Notwithstanding
these limitations, the plasticity phenotypes identified RO
and BD as different from each other and from normals, but
the LT-BV subclusters were remarkably similar to the 5 wk
normal pattern.

Finally, the design took advantage of the reliability
and multiplexing capabilities of Western blotting to obtain
a large dataset of plasticity proteins from multiple V1 regions
and rearing conditions. Western blotting, however, does not
provide information about the cell types, layers, cortical col-
umns, or subcellular localization of these proteins that would
reveal which circuits are involved in recovery or persistent
amblyopia. Even without that information, the application
of high dimensional analyses led to the characterization of
features and treatment-based clusters with unique plasticity
phenotypes. The phenotyping approach developed here is
scalable for studying more proteins or genes, cortical areas,
and treatment conditions. Taken together, we think that
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this approach can be used in other animal models where
molecular tools can be combined with visual testing to
identify the features and phenotypes necessary for optimal
visual recovery.

4.2. BV Promoted Recovery of CP-Like Plasticity Phenotype and
Identified GluA2:GIluN2A as a Balance That Differentiated
BV Treatment. We explored BV treatment because it pro-

motes long-lasting recovery of good acuity in both eyes
[27], and those findings are similar to promising results of
binocular therapies for treating amblyopia in children [64].
Furthermore, there is good physiological recovery with BV
[29, 32]. Thus, it was not surprising to find that LT-BV sub-
clusters had the strongest correlations with normals or that
those subclusters had CP-like phenotypes. However, only
one of the features, the GluA2:GluN2A balance, returned
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to normal levels. Those findings suggest that it may not be
necessary to recapitulate every detail of the normal pheno-
type to support good visual recovery and that the GluA2:-
GluN2A balance may be a characteristic feature for
tracking functional recovery. Although that balance is not
commonly quantified, both proteins are critical compo-
nents of mechanisms regulating experience-dependent
plasticity, and that balance might signify the adaptive
engagement of multiple plasticity mechanisms. For exam-
ple, the delayed increase in visual responses during ocular
dominance plasticity is part of a homeostatic plasticity
mechanism regulated by trafficking GluA2-containing
AMPARs into the synapse [65, 66]. Meanwhile, the initia-
tion of ocular dominance plasticity requires GluN2A
expression [22], and when GIluN2A is deleted or reduced,
MD does not depress deprived eye responses but instead
causes enhancement of activity driven by the open eye [21].
Our finding that LT-BV returned a CP-like GluA2:GluN2A
balance suggests that BV may prime GluN2A-dependent
Hebbian plasticity to consolidate deprived-eye connections
while GluA2-dependent homeostatic plasticity enhances
deprived-eye responsiveness without triggering runaway
excitation [67-71]. Thus, the GluA2:GluN2A balance may
reflect the idea that during BV treatment the nondeprived
eye acts as a teacher guiding both cooperative and competi-
tive plasticity mechanisms [29].

4.3. RO versus BD Plasticity Phenotypes. Because RO and BD
treatments cause persistent bilateral amblyopia [7, 8, 30], we
expected these conditions to have abnormal phenotypes. We
were surprised, however, to find very different phenotypes
for these conditions, showing that more than one plasticity
phenotype can account for persistent acuity deficits.

RO samples were in a single cluster dominated by
an overabundance of GluA2 and more GluN2A than 2B.
Together, those changes made the RO phenotype appear
more similar to an adult than the CP pattern. The increase
in GluA2 was in sharp contrast to the loss after BV treatment
and suggests that RO may scale up AMPAR-dependent
homeostatic mechanisms to drive recovery [25] without
engaging NMDAR-dependent mechanisms to consolidate
those changes [72]. Since AMPAR-mediated homeostasis
promotes rapid but transient gains in responsiveness
[25, 65, 73-76], this might explain the labile acuity recov-
ered with RO [7, 8]. Interestingly, the overrepresentation of
GluA2 promoted by RO implicates the dense expression of
GluA2-containing synapses at feedback connections onto
parvalbumin-positive (PV+) neurons [77]. The feedforward
connections onto PV+ neurons may also be involved in RO
circuit abnormalities because the labile acuity and early shift
to GluN2A after RO are similar to changes found in MeCP2
KOs where an abnormally early shift to GluN2A at synapses
onto PV+ neurons that halts acuity development [78, 79].
Taken together, these findings provide preliminary evidence
that RO may leave behind feedforward (GluN2A subunits)
and feedback abnormalities (GluA2) in PV+ neuron circuits
in the V1.

Although various models of neural plasticity predict that
decreasing firing rates will enhance plasticity, that idea has
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not translated to using BD treatment to improve recovery
from MD [30]. BD for weeks or months during the CP
has a range of effects on the V1 including enhancing the
appearance of cytochrome oxidase blobs [80], weakening
stimulus-evoked activity of PV+ neurons [81], and delaying
the developmental increase in the GAD65 expression [82].
Here, we found that a few days of BD treatment caused an
abnormal increase in the expression of GABA a1 through-
out the V1 and a shift to more GluN2A in the central region.
GABA a1 receptors are found on pyramidal cell bodies
where PV+ neurons synapse, and they serve as regulators of
ocular dominance plasticity [20] and the window for coinci-
dent spike-time-dependent plasticity [24]. A recent study has
shown that the loss of PV+ activity caused by BD depends on
GABA, a1l mechanisms and that blocking this subunit
increases BD-evoked activity allowing for LTP of PV+ neu-
rons [83]. Our observation of increased GABA a1 expres-
sion suggests that BD treatment may further reduce visually
evoked activity in the V1 that is compounded by the shift
to more GIuN2A reducing the availability of the NMDA-
dependent mechanism needed to consolidate visual recovery.

4.4. Modeling Recovery of NMDAR and GABA R Kinetics.
Our modeling of population kinetics suggests that differ-
ent physiological changes accompany the 3 treatments.
During normal development, the increases in NMDAR and
GABA 4R kinetics progress in concert. Physiological studies
[84] and our modeling show that this fine balance is
decoupled by MD because the delayed shift to GluN2A has
slower NMDAR kinetics, but the premature increase of
GABA 4«1 has faster GABA 4R kinetics. Neither RO nor BD
treatment corrected that decoupling and the modeling sug-
gests that those treatments accelerate the shift to faster
adult-like kinetics for NMDARSs after RO or GABA ,Rs after
BD. Modeling the kinetics for BV treatment identified 2
phases of recovery especially in the binocular regions of the
V1. First, between 0 and 2 days of BV, there was a rapid
increase in the predicted NMDAR Kkinetics that was similar
to changes that occur between 2 and 4 weeks of age in normal
cats. Second, between 2 and 4 days of BV, there was a slowing
of the predicted GABA,R kinetics and that was opposite
to the normal developmental increase in kinetics. These
sequential phases of BV treatment do not recapitulate normal
development. These results raise the question of whether the
BV-driven increase in NMDAR kinetics needs to reach a
certain level before triggering the slowing of GABA,R
kinetics to rebalance these mechanisms. This modeling,
however, was based on population data about the expres-
sion of the receptor subunits and cannot be extrapolated
to individual receptors. Nonetheless, the rapid changes with
BV treatment suggest that some aspects of normal develop-
ment may be missed, and it will be important to determine
what those are.

4.5. How Might These Plasticity Phenotypes be Used for
Developing and Testing Treatments for Persistent Amblyopia?
The distinct plasticity phenotypes classified for RO and BD
treatments provide preliminary evidence that multiple neu-
ral changes can account for persistent amblyopia and
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highlight the need to know which mechanisms to target
when trying to engage neuroplasticity mechanisms to
improve acuity. Whether the treatment should focus on
AMPARs, NMDARs, GABA,Rs, or some combination of
those receptors will depend on the underlying plasticity phe-
notype. Insights into those questions can be addressed in
animal models using modern molecular tools and vision
testing, but translating those findings into treatments for
humans will depend on noninvasive ways to determine an
individual’s plasticity phenotype. For example, magnetic res-
onance spectroscopy has been used to measure changes in
glutamate or GABA concentrations in human V1 after dif-
ferent types of visual experience (e.g., MD [85]), and recep-
tor expression can be quantified by radioligands labeled for
SPECT and PET [86]. New molecular imaging techniques
hold the promise of even greater detail with the ability to
measure the concentration of receptor subunits [87-89].
That information may be comparable to protein analysis in
animal models and suitable for constructing plasticity phe-
notypes for human V1 to facilitate the translation of new
treatments. Furthermore, behavioral paradigms linked with
specific plasticity mechanisms (e.g., stimulus-selective
response plasticity [90]) may further aid in characterizing
human plasticity phenotypes. Thus, selecting a treatment
to prevent or correct persistent amblyopia may benefit from
in vivo steps to classify an individual’s plasticity phenotype.

5. Conclusions

This exploration of glutamatergic and GABAergic receptor
subunit changes in the V1 after treatment that promotes
either good (BV) or poor (RO, BD) recovery of vision pro-
vides a better understanding of the complexity of this prob-
lem. Of the treatments studied here, only BV provided
evidence for recovery of a CP-like plasticity phenotype in
the V1. However, only one feature, the GluA2:GluN2A bal-
ance, returned to normal levels after BV, and that balance is
noteworthy because the proteins are regulators of homeo-
static and Hebbian plasticity, respectively. The modeling of
NMDAR and GABA 4R kinetics suggests two stages for BV
recovery: a rapid increase in NMDAR Kkinetics, followed by
slowing of the predicted GABA R kinetics which together
move that balance into the CP range. We identified features
of the plasticity phenotypes that may guide future studies
on persistent amblyopia to look for high levels of GluA2
and GluN2A following RO and high levels of GABA 4«1 after
BD treatment. Finally, the plasticity phenotyping is a good
approach for uncovering novel neurobiological features
that may be important for the recovery of acuity and new
treatment targets.
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The capacity for neural plasticity in the mammalian central visual system adheres to a temporal profile in which plasticity peaks
early in postnatal development and then declines to reach enduring negligible levels. Early studies to delineate the critical period
in cats employed a fixed duration of monocular deprivation to measure the extent of ocular dominance changes induced at
different ages. The largest deprivation effects were observed at about 4 weeks postnatal, with a steady decline in plasticity
thereafter so that by about 16 weeks only small changes were measured. The capacity for plasticity is regulated by a changing
landscape of molecules in the visual system across the lifespan. Studies in rodents and cats have demonstrated that the critical
period can be altered by environmental or pharmacological manipulations that enhance plasticity at ages when it would
normally be low. Immersion in complete darkness for long durations (dark rearing) has long been known to alter plasticity
capacity by modifying plasticity-related molecules and slowing progress of the critical period. In this study, we investigated the
possibility that brief darkness (dark exposure) imposed just prior to the critical period peak can enhance the level of plasticity
beyond that observed naturally. We examined the level of plasticity by measuring two sensitive markers of monocular
deprivation, namely, soma size of neurons and neurofilament labeling within the dorsal lateral geniculate nucleus. Significantly
larger modification of soma size, but not neurofilament labeling, was observed at the critical period peak when dark exposure
preceded monocular deprivation. This indicated that the natural plasticity ceiling is modifiable and also that brief darkness does
not simply slow progress of the critical period. As an antecedent to traditional amblyopia treatment, darkness may increase
treatment efficacy even at ages when plasticity is at its highest.

1. Introduction

Disruption of normal binocular vision during critical periods
early in postnatal development can provoke anatomical and
physiological alterations to neurons within the primary
visual pathway. Monocular deprivation (MD) by eyelid clo-
sure can elicit a shift in cortical responsivity so that most neu-
rons come to be excited only by stimulation of the
nondeprived eye [1], leaving the deprived eye able to control
few neurons and with a visual acuity deficit, called amblyopia
[2], that is most severe in the central visual field [3]. This
deprivation-induced shift in ocular dominance is consequent
to a reduction in the number and strength of cortical neural
connections serving the deprived eye [4-6], which is reflected
by a reduction in the cross-sectional soma area of neurons
within deprived-eye recipient layers of the dorsal lateral
geniculate nucleus (ALGN) in the thalamus [7, 8].

The capacity of the visual system to be modified by
imbalanced visual experience is regulated by age, reaching
peak plasticity levels early in the postnatal life and thereafter
declining through adolescence and into early adulthood [9-
12]. In cats, the critical period for susceptibility to MD
(Figure 1(a)) reaches its peak at about 4 weeks of age [9-
11] and is then followed by a decline to low levels by about
12-16 postnatal weeks [9, 10] followed again by an even
slower decay to negligible levels at about 10 months [11,
12]. The capacity for recovery from the effects of MD likewise
adheres to a critical period, but with a shorter timespan and
with little recovery observed when MD is followed by reverse
occlusion beyond about 12 weeks postnatal [13, 14].

The notion that plasticity capacity is rigidly associated
with age is at odds with a growing number of studies on mice,
rats, and cats demonstrating that the critical period profile is
itself plastic, a concept referred to as metaplasticity [16].
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FiGurek 1: Illustration of the effect on plasticity capacity following immersion in complete darkness. Profile of the critical period in normally
reared cats (based on data from [9]) demonstrates peak plasticity at about 4 weeks of age followed by a progressive decline to low levels that
are maintained into adolescence (a). Dark rearing from near birth and for long durations has been postulated to slow the overall time course of
the critical period (magenta profile in (b)) so that enhanced plasticity can be observed at ages when normally reared animals exhibit lower
plasticity capacity (based on [15]). More recently, short durations of darkness (dark exposure) in rodents and cats have been employed to
raise plasticity levels beyond that observed from age-matched controls (c). In the current study, we investigated the possibility that 10 days
of dark exposure imposed just prior to the critical period peak can enhance plasticity capacity beyond its natural maximum (d).

Genetic, molecular, and experiential interventions have been
employed to alter key critical period parameters that have
enabled manipulation of plasticity levels in the visual system
[17, 18]. In rodents, critical period timing can be modified
through manipulation of GABAergic [19-21] or glutamater-
gic signalling [22, 23], by alteration of the neurotrophin
expression [24] or the expression of protein constituents of
the extracellular matrix [25-28], as well as by the tweaking
of epigenetic targets [29-31]. In aggregate, these studies dem-
onstrate that plasticity capacity in the visual system can be
adjusted beyond what would be available in age-matched
normally reared animals.

Immersing young cats in complete darkness has long
been known to extend the critical period [32-36] and has
provided a means of modifying a variety of neural plasticity
regulators to bring about high levels of visual plasticity [37-
43]. Kittens reared from near birth in complete darkness
maintain sensitivity to MD in the visual cortex even when
dark rearing extends to 10 months of age at which time the
cortex of normal animals is immutable [33]. A prominent
theory of how long durations of darkness (called dark rear-
ing) modify plasticity levels in the visual system postulates
that dark rearing slows the time course of the critical period
(Figure 1(b)), with both its onset and decay being delayed rel-
ative to animals reared under normal conditions [15]. More
recent research in mice, rats, and cats has demonstrated that
long durations of dark rearing are not necessary to provoke
enhanced plasticity capacity and that much shorter durations

of darkness (called dark exposure) can significantly elevate
plasticity levels in the visual system [39, 41, 44]. The notion
that darkness acts to slow the progress of the critical period
profile is incongruent with rodent research showing plasticity
enhancement following dark exposure in juveniles and adults
[39, 44] and also with cat research showing a modest plastic-
ity boost when dark exposure is imposed past the critical
period peak (Figure 1(c); [45]). The ability for dark exposure
to raise the level of plasticity capacity rather than simply slow
its progression implies that there are differences between the
mechanisms mediating the effects of long- and short-term
dark immersion and suggests that dark exposure does not
alter plasticity levels simply by slowing progress of the critical
period. In this study, we examined whether the plasticity
enhancement conferred by dark exposure occurs when dark-
ness is imposed at the peak of the critical period, a time when
plasticity capacity is at its natural maximum (Figure 1(d)). A
modification of peak plasticity would indicate that dark
exposure does not cause a protraction of the critical period
but rather alters the constellation of plasticity-related mole-
cules enabling enhanced plasticity even from its natural max-
imum. We demonstrate that 10 days of dark exposure
applied immediately prior to the peak of the critical period
can enhance the effect of a week-long period of MD. These
results indicate that dark exposure does not simply slow the
temporal progression of the critical period, but is efficacious
even when applied within the first postnatal month and can
elevate plasticity levels beyond natural limits.
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2. Materials and Methods

2.1. Animals and Rearing Histories. Eight animals were
reared from birth in a closed cat breeding colony at Dalhou-
sie University for the purposes of this study. In summary,
four animals were monocularly deprived for 7 days at postna-
tal day 30 (MD-only group), and four animals were
immersed in darkness for 10 days from postnatal day 20 to
30 and then removed from darkness and immediately mon-
ocularly deprived for 7 days (dark exposure+MD group).
All experimental procedures adhered to protocols that were
approved by the Dalhousie University Committee on Labo-
ratory Animals in accordance with policies established by
the Canadian Council on Animal Care.

2.2. Monocular Deprivation. Monocular deprivation was per-
formed under general gaseous anesthetic using 3-4% isoflur-
ane in oxygen. The upper and lower palpebral conjunctivae
of the left eye were sutured with vicryl suture material,
followed by closure of the overlying eyelids with silk suture,
as has been described in detail previously [46]. The surgery
lasted approximately 15 minutes after which anesthetized
animals were administered a subcutaneous injection of Ana-
fen for postoperative analgesia, as well as topical ophthalmic
Alcaine (proparacaine hydrochloride) to mitigate postproce-
dural discomfort. A broad-spectrum topical antibiotic (1%
Chloromycetin) was also given postprocedurally to mitigate
infection.

2.3. Dark Exposure. Kittens indicated for darkness exposure
were housed for 10 days in a darkness facility that has been
in use for many decades and has been described in detail pre-
viously [47]. In brief, the darkness facility contains three
darkrooms accessible only via a series of completely dark
anterooms, each segregated by doors sealed at all margins
to prevent any entrance of light. The central darkroom is
used to house the communal cage containing kittens and
their mother, with the dark anterooms used as transfer space
to facilitate cleaning and husbandry. Daily feeding, cleaning,
and social interaction were provided by experienced techni-
cians. The appearance, health, weight, and well-being of ani-
mals in the dark were monitored through the use of a CCD
camera and infrared illumination system (>820nm) that
remained off when not in use. Animals destined to be mon-
ocularly deprived following 10 days of dark exposure were
transported to a nearby surgical suite within an opaque,
light-impermeable chamber that was designed to allow for
the administration of gaseous anesthetic while mitigating
exposure to light.

2.4. Histology. Histological procedures were the same for all
animals in this study. Kittens were anesthetized with isoflur-
ane (5% in oxygen) and euthanized with an intraperitoneal
lethal dose of sodium pentobarbital (Euthanyl; 150 mg/kg).
Subsequently, animals were transcardially perfused with
150mL of phosphate-buffered saline (PBS) followed by
150 mL of 4% dissolved paraformaldehyde in PBS. Brain tis-
sue was immediately extracted following perfusion, and the
thalamus containing the dLGN was carefully dissected from
the overlying cortex using a scalpel. The block of tissue con-

taining the dLGN was immersed in a PBS solution containing
30% sucrose for cryoprotection. Five days later, sections of
the dLGN were sliced into 50 ym thick coronal sections using
a freezing microtome (Leica SM2000R; Germany). A portion
of the cut sections were stained for Nissl substance by mount-
ing them onto glass sides, immersing them in a graded series
of ethanol concentrations, followed by immersion in a solu-
tion of 0.1% cresyl violet acetate dye dissolved in distilled
water. A separate set of sections was labeled for neurofila-
ment protein via immersion in PBS containing a mouse
monoclonal antibody targeting the heavy chain subunit of
neurofilament (1:1000 dilution; SMI-32; BioLegend, San
Diego, CA). Sections were left overnight, then thoroughly
washed in PBS, and immersed in a PBS solution containing
goat-anti-mouse secondary antibody for 1 hour (1:500; Jack-
son Immunoresearch, West Grove, PA). Following another
wash with PBS, sections were placed in an avidin and
peroxidase-conjugated biotin solution for one hour
(PK6100; Vector Labs, Burlingame, CA). Neurofilament
labelling was visualized through reaction with 3,3'-diami-
nobenzidine. Tissue sections stained for Nissl substance or
labelled for neurofilament protein were immersed in a graded
series of ethanol concentrations, cleared using Histoclear
(DiaMed Lab Supplies Inc.; Canada) and coverslipped using
Permount (Fisher Scientific; Canada). Tissue from one MD-
only animal and one animal immersed in darkness before
MD was fixed suboptimally following perfusion and exhib-
ited pale reactivity for neurofilament within and beyond the
dLGN. Although excellent Nissl staining enabled soma size
quantification from these animals, the quality of neurofila-
ment labeling was insufficient for quantification so they were
excluded from our quantification.

The specificity of the primary antibody, SMI-32
(Table 1), for the nonphosphorylated heavy-chain subunit
of neurofilament was verified with an immunoblot of
homogenized normal cat primary visual cortex. The labelled
blots revealed bands corresponding with the expected mass
of NE-H [48].

2.5. Quantification. Quantification of neuron soma size and
neurofilament immunoreactivity in the dLGN was per-
formed blind to animal rearing condition. Quantification
was performed using a BX-51 microscope (Olympus; Mark-
ham, Ottawa, Canada) fitted with a DP-70 digital camera
(Olympus; Markham, Ottawa, Canada) and a computerized
stereology software package (newCast; Visiopharm, Den-
mark). The cross-sectional area of neuron somata within A
and Al layers of the left and right dLGN was measured from
Nissl-stained sections using the “nucleator” stereology probe,
whereas the density of neurofilament immunoreactive neu-
rons in separate sections was measured using the “optical dis-
sector” stereology probe. Neurons in Nissl-stained sections
were distinguished from glial cells by established selection
criteria [1, 7, 8]. Cells characterized by dark cytoplasmic
and nucleolar staining with light nuclear staining were con-
sidered admissible for quantification. These criteria help to
reduce the chance of inadvertently quantifying cell caps,
rather than cells cut through the somal midline. Cells within
the dLGN labelled for neurofilament and selected for
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TaBLE 1: Antibody characterization.

Antigen Immunogen Source Dilution

Neurofilament H Homogenized rat hypothalamus Covance (Princeton, NJ), mouse monoclonal, 1:1000

clone SMI-32, No. SMI-32. AB_509998

quantification exhibited dark cytoplasmic reactivity with
pale or absent labeling within the nucleus. A summary
of measurements is presented in Table 2.

2.6. Statistics. A deprivation index (DI) was calculated to assess
the within-animal percent difference ((nondeprived layer A1 +
nondeprived layer A)-(deprived layer A1 + deprived layer A)/
(nondeprived layer A1 + nondeprived layer A)) in neuronal
somal size and density of neurofilament immunoreactivity
between deprived- and non-deprived-eye layers [43, 49, 50].
All statistical analyses and data visualizations were performed
using Prism (GraphPad, USA). Statistical comparisons between
deprived and nondeprived layers within each rearing condition
were performed using Mann-Whitney U tests. Statistical com-
parisons between rearing conditions were made using Permuta-
tion tests for a difference in means, and we applied the
Benjamini-Hochberg procedure for controlling false discovery
rate (6 total comparisons). Adjusted p values are reported [51].

3. Results

3.1. Within Condition Effects. Low-power (4x objective)
microscopic examination of Nissl-stained dLGN sections
from animals in the 7-day MD-only group revealed a clear
deprivation effect characterized by smaller neuron somata
and reduced staining intensity within deprived-eye layers
(Figure 2(a), al and a2; Table 2). Nissl-stained sections of
dLGN from animals that received 10 days of darkness before
7 days of MD also showed an obvious reduction in the size of
neuron somata that was accompanied by a loss of staining
intensity within deprived-eye layers (Figure 2(b), bl and
b2). From our initial low-power observations of staining
intensity reduction induced by MD, we noted that the con-
trast between deprived and nondeprived layers appeared
slightly greater in the group subjected to darkness before
MD, suggestive of a larger deprivation effect relative to the
MD-only group; this difference was also revealed by our
Between Condition analysis below. Observations of the ana-
tomical differences that were evident at low magnification
were reflected in the quantification of the cross-sectional area
of somata from both groups. In the MD-only group, there
was a clear difference in the average size of deprived relative
to nondeprived neurons, with deprived neurons
(average = 147.8 yum?*; SD = 16 ym?*) 17% smaller than non-
deprived neurons (average=178.8 um?; SD =23 um?;
Figure 2(a), a3). Deprived neurons were significantly smaller
than nondeprived neurons in this MD-only group (p < 0.02;
Mann-Whitney U test; n = 16 layers). In the group of animals
that received darkness prior to MD, the size of deprived neu-
rons (average = 134.5 yum?; SD = 21 ym?) was also measured
to be smaller, by an average of 22%, compared to nonde-
prived neurons (average=172.5um?*  SD =26 um?;
Figure 2(b), b3). Statistical analysis revealed this difference

was also significant (p < 0.02; Mann-Whitney U test; n =16
layers).

Similar to the reduction of soma size precipitated by MD,
loss of neurofilament protein in the dLGN has emerged as a
sensitive means of measuring the effect of visual deprivation
[52, 53]. In the current study, we observed a considerable
loss of neurofilament labeling in the dLGN following
MD for 7 days (Figure 3(a), al-a3), with deprived layers
having significantly fewer (p < 0.02; Mann-Whitney U test;
n=12 layers) immunopositive neurons (average=115
neurons/mm?; SD = 54 neurons/mm?) compared to nonde-
prived layers (average = 230 neurons/mm?; SD = 99 neurons/
mm?), which corresponded to a 51% reduction in immunopo-
sitive cells. Animals that received darkness prior to MD also
showed a strong deprivation effect (Figure 3(b), b1-b3), with
deprived layers having significantly fewer (p <0.02; Mann-
Whitney U test; n=12 layers) immunopositive neurons
(average = 67 neurons/mm?; SD = 15 neurons/mm?) relative
to nondeprived layers (average = 142 neurons/mm?; SD = 35
neurons/mm?), which corresponded to a 52% reduction in
immunopositive cells.

3.2. Between Condition Effects. Next, we sought to quantify
whether the deprivation effect was greater for the group sub-
jected to darkness before MD relative to the MD-only group.
Within-animal percent differences (DI) in density of neuro-
filament immunoreactivity and neuron soma size were used
to test for group effects between the MD-only condition
and darkness prior to MD condition. DIs were similar for
neurofilament immunoreactivity between the MD-only con-
dition and darkness prior to MD condition (Figure 4(a)),
indicating that on this measure dark exposure did not pro-
duce an exaggerated effect. This conclusion was supported
by a statistical test of DIs between groups, which revealed
that the magnitude of neurofilament loss was not signifi-
cantly larger in the group that received dark exposure prior
to MD (p = 0.4286; Permutation test; n = 6 cats). Conversely,
when changes in soma size were compared between the two
groups, the animals where darkness preceded MD showed
changes that were approximately 23% larger than MD-only
animals (Figure 4(b)), and this difference was significant
(p =0.02; Permutation test; n = 8 cats).

4. Discussion

In this study, we demonstrate that a short period of darkness
preceding a week of MD initiated at the peak of the critical
period can produce a modest increase in the effect of MD
on the difference between deprived and nondeprived soma
size in the dLGN. However, we did not observe a difference
in the magnitude of neurofilament loss within deprived-eye
layers between MD-only and MD following darkness condi-
tions. The enhanced MD effect with darkness indicates that



Neural Plasticity 5

TABLE 2: Measurements of the average soma area (um?*) and neurofilament-positive cell density (cells/mm?) presented for animals across both
rearing conditions in this study. Deprivation index (DI) represents the percentage difference between deprived and nondeprived layers for
each animal studied. Asterisks indicate measurements that were not collected because immunolabelling was insufficient for quantification.

Cat# Condition Soma area nondeprived Soma area deprived (Io)d)l) Neurofilament nondeprived ~Neurofilament deprived (I;)I)
#100 MD 180 150 16 342 176 49
#101 MD 176 145 17 195 95 51
#102 MD 208 168 19 153 73 52
#103 MD 151 128 15 : : :
#110 DR+MD 162 129 21 114 61 46
#111 DR+MD 211 166 22 181 84 54
#112 DR+MD 165 123 25 131 56 57
#113  DR+MD 152 120 21 : : :
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FiGURE 2: The effect on neuron size of a 7-day duration of MD imposed at the peak of the critical period with and without a prior 10-day
period of darkness. Schematic at the top of (al) and (bl) indicate the rearing history and timeline of procedures for each group. The effect
of 7 days of MD imposed at postnatal day 30 was obvious upon gross examination of the eye-specific layers of the dLGN (al), as well as at
higher magnification where neurons within deprived-eye (DE) layers were smaller than neurons within non-deprived-eye (NDE)
counterpart layers. Stereological quantification of soma size revealed that deprived neurons were rendered 17% smaller than nondeprived
neurons, which represented a significant difference. When the same MD was imposed immediately following 10 continuous days of dark
exposure started at postnatal day 20, there was an obvious reduction in the staining intensity within deprived-eye layers compared to non-
deprived-eye layers (bl). The paler staining within deprived-eye layers was accompanied by a reduction in the size of deprived neurons
when compared to nondeprived neurons (b2). Quantification of neuron cross-sectional soma size revealed that deprived neurons were
significantly smaller than nondeprived neurons by an average of 22%. Drawing in (a3) represents eye-specific layers of the dLGN with red
and blue circles indicating measurements from A and Al layers, respectively. Scale bars = 500 ym (1) and 50 ym (2). Arrows in (al) and
(bl) indicate the deprived-eye layer. Asterisks indicate statistical significance at probability < 0.05.

the natural peak of plasticity is malleable on some measures
and suggests that brief dark exposure, unlike longer dark
rearing, does not act by delaying both the onset and decay
of the critical period. This result, as well as studies demon-
strating enhanced plasticity following dark exposure long
after the critical period has waned [39, 40, 44], is inconsistent
with the suggestion that darkness slows the entire profile of

the critical period but instead suggests that brief darkness
can alter key plasticity parameters [54] to rejuvenate the
visual system and bring about heightened plasticity capacity.

The absence of an increased effect of MD following dark
exposure on neurofilament labeling may be due to neurofila-
ment loss reaching saturation faster than the effect that MD
exerts on soma size. Examination of effect sizes with shorter
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F1GURrk 3: Examination of the magnitude of neurofilament loss in the dLGN from animals that were either monocularly deprived for 7 days at
the peak of the critical period or else received 10 days of dark exposure before the same length of MD. Monocular deprivation alone produced
a substantial reduction in the amount of neurofilament labeling within deprived-eye dLGN layers (al). At high magnification, the loss of
labeling was evident as a reduced number of immunopositive neurons, as well as a reduction in labeling intensity (a2) in deprived-eye
(DE) relative to non-deprived-eye (NDE) layers. When the same MD was preceded by 10 days of darkness, a similar reduction in
neurofilament within deprived-eye layers was observed at low (b1) as well as at high magnification (b2). Stereological quantification of the
density of neurofilament-positive neurons revealed that MD-only (a3) and MD preceded by dark exposure (b3) produced a similar
deprivation effect, each with a significant reduction in deprived layers. Arrows in (al) and (bl) indicate the deprived-eye layer. Asterisks
indicate statistical significance at probability < 0.05. Scale bars = 500 ym (1) and 50 ym (2).
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F1GURE 4: Comparison of the MD effect between MD-only and dark exposure followed by MD conditions. Whereas comparison of the effect
of MD on neurofilament labeling across conditions indicated that the loss in the dLGN was similar with or without darkness (a), the effect on
soma size was significantly larger in the group of animals that received dark exposure prior to MD (b). Asterisks indicate statistical
significance at probability < 0.05.
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durations of MD may have revealed a difference between the
two groups with regard to neurofilament labeling. This
dichotomy between the effect of MD on neurofilament and
soma size is mirrored in a study conducted on cats that
examined the effect of dark exposure beyond the critical
period peak, which showed a slight plasticity boost with mea-
surements of soma size but not with changes in neurofila-
ment labeling [45]. Shifts in cortical ocular dominance
measured physiologically elicited by MD can also emerge
and saturate quickly, with shifts occurring within 1-2.5 days
of MD onset and saturation by about a week of MD [55-
57]. Interestingly, a study that examined ocular dominance
shifts in kittens that were monocularly deprived after receiv-
ing a prior period of dark rearing from birth revealed a
slightly exaggerated ocular dominance shift when darkness
occurred from birth to 50 days and was followed by 2.5 days
of MD compared to the MD-only group (see Figure 3 in
[57]); though with longer MD, there was no difference
between groups.

The enhancement of plasticity observed in the group of
animals subjected to dark exposure may originate from a
reduction in deprived neuron size, a hypertrophy of nonde-
prived neuron size, or a combination of the two effects. The
effect of monocular deprivation on cells within the dLGN
includes both a shrinkage of neurons innervated by the
deprived eye and hypertrophy of neurons connected to the
nondeprived eye. The atrophy and hypertrophy of neurons
in the context of monocular deprivation are both manifesta-
tions of neural plasticity. The magnitude of nondeprived
neuron hypertrophy has been estimated to be about 10%
[58]. The hypertrophy of nondeprived neurons likely derives
from an expansion of nondeprived terminal fields, as has
been demonstrated previously [5]. Darkness beginning at
birth and lasting 3 weeks does not reduce the size of neurons
within the dLGN; however, further dark exposure up to 12
weeks does reduce the size of dLGN neurons relative to nor-
mal controls [59]. It is possible that in our study, dark expo-
sure for 10 days resulted in smaller dLGN neurons relative to
controls, meaning that the enhanced deprivation effect may
derive from nondeprived neuron hypertrophy. Examination
of a darkness-only group would address this possibility. Irre-
spective of the size of neurons immediately following dark
exposure, the enhanced DI observed when MD follows dark-
ness demonstrates a higher level of neural plasticity com-
pared to the MD-only condition.

In rodents, the enhancement of neural plasticity pro-
duced by dark exposure is thought to partly originate from
a shift in NMDA receptor subunits toward the neonatal iso-
form [60, 61], as well as a rejuvenation of inhibitory synaptic
transmission [21]. Examination of the effects of inhibitory
neural transmission and plasticity capacity following dark
exposure applied at different ages has revealed in rodents a
refractory period for plasticity enhancement [21]. The
enhancement of ocular dominance plasticity observed in very
young or adult rodents following 10 days of dark exposure is
not observed during a refractory period that occurs between
postnatal days 35 and 55 [21]. It is possible that such a refrac-
tory period also exists for cats that are subjected to dark
exposure beyond the critical period peak, which in cats

occurs at about postnatal day 30 [9]. Given that adult cats
exposed to darkness do not exhibit the same enhancement
in plasticity that younger cats demonstrate [62], it is alterna-
tively possible that the cat visual system exhibits a progressive
decline in the capacity for dark exposure to enhance plasticity
in the visual system.

The natural peak of the critical period for ocular domi-
nance plasticity emerges as a consequence of a molecular bal-
ance between plasticity facilitators and inhibitors. While the
stages of development and maturity of the visual system are
characterized by a changing landscape of molecules [63,
64], it appears that dark exposure can have an effect across
a broad collection of molecular arrangements and does not
seem to effect influence upon a single molecular conglomer-
ation. This confers broad applicability to dark exposure as a
means of promoting plasticity at various stages during post-
natal development. Although dark exposure imposed in adult
cats does not produce elevated plasticity levels [62], dark
exposure is efficacious at ages past the critical period peak
[41, 45], and results from the current study demonstrate that
elevated plasticity can also be elicited very early in postnatal
development when plasticity is naturally at its highest.

That the natural peak of the critical period is modifiable
through dark exposure raises the intriguing possibility that
darkness could be used as an auxiliary to gold standard treat-
ments for human amblyopia with the aim of expediting the
recovery of visual function and perhaps producing superior
outcomes for vision. The use of dark exposure in conjunction
with other treatments for amblyopia such as occlusion ther-
apy, perceptual learning, or video game play may provide a
means of enhancing recovery outcomes early in development
and not just when the efficacy of conventional treatments
fades with age. Visual training has emerged as a robust
approach to promote recovery from amblyopia in rats, cats,
and humans [65-68], and a recent rat study has examined
recovery outcomes when dark exposure was immediately
followed by visual training in rodents [68]. Visual training
that quickly followed dark exposure promoted recovery from
severe amblyopia in rats, whereas amblyopia was not
reversed with visual training alone [68]. It was suggested that
this form of recovery occurs in a two-step process that
involves a reactivation of synaptic plasticity mediated by
dark exposure, followed by visual training that instructs
synaptic modifications and promotes visual recovery. The
plasticity enhancement that we demonstrate in the current
study raises the possibility that such combinatorial therapy
may prove beneficial not only when applied beyond the
critical period but also when applied at younger ages that
may benefit from an increase in the speed and or amount
of recovery.
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Experience remodels cortical connectivity during developmental windows called critical periods. Experience-dependent regulation
of synaptic strength during these periods establishes circuit functions that are stabilized as critical period plasticity wanes. These
processes have been extensively studied in the developing visual cortex, where critical period opening and closure are
orchestrated by the assembly, maturation, and strengthening of distinct synapse types. The synaptic specificity of these processes
points towards the involvement of distinct molecular pathways. Attractive candidates are pre- and postsynaptic transmembrane
proteins that form adhesive complexes across the synaptic cleft. These synapse-organizing proteins control synapse development
and maintenance and modulate structural and functional properties of synapses. Recent evidence suggests that they have pivotal
roles in the onset and closure of the critical period for vision. In this review, we describe roles of synapse-organizing adhesion
molecules in the regulation of visual critical period plasticity and we discuss the potential they offer to restore circuit functions

in amblyopia and other neurodevelopmental disorders.

1. Introduction

Sensitive periods for the development of brain function have
been described in different species and brain areas, but it was
the work of Hubel and Wiesel in cat and primate visual
cortexes during the 1970s and 1980s that first shed light on
the underlying circuit principles [1-4]. This enabled studies
of cellular mechanisms, leading to the recognition of synap-
ses in the visual cortex as cellular substrates for critical period
plasticity [5-9]. These studies showed that balanced visual
input is accompanied by stereotypic developmental remodel-
ing and pruning of synapses in the primary visual cortex,
whereas visual deprivation results in synapse loss and shrink-
age of axonal and dendritic arbors [5, 10-17]. The applica-
tion of genetic, chemo-, and optogenetic tools in mice later
revealed how vision shapes cortical connectivity during
development and how the establishment of cortical connec-
tivity instructs visual function [18-23]. These approaches
have also shed light on synaptic mechanisms that control
critical periods and actively restrict plasticity in the adult

brain [18, 19]. This review is focused on the recently discov-
ered roles of molecules that specify and assemble synaptic
connectivity in the onset and closure of plasticity in the visual
cortex, a model of cortical plasticity.

2. Synaptic Control of Critical Period Timing

Circuit functions emerge early in development and are
shaped by the environment and patterns of activity during
critical periods [24-27]. Heightened plasticity and adapt-
ability of circuits during critical periods enable sensory
input, vision included, to guide selective strengthening
and refinement of different synapse types [22, 28]. This
experience-dependent synaptic remodeling stabilizes the
synaptic connectivity patterns that underlie mature circuit
function. Notably, in the visual cortex, GABA(gamma-ami-
nobutyric acid)-releasing inhibitory neurons are considered
key for critical period timing [29-31]. The onset of synaptic
integration of inhibitory neurons into local networks coin-
cides with a rise in inhibitory synapse density and overall
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Ficure 1: Circuit plasticity, stability, and levels of inhibition as
functions of age. Circuit functions are shaped by external
experiences during the critical period, when plasticity is high.
Levels of cortical inhibitory neurotransmission rise through the
critical period and, once optimal function is reached, contribute to
the waning of plasticity and stabilization of circuit function in
adults.

levels of inhibitory neurotransmitters in the brain [13, 22,
32-35]. A threshold level of cortical inhibition is necessary
for the visual critical period to open, and manipulating
GABAergic transmission with pharmacologic or genetic
tools can either advance or prevent critical period opening
[29-31]. As levels of cortical inhibition further rise in the
maturing brain, the critical period closes and the potential
for plasticity and remodeling wanes (Figure 1). In parallel,
glutamatergic synapses onto both excitatory pyramidal
and inhibitory neurons undergo vision-driven remodeling
[22, 36]. The heightened circuit plasticity that is character-
istic of critical periods is no longer present once mature
circuit functions are established, and active stabilization
and maintenance of function take over in the adult brain
[18, 24, 26, 27] (Figure 1).

High levels of inhibition in adults are thought to contrib-
ute to the stabilization of mature brain function by limiting
circuit plasticity (Figure 1) [24]. Indeed, acute reduction in
levels of inhibitory neurotransmitters in the mature visual
cortex can reinstate visual plasticity [37, 38]. On a cellular
level, manipulation of activity of soma-targeting, fast-
spiking Parvalbumin (PV) and dendrite-targeting, regular-
spiking Somatostatin (SST) circuitry results in robust
changes in visual plasticity [18, 39-47]. These interneuron
classes exert powerful control over critical period onset:
transplantation of embryonic PV and SST interneurons
derived from medial ganglionic eminence into the adult
visual cortex can trigger another visual critical period, with
remarkably preserved timing of onset and closure [40, 48].
These precise developmental sequences indicate tight genetic
control of interneuron maturation, which is well described
for PV interneurons [49-52]. PV interneuron maturation is
directed, at least in part, by the complex interplay of Ortho-
denticle Homeobox 2 (Otx2), a non-cell-autonomous tran-
scription factor secreted from the retina and choroid
plexus, and the extracellular matrix (ECM) deposited around
interneurons [50, 51, 53-57]. The capture of Otx2 by the
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ECM that surrounds PV interneurons is essential for the
onset of their maturation [57, 58], and misregulated Otx2
expression and localization lead to deficits in critical period
plasticity [50, 51, 53, 57-60]. The stereotypic circuit integra-
tion of transplanted PV interneurons supports the additional
involvement of cell-autonomous factors that control the
development of synaptic connectivity of these cells [48].
Activity-driven assembly of local excitatory inputs onto PV
interneurons prior to critical period opening in mice is piv-
otal for its onset [19]. The parallel increase in interneuron
expression of synapse-organizing adhesion proteins such as
Neuroligins and SynCAMs (see below) further supports
that synaptogenesis is an important factor in PV cell mat-
uration [61]. A recent study demonstrated that PV
interneuron-expressed Synaptic Cell Adhesion Molecule 1
(SynCAM 1) is required for critical period closure, which
involves the SynCAM 1-dependent formation of long-range
excitatory inputs from the thalamus [18]. In the following
sections, we describe known molecular regulators of synaptic
connectivity in the visual cortex.

3. Roles of Synapse-Organizing Proteins in
Visual Cortex Synaptogenesis and Plasticity

Cell adhesion proteins that instruct synapse assembly and
their maintenance are expressed in diverse neuron types
and in glial cells [62-66]. These proteins were initially
identified as potent drivers of presynaptic differentiation
in an in vitro heterologous system, and they form complexes
in trans (for adhesion) and in cis (for lateral assembly) [66—
70]. After instructing the assembly of pre- and postsynaptic
specializations into functional synapses, these proteins can
maintain synapses in the maturing brain [71-73]. Recent
research suggests that distinct pairs of synaptic organizers
impact different synapse types in the cortex [74, 75] as sum-
marized below.

3.1. Neuroligins and Hevin. Neuroligins are prototypical
postsynaptic synapse organizers and type 1 transmembrane
proteins that interact with presynaptic Neurexins [67, 76,
77]. Neuroligins 1-4 are redundant for synapse assembly
in vivo but are key for synapse maturation and function
[65, 77]. Their interactions with a- and [3-Neurexins affect
both inhibitory and excitatory presynaptic functions, as well
as recruitment of synapse scaffolding components and
neurotransmitter receptors to the postsynapse [78-83]. Dif-
ferent combinations of Neuroligin/Neurexin complexes can
potentially specify different synapse types, and the reper-
toire of these interactions is expanded by splicing isoforms
[84] and accessory extracellular linker proteins, such as glia-
expressed Hevin [85] (Figure 2). While cell-surface expres-
sion levels of Neuroligins can be regulated by visual activity
[86], it is the removal of Hevin in the visual cortex that
impairs Neuroligin 1/Neurexin interaction and reduces the
density of thalamic inputs (Figure 2) [85, 87]. Mice that lack
Hevin show impaired ocular dominance and critical period
opening, suggesting that the assembly of thalamocortical
synapses by Neuroligin 1/Neurexin/Hevin interactions con-
trols the opening of the visual critical period [85]. Hevin
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FIGURE 2: Synaptic connectivity of the visual thalamocortical circuit. (a) Excitatory inputs carrying visual information from the dorsal lateral
geniculate nucleus (LGN, green) in the thalamus innervate pyramidal (PYR, blue box) neurons and Parvalbumin (PV, red box) interneurons
in thalamorecipient layers of the visual cortex (red box). PV interneurons receive inputs from neighbouring PYR neurons across cortical
layers. Astrocytes (AST) express molecules that can act as synaptic bridges between thalamocortical axons and their postsynaptic targets
(Hevin, blue box). (b) Red box: the synaptic immunoglobulin SynCAM 1 organizes thalamic inputs onto PV interneurons. Presynaptic
interacting partners of SynCAM 1 at thalamocortical synapses are currently unknown, but other SynCAM:s (2 and 3) are candidates. Blue
box: Neuroligin 1 on PYR cells interacts with Neurexin-la via the astrocytic Hevin (brown) to organize thalamic inputs onto PYR cells.
Astrocytic process is depicted in orange. Presynapse (Pre) and postsynapse (Post) are indicated.

knockout mice display a compensatory increase in local,
intracortical excitatory synapses that is insufficient to open
the critical period, indicating that specific synapse types are
key for different circuit functions [85].

3.2. SynCAMs. Similar to Neuroligins, SynCAM cell adhesion
complexes are prominently expressed in the visual cortex and
recent research highlighted their role in timing the onset and
offset of cortical critical periods [18, 88, 89]. SynCAMs are
potent inducers of synapse differentiation in vitro [68, 90]
that contribute to excitatory synapse formation and mainte-
nance in vivo across different brain regions [18, 72, 91, 92].
SynCAMs 1-4 are immunoglobulin domain type-1 trans-
membrane proteins, whose homo- and heterophilic interac-
tions across the synaptic cleft organize excitatory synapses
[90, 93]. The most studied family member is SynCAM 1 that
interacts with itself and SynCAMs 2 and 3 in cis and trans
[90, 93-95]. SynCAM 1 controls both pre- and postsynaptic
properties through its interactions across the synaptic cleft
and affects cytoskeletal remodeling and receptor recruitment
at the synapse through its intracellular partners [72, 88, 96,
97]. In the cortex, SynCAM 1 recruits large and potent
long-range thalamocortical excitatory inputs onto PV inter-
neurons (Figure 2) [18, 91]. Further, PV-expressed SynCAM
1 is regulated by visual activity [18]. In agreement with its
role in PV maturation, SynCAM 1 is a regulatory target of
Otx2 [52] and is essential for maturation of PV interneurons
in the visual cortex. Similar to Hevin knockout mice, mice
that lack SynCAM 1 have fewer thalamocortical synapses

(Figure 2) [18]. This results in poorly developed binocular
vision and an extended visual critical period [18]. SynCAM
1 is actively required to control plasticity and even a brief
cell-specific removal of SynCAM 1 from PV interneurons
results in increased levels of visual plasticity in the adult
brain, pointing to a key role for thalamic inputs onto PV
interneurons in the regulation of plasticity in mature circuits
[18]. This cell-autonomous, postsynaptic requirement for
SynCAM 1 in PV interneurons suggests that postsynaptic
SynCAM 1 engages currently unknown transsynaptic part-
ners in thalamic axons to assemble thalamocortical synapses
(Figure 2) [18, 90].

3.3. Distinct Roles of Neuroligin/Hevin and SynCAM 1. As
reviewed above, both Neuroligin/Neurexin interaction
(through Hevin) and SynCAM 1 play a role in the
formation of thalamocortical synapses but with opposing
effects on visual plasticity [18, 85]. Lack of Hevin pre-
vents the critical period from opening, whereas lack of
SynCAM 1 prevents it from closure [18, 85]. However,
Hevin appears to affect most, if not all, excitatory thala-
mocortical synapses formed across neuron types, while
SynCAM 1 shows a PV-specific action on thalamocortical
inputs [18, 85, 87]. It is possible that gross development
of thalamocortical synapses mediated by Neuroligin
1/Neurexin-la/Hevin interaction is a prerequisite for the
critical period to open, and PV-specific recruitment and
maintenance of thalamic inputs by SynCAM 1 is neces-
sary for subsequent critical period closure. Future studies



can address whether any cross-talk between the two path-
ways exists in PV interneurons, as well as whether these
molecules control plasticity through thalamocortical syn-
apses in other sensory or association areas [98, 99].

3.4. Extracellular Matrix, LRRTMs, and NCAM. So far, only
SynCAMs and Neuroligins (through Hevin) have dem-
onstrated roles in visual plasticity, but recent research
demonstrated that members of the leucine-rich repeat trans-
membrane (LRRTM) family of molecules can interact at
synapses with the extracellular matrix (ECM), a powerful
regulator of visual plasticity [34, 100]. LRRTMs 1-4 are
another group of type 1 transmembrane proteins that bind
Neurexins, potently induce excitatory presynaptic differen-
tiation and regulate receptor composition at the synapse
[70, 101, 102]. LRRTM-deficient mice show defects in both
pre- and postsynaptic functions, and their repertoire of
interactions with Neurexins can impact diverse synapse
types [70, 74, 103, 104]. LRRTMs bind Neurexins across
the synaptic cleft similar to Neuroligins, but they can also
instruct differential synapse formation through interactions
with components of the ECM [100-102, 105]. As the ECM
in the form of perineuronal nets exerts powerful control
over the maturation of PV interneurons and critical period
timing [34, 58, 106-111], the role of LRRTMs in visual
plasticity warrants future investigation. An ECM-related
protein modification, the polysialylation of neural cell
adhesion molecule (NCAM), guides the development of
inhibitory connections in the visual cortex [112]. NCAM
is an immunoglobulin superfamily protein that regulates
early synapse development and is mostly found in a
glycan-bound state [113]. Visual activity-dependent poly-
sialylation of NCAM affects its homophilic interactions
across the synapse, and removal of PSA from NCAM
can shift the critical period to an earlier time point
through modulation of PV connectivity [112]. SynCAM
1 can also be found in the polysialylated state, pointing
to yet another way to diversify the function and interac-
tions of synapse organizers [114, 115].

4. Therapeutic Potential of Synapse-Organizing
Molecules in Amblyopia and
Neurodevelopmental Disorders

The diminished plasticity of mature circuits is thought to
preclude recovery from early visual insults such as ambly-
opia. Patching or visual stimulation can provide therapeutic
interventions before the critical period closes, but the
reduced capacity of visual synapses for activity-driven
remodeling likely interferes with the success of interventions
later in life [116-118]. The reduced potential of the adult
brain to rewire itself may also impede treatments for other
neurodevelopmental disorders, such as autism-spectrum
disorders (ASD) and schizophrenia [55, 119-122]. Studies
of amblyopia and visual plasticity have identified promising
interventions for recovering the potential for plasticity in
the entire brain, such as neuromodulation of inhibitory
connections [46, 123], systemic regulation of inhibitory neu-
rotransmission [124], and sensory manipulations that may
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target the activity of thalamocortical synapses [125-127].
On a more specific level, recent research has demonstrated
that the cell-specific manipulation of thalamocortical syn-
apses reinstates plastic features to the adult visual cortex
[18]. As distinct circuits regulate plasticity of binocularity
and improvements in visual acuity in amblyopia models
[128, 129], targeting synapses that organize different circuits
may hence represent a way to precisely manipulate different
brain functions.

How do we target specific synapse types? Transient
genetic silencing tools in combination with cell-specific ade-
noviral vectors could allow manipulating synapse organizers
in a cell type-and-region-specific manner [130-132]. Fur-
ther, peptide fragments of extracellular domains of synapse
organizers can impair their interactions in vitro and may
have a similar effect in vivo [86, 93]. Indeed, a recent
study using a combination of these approaches to manip-
ulate signaling by a secreted molecule, semaphorin 3A,
demonstrated its feasibility in rat models of amblyopia
[133]. Such approaches may increase plasticity to a level
sufficient for visual therapy to have effects in adult ambly-
opic patients [116-118, 133-136]. These tools could pro-
vide a localized therapy that can be restricted to the
visual cortex alone, thus precluding systemic side-effects.
A transient elevation of cortical plasticity may even
improve therapeutic outcomes for other neurodevelop-
mental disorders [137-140]. Approaches that result in
the elevated potential for plasticity in the mature brain
could additionally enhance recovery after brain injury,
including traumatic brain injury (TBI) and stroke [120,
141-147]. In combination with targeting mechanisms that
control neuronal specification [148-152], tools that target
specific synapse types hence offer highly specific therapeu-
tic interventions for developmental brain disorders. Future
studies on mechanisms of synapse specification within dis-
tinct circuits are likely to provide an avenue for progress
in this area.
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Dichoptic movie viewing has been shown to significantly improve visual acuity in amblyopia in children. Moreover, short-term
occlusion of the amblyopic eye can transiently increase its contribution to binocular fusion in adults. In this study, we first asked
whether dichoptic movie viewing could improve the visual function of amblyopic subjects beyond the critical period. Secondly,
we tested if this effect could be enhanced by short-term monocular occlusion of the amblyopic eye. 17 subjects presenting stable
functional amblyopia participated in this study. 10 subjects followed 6 sessions of 1.5 hour of dichoptic movie viewing
(nonpatched group), and 7 subjects, prior to each of these sessions, had to wear an occluding patch over the amblyopic eye for
two hours (patched group). Best-corrected visual acuity, monocular contrast sensitivity, interocular balance, and stereoacuity
were measured before and after the training. For the nonpatched group, mean amblyopic eye visual acuity significantly
improved from 0.54 to 0.46 logMAR (p < 0.05). For the patched group, mean amblyopic eye visual acuity significantly improved
from 0.62 to 0.43 logMAR (p < 0.05). Stereoacuity improved significantly when the data of both groups were combined. No
significant improvement was observed for the other visual functions tested. Our training procedure combines modern video
technologies and recent fundamental findings in human plasticity: (i) long-term plasticity induced by dichoptic movie viewing
and (ii) short-term adaptation induced by temporary monocular occlusion. This passive dichoptic movie training approach is
shown to significantly improve visual acuity of subjects beyond the critical period. The addition of a short-term monocular
occlusion to the dichoptic training shows promising trends but was not significant for the sample size used here. The passive
movie approach combined with interocular contrast balancing even over such a short period as 2 weeks has potential as a
clinical therapy to treat amblyopia in older children and adults.

1. Introduction

Amblyopia is a neurodevelopmental disorder arising from
abnormal visual experience during childhood over a period
called “the period of susceptibility” or “the critical period”
[1-5]. It mainly manifests itself by a loss of binocular func-
tion, reduced visual acuity in one eye, the amblyopic eye,

and it is the most frequent cause of unilateral visual loss in
childhood. Its prevalence is around 1-3% of the general pop-
ulation [6-12]. The presently accepted treatment for ambly-
opia consists of full optical correction [13] and monocular
patching of the nonamblyopic eye to force the use of the
amblyopic eye [14]. This treatment is only successful for
young children, and it has been assumed that older children
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and particularly adults lack sufficient brain plasticity. Thus,
no treatment is offered to these older patients as their ambly-
opia is thought to be fixed [1-5, 15, 16].

It is now well established that amblyopia is associated
with cortical dysfunction at monocular and binocular sites
[17-21]. One binocular theory suggested that it is the conse-
quence of an excess of interocular suppression [22-24].
Therefore, binocular training strategies have emerged, focus-
ing on treating the primary binocular disorder [25-37].
These are based on dichoptic image presentation that the
subject needs to binocularly combine to have full information
content of a global motion stimulus [24], a video game [27,
28, 38], a movie [36, 39, 40], or an altered reality device
[25, 41]. Binocular fusion only occurs if the contrast of the
image seen by the nonamblyopic eye is reduced sufficiently
to address the interocular imbalance resulting from sup-
pression. At first, such strategies involved an active partic-
ipation of the subjects playing a dichoptic video game
where success depended on using information simulta-
neously presented to each eye [27, 28, 31, 35, 38, 42-46].
There is also evidence that video game training in general
can aid bilateral amblyopia [47].

However, not all patients want to play video games, and
some children/adults are so amblyopic that it is not possible
to resolve the features necessary to play video games. Hence,
more recently, a general application of the same contrast bal-
ancing principles has been applied to natural scene stimuli
with either passive dichoptic movie watching [36, 37] or aug-
mented reality [25]. These procedures are based on the pre-
sentation of complementary images in the two eyes. Passive
dichoptic movie watching resulted in benefits for visual acu-
ity in children [36, 39] but has not been tested on adults yet.
In principle, this method could be applied to the passive
viewing of any video content such as sporting programs,
movies, or children’s animations [40]. Here, we tested this
procedure for the first time on amblyopic adults and children
with stable and resistant amblyopia which could not be
treated with standard procedures.

Binocular training methods are an improvement on the
current patching approach because they are better accepted
[31, 37] and they aim to obtain a better binocular outcome.
They engage binocular viewing and in doing so improve the
visual acuity of the amblyopic eye. They are thought to oper-
ate by utilizing the residual brain plasticity that remains after
the critical period of visual development. Recently, another
approach has also demonstrated the residual visual plasticity
in normal adults [38, 39]. This involves changes in ocular
dominance that occur after just 1-2 hours of monocular
occlusion. Interestingly, this short-term monocular occlusion
results in a strengthening of the deprived eye which is the
opposite of what occurs during the critical period in early life.
This shift in dominance is only transient, lasting about 1 hour
[48-51]. This has also been shown in adults with amblyopia
[52]. The dominance shift for amblyopes is in the same direc-
tion as that found for normals, namely, the deprived eye
becomes stronger, but it can be of larger magnitude and lon-
ger duration. Thus, the binocular imbalance that character-
izes amblyopia can be manipulated for a certain duration
by occluding the amblyopic eye, the opposite of classical
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patching therapy. The hypothesis is that the decrease in
sensory stimulation during the deprivation induces a con-
trast gain increment to boost the sensitivity of the patched
eye. Since it occurs rapidly, the mechanism underlying this
contrast gain increment is suspected to involve a change of
the excitatory/inhibitory balance [48-54]. However, this
relatively rapid patching effect (few hours) may be quite
different to more standard binocular training procedures
which operate on a relatively long timescale (weeks). These
long-term training procedures may involve a different plas-
ticity mechanism, for example, by establishing new synaptic
connections [55, 56].

In this study, we ask whether binocular training based on
passive dichoptic movie viewing could, by way of a change
in brain plasticity, increase the visual function of subjects
with a stable amblyopia who are beyond the normal treat-
ment period for classical patching. Secondly, we wondered
if the effects of such a dichoptic treatment protocol could be
enhanced by short-term monocular occlusion, specifically
carrying out the training during the time window where
the occlusion has temporarily rebalanced the excitation-
inhibition ratio. To answer this question, we combined these
two approaches and asked the subjects to wear an eye patch
for two hours prior to undergoing binocular training sessions
involving passive dichoptic movie watching.

2. Material and Methods

2.1. Participants. 17 amblyopic subjects were included in our
study aged from 9 to 67 yo, mean age 34 yo. The criteria for
including subjects in the experiment were the following. Sub-
jects had to present with functional amblyopia, secondary to
strabismus or anisometropia or both. Their visual acuity had
to be stable for at least one year before inclusion, and children
under 12 years old had to go through at least six months of
conventional occlusion therapy to make sure that amblyopia
was stable and resistant. Best-corrected visual acuity (BCVA)
in the amblyopic eye had to be higher or equal to 0.2 log-
MAR, or BCVA difference between the two eyes had to be
at least equal to 0.2 logMAR. The strabismus angle had to
be lower or equal to 15 prism diopters. We excluded subjects
with organic amblyopia, congenital strabismus, presenting
any visual or neurologic disease or presenting developmental
delay. For the first examination, each participant had to fill
out a questionnaire about his/her medical history, and more
specifically on the previous treatments, he/she might have
had for amblyopia and the observance of these treatments
optical correction, occlusion therapy, and strabismus sur-
gery. Clinical details of the amblyopic subjects are reported
in Table 1.

Subjects had to wear their full optical correction for all
the testing and training procedures. Five subjects who had
anisometropia (S1, S7, S8, S9, and S17) did not wear any opti-
cal correction before inclusion. For these subjects, we made
them wear their adapted optical correction only during test-
ings and dichoptic movie viewing sessions, which was equiv-
alent in total to approximately 12 hours with an optical
correction (see Table 1). This is insufficient itself to explain
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TasLE 1: Characteristics of amblyopic subjects.

#id Sex Age Group Type Of. I(_)Iéscizgocr)lf Sa(\)tlglsllr?ga Z AL INO Ntl;:ilrtiierfg()f Tot'a! tir.ne of FQllow—up
amblyopia therapy screen BCVA (arcsec) sessions visioning (in days)

I M 19 P Mixed No 3 0.92 NA 6 8.45 NA

2 F 11 NP Anisometropia No 2 0.22 60 6 9.12 48

3 F 13 P Anisometropia Yes 2 0.42 60 6 9.12 32

4 M 42 P Strabismus Yes 5 1.12 NA 6 8.78 40

5 M 47 NP Anisometropia Yes 2.5 0.22 120 6 8.38 35

6 M 21 NP Anisometropia No 6 0.72 NA 6 9.86 34

7 M 45 NP Anisometropia Yes 2 0.92 NA 6 7.55 38

8 F 32 P Anisometropia No 2 1.01 NA 6 8.7 NA

9 F 67 P Strabismus No 4 0.52 NA 6 8.96 42

10 M 35 NP Anisometropia No 15 0.12 60 6 8.8 51

11 M 10 NP Mixed Yes 1 0.32 240 6 9.06 NA

12 F 47 NP Anisometropia Yes 4 0.22 240 6 8.81 33

13 F 9 NP  Anisometropia Yes NA 0.22 NA 6 8.8 NA
14 M 38 P Anisometropia No 2.5 0.22 NA 6 10.11 42

15 M 62 NP Mixed No 3 1.12 NA 6 10.46 NA
16 F 46 NP Anisometropia No 2.5 0.42 NA 6 8.45 NA
17 M 42 NP Mixed No 5 1.01 NA 4 7.71 NA

Group assignment: P = patched, NP = nonpatched.

any improvement in the visual functions in terms of spectacle
adaptation [13].

Subjects were allocated into one of two intervention
groups: the nonpatched group (10 subjects, see details in
Table 1), who only followed the dichoptic movie training
(see procedures), and the patched group (7 subjects, details
in Table 1), who were subjected to monocular occlusion of
the amblyopic eye prior to each training session with the
dichoptic movies. Subject allocation to each group was
mainly determined by their ability to be patched two hours
before coming to the lab.

The study took place in the Ophthalmology Department
of La Timone Hospital in Marseille. Written informed con-
sent was obtained from all patients or parents/guardians.

2.2. Procedures. Subjects underwent a binocular training pro-
cedure. The nonpatched group followed a procedure of six
1.5 hour sessions of dichoptic movie viewing to train their
binocular vision similar as in Li et al. [36] (one subject could
only undergo 5 sessions, see exact duration per subject in
Table 1). The patched group followed the same procedure
except that they had to wear an occluding patch over their
amblyopic eye for two hours prior to each training session
which was removed right before the dichoptic movie viewing.
The patch was a standard occlusive adhesive-on-skin Orto-
pad patch. The patients were shown how to wear the patch
in the assessment session. Then, they had to put them on
by themselves two hours before they came to the lab for the
dichoptic movie viewing session.

A battery of visual function tests detailed below was used
to examine the effects of binocular training. It involved mon-
ocular visual acuity, contrast sensitivity, interocular balance,

and stereosensitivity, tested in that order, each test lasting 5
to 10 minutes. The baseline measures were assessed during
a first preliminary assessment session, a few days before the
actual beginning of the training. The training outcome mea-
sures were realized at the end of the last training session. A
follow-up test was also performed approximately one month
after the training, but only 10 subjects could come back for
this test (see details in Table 1).

2.3. Dichoptic Movie Design. Patients strengthened their bin-
ocular vision by passively watching dichoptic movies. A dig-
ital mask composed of irregularly shaped blobs was applied
on the images seen by the amblyopic eye, and the inverse
mask was applied to the images seen by the fellow eye
(Figure 1(a) and example Supplementary Movie 1). There-
fore, parts of the image were only seen by one eye and com-
plementary parts were only seen by the other eye [36].
Therefore, to perceive a completed coherent picture, it was
necessary to combine information seen by both eyes. The
shapes and locations of the masks were varied over time.
The contrast of the image seen by the amblyopic eye was
fixed to its maximum, and the contrast of the image seen
by the fellow eye was based on the results of the binocular
balance contrast sensitivity baseline measure (Figure 1(b)
and example Supplementary Movie 2). Under these condi-
tions of unequal interocular contrasts, suppression is reduced
to the point where information can be combined between the
two eyes and the videos perceived stably as a coherent whole.
These movies were displayed on a linearized wide passive 3D
LG 32LB650V 32" screen, 1920 x 1080 px, 60 Hz (LG Elec-
tronics USA; Englewood, NJ) with polarized glasses at a dis-
tance of 120 cm, spanning 32° of visual angle.
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FiGure 1: llustration of the dichoptic movies. The two eyes’ views
are shown side by side. Complementary patterned image masks
composed of irregularly shaped blobs were overlaid over the
images seen by the two eyes. The shape and location of the blobs
were varied dynamically every 10 seconds. (a) 100% contrast
images were presented to the two eyes. (b) A 100% contrast image
is presented to the left eye, and an image with a contrast reduced
to 40% is presented to the right eye. Movie examples are available
as supplementary material. Source video: Lauren Sauvan,
wikimedia commons/CC-0.

If the subject perceived the full picture of the movie
during a session, then, the contrast in the fellow eye was
increased by 10% for the next session. In practice, all sub-
jects always perceived the full picture, and so the contrast
was increased in each session. Thus, it happened that it
reached the maximal value of 100% for some subjects
before the end of the training. Participants confirmed that
they could still see the two eye images during each session.
This follows the dichoptic balancing principles that have
been validated by video games in a number of different
studies [26-33, 35-37].

2.4. Visual Function Assessment

2.4.1. Visual Acuity. Visual acuity was measured using a log-
arithmic letter chart in standardized conditions (logarithmic
visual acuity chart “20007).

2.4.2. Contrast Sensitivity Function. Monocular contrast sen-
sitivity as a function of spatial frequency was measured using
the quick contrast sensitivity function [57]. This is a Bayesian
adaptive method which determines the optimal pair of spatial
frequency and contrast to test at each trial in order to maxi-
mize the information about the contrast sensitivity function.
Over the course of 100 trials, the participant had to identify
in a single-interval identification task the orientation (hori-
zontal or vertical) of a spatially filtered noise pattern at these
set spatial frequencies and contrasts (Figure 2(a)). This
method has already been validated on amblyopic subjects
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[58, 59]. This test was performed on the same equipment as
the movie viewing except that participants wore an eyepatch
to test monocular vision. Full details of the procedure are
given in Reynaud et al. [60].

2.4.3. Interocular Balance. Interocular balance was measured
with the dichoptic letter chart developed by Kwon et al. [61].
This procedure has already been validated on amblyopic sub-
jects [61, 62]. Five letters spatially filtered to a peak spatial
frequency of 2c/d were presented at various contrasts to
the left eye and 5 different letters with complementary con-
trasts to the right eye at the same spatial locations. Therefore,
when viewed binocularly, the letters appeared superimposed.
The subject had to report the five most visible letters for 10
trials (Figure 2(b)). The relative contrast of the letters seen
by each eye was adjusted by an adaptive method [61, 62] in
order to determine the interocular balance point for contrast
sensitivity. The interocular balance point is expressed as the
ratio in dB between the amblyopic and nonamblyopic eye,
so a negative value means that the nonamblyopic eye is stron-
ger, a value close to 0 means that the eyes are well-balanced,
and a positive value would indicate that the amblyopic eye is
stronger. This test was performed on the same equipment as
the movie viewing.

2.4.4. Stereosensitivity. Disparity thresholds were measured
using the TNO test (Netherlands Organisation for Applied
Scientific Research, distributed by Lameris Ootech BV). It is
a duochrome test without monocular clue, based on the prin-
ciples of Julesz’s tests [63], allowing the measurement of ste-
reoscopic acuity from 480 to 15 seconds of arc.

3. Results

We trained 17 subjects, distributed in patched and non-
patched groups (see Materials and Methods) following our
protocol to assess the improvement of visual acuity (VA).
For most subjects, the VA of the amblyopic eye (AE)
improved (lower value in logMAR) at the completion of
training compared to before training (the baseline) (see
Figure 3(a)). For the nonpatched group (open black sym-
bols), the average value at baseline was 0.54 + 0.37 logMAR
and 0.46 £ 0.38 logMAR at the completion of training. This
is a significant improvement of 0.08 logMAR (one-sided Wil-
coxon signed rank test, p<0.01), which is equivalent to
almost one line on the visual acuity chart. For the patched
group (filled grey symbols), the average visual acuity of the
amblyopic eye was 0.62+0.40 logMAR at baseline and
0.43+0.28 logMAR at the end of training, resulting in an
average improvement of 0.19 logMAR, equivalent to almost
two lines on the chart. This improvement is also signifi-
cant (one-sided Wilcoxon signed rank test, p <0.01) and
remained significant at the one-month follow-up (one-sided
Wilcoxon signed rank test, p < 0.05) whereas it did not quite
reach significance for the nonpatched group. To better
appreciate these improvements, the difference in VA from
baseline is reported in Figure 3(b). The improvement in
visual acuity of the amblyopic eye of the participants in the
patched group is slightly greater, although this difference is
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FIGURE 2: Test stimuli illustrations. (a) qCSF stimulus illustration. In a single-interval identification task, the subject had to judge the
orientation (horizontal or vertical) of a filtered noise pattern of varying spatial frequency and contrast. (b) Dichoptic letter chart
illustration. Five letters of 2 c/d were presented at various contrasts to the left eye and 5 different letters with complementary contrasts to
the right eye at the same spatial locations. So when viewed with both eyes, letters appeared overlapping on screen. Adapted from Kwon

et al. [61]; Birch et al. [62].

not significant (two-sided Wilcoxon rank sum test, p = 0.06)
and is more long lasting (because it is still significant at the
one month follow-up, whereas it is not for the nonpatched
group). In both groups, the training did not affect the VA
of the nonamblyopic eye with an average improvement of
0.04 and 0.05 logMAR in the patched and nonpatched
groups, respectively (two-sided Wilcoxon signed rank test,
p=0.31 and p=0.06, respectively), thus verifying that the
improvement was not induced by any learning of the
visual acuity measurement itself.

In order to test whether the amplitude of the effect we
observe depends on the severity of amblyopia, we plot in
Figure 3(c) the difference in VA from baseline as a function
of the initial acuity of the amblyopic eye. There is no link
between the degree of improvement and the initial severity
of amblyopia in the nonpatched group (coefficient of deter-
mination r* = 0.005, p = 0.84). However, there is a significant
correlation between the degree of improvement and the acu-
ity of the AE at baseline in the patched group (r*=0.78,
p <0.01). The effect is such that in this group, the stronger
the amblyopia, the greater the improvement. We did not
observe a significant correlation between the amplitude
of the effect and the age of the participants in either group
(r =0.003, p = 0.87 in the nonpatched group and r* = 0.001,
p =0.94 in the patched group).

Another monocular function we tested was contrast
sensitivity. We measured the average contrast sensitivity
of the amblyopic eye as a function of spatial frequency before
and after training (Figure 4). For the nonpatched group
(Figure 4)(a), the contrast sensitivity function at baseline
peaks at approximately 1.5 ¢/d with an amplitude of 45 (solid
line) which is in line with previous reports [58, 59]. At the
completion of training, the amplitude reaches 78. For the

patched group (Figure 4(b)), the contrast sensitivity function
at baseline peaks at approximately 1.5 ¢/d with an amplitude
of 84 (solid line). After training, the amplitude reached 134
with a peak shifted to higher frequencies at 3 ¢/d. In order
to test the significance of these improvements, we reported
the gain parameter of the sensitivity function as estimated
by the qCSF method [57] for each participant at baseline, at
the completion of training, and at the follow-up control, after
training had been completed in Figure 4(c). This training
improvement is not significant for either the nonpatched or
the patched group (one-sided Wilcoxon signed rank test,
p=0.21 and p=0.34, respectively). It is not different
between the two groups either (two-sided Wilcoxon rank
sum test, p=0.58). And there is no significant correlation
between the amplitude of the improvement and the gain at
baseline in either group (respective r* =0.46, p=0.10 and
r2=0.10, p=0.41 in the patched and nonpatched group).

Finally, we tested the effect of the training on two binoc-
ular functions: the interocular balance and the stereosensitiv-
ity (Figure 5). The interocular balance expressed as the ratio
in dB between the amblyopic and nonamblyopic eye is
reported for each participant in Figure 5(a). The averages of
the balance over the nonpatched group at baseline and at
the completion of training are, respectively, —22.67 + 13.76
and —21.61 + 12.68 dB. The fact that the value gets closer to
zero indicates a small improvement in the balance, although
it is not significant (one-sided Wilcoxon signed rank test,
p=0.71). For the patched group, a better improvement
from -21.16+15.44 to —-19.57 +19.12dB was observed;
however, this is not significant either (one-sided Wilcoxon
signed rank test, p = 0.66). Even merging, the two groups, this
improvement remained not significant (one-sided Wilcoxon
signed rank test, p = 0.68).
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FIGURE 3: Visual acuity improvement. (a) Visual acuity of the amblyopic eye (AE) of the participants reported at baseline, at the outcome of
the training, and at the follow-up control one month later. (b) Visual acuity difference from the baseline of the amblyopic eye. (c) Visual acuity
difference from baseline as a function of the initial acuity of the amblyopic eye. Participants from the patched group are indicated with filled
grey symbols, and participants of the nonpatched group with open black symbols. Dashed lines represent linear regressions.

For stereosensitivity, among the subjects who initially
had stereovision, in the nonpatched group, their average ste-
reo threshold improved from 165 + 90 arcmin at baseline to

64 + 43 arcmin at the completion of training (Figure 5(b)).
However, this improvement was not significant because only
four subjects could initially perform the test (one-sided
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Wilcoxon signed rank test, p=0.06). Additionally, one  ing (480 arcmin). In the patched group, only two subjects
subject (S16) who previously was not able to perform the  had a measurable stereosensitivity at baseline. Their average
TNO test showed a measurable stereosensitivity after train-  stereo threshold improved from 60+ 0 arcmin to 38 + 32



arcmin, but again, this improvement was not significant due
to the small sample size (one-sided Wilcoxon signed rank
test, p=0.5). Here again, one subject (S14) who was not able
to perform the TNO test initially showed a measurable
stereosensitivity after training (120 arcmin).

Since there was no statistically significant difference in
any measure between the patched and nonpatched groups
and since they both were subjected to the same passive
dichoptic movie treatment, in order to get more statistical
power, we combined the results from the two groups to
address the question of whether the treatment per se leads
to improvements in visual function in older children and
adults with amblyopia. Statistically significant improvements
were found in both visual acuity (average improvement from
0.58 to 0.45 logMAR: one-sided Wilcoxon signed rank test,
P <0.001) and stereopsis (130 + 88 arcmin to 55 + 39 arcmin:
one-sided Wilcoxon signed rank test, p =0.03). This is the
first report of the successful application of this passive
approach in amblyopic older children and adults which com-
plements a previous report of its success in younger ambly-
opic children [36].

4. Discussion

The primary objective of our study was to evaluate the effect
of binocular training with passive dichoptic movie viewing
on subjects with a stable resistant amblyopia. The training
intervention was very minimal compared with classical
patching therapy: 9 hours compared with many months.
Our results showed that even very short dichoptic movie
viewing significantly improved visual acuity of about one line
after approximately 9 hours of training over a two-week
period; the maximum visual acuity improvement measured
was of 3 lines. This improvement is consistent with the
results of Bao et al. [25] on teenagers and adults using an
altered reality system and Li et al. [36] and Mezad-Koursh
etal. [39] on children using passive movie viewing. The visual
acuity improvements we observe are comparable with those
of Bao et al. (0.08 logMAR improvement in both studies).
Although not unexpectedly, they are lower compared to
those obtained in children (0.20 logMAR for Li et al. and
0.26 logMAR for Mezad-Koursh et al.). This difference may
be explained by the fact that subjects in these studies were
children whereas in our study, they were mostly adults, hence
showing less plasticity [64].

We also observed an improvement in the monocular
peak contrast sensitivity function amplitude, but it was not
significant due to the small sample size [25]. Despite the sub-
jects’ ability to appreciate the full picture of the movie while
we increased the contrast seen by the fellow eye by 10% for
each session, the interocular contrast sensitivity balance
remained quite stable after training. Bossi et al. [40] and Li
et al. [36] observed similar results, contrary to Hess et al.
[26], Li et al. [28], and Kelly et al. [37] who observed a
reweighting of this balance proportional to the visual gain.
The reason for this is unclear; each of the above studies used
a different test for binocular balance. The method used in the
study by Kelly et al. [37] is similar to that used in the present
study; however, they studied children and we studied adults.

Neural Plasticity

It may be possible to improve acuity in the absence of any
change in binocular function [36, 40].

Most subjects who had measurable stereoscopic vision
with the TNO test at inclusion showed an improvement of
it although this was not significant due to the small sample
of subjects and the fact that disparities larger than 480 arc
seconds could not be measured with the TNO test. Indeed,
among the 10 subjects of the nonpatched group, only 4 of
them had measurable stereoscopic vision at baseline and all
of them improved after training. In this nonpatched group,
one patient without measurable stereoscopic vision with the
TNO test at baseline exhibited measurable stereopsis after
training. Only 2 subjects had measurable stereoscopic vision
at baseline in the patched group. One improved and one
remained constant after training. In this group, one patient
without measurable stereoscopic vision at baseline exhibited
measurable stereopsis at final evaluation too. The trend is
for stereopsis to improve although owing to limitations in
our stereo test [65-68] and the reduced stereopsis of our
patients. When the results of the two groups were combined,
this improvement became statistically significant (130 + 88
arcmin to 55 + 39 arcmin: one-sided Wilcoxon signed rank
test, p = 0.03). This is the first evidence that passive dichoptic
movie training improves stereovision in older children and
adults with amblyopia.

Our study shows for the first time that a very short period
(9 hours) of passive dichoptic movie viewing can improve
visual function in adult subjects presenting with a stable
and resistant amblyopia. Previously, a similar improvement
was shown for an altered reality system in teenagers and
adults [25]. One interest of dichoptic movie viewing is its
potential to increase compliance in comparison to patching
or to other forms of dichoptic training [25, 31, 35, 41, 45,
69, 70]. First of all, because dichoptic movie viewing is pas-
sive, it does not require any active participation of the
subject, unlike perceptual learning or dichoptic video game
play. This is a crucial advantage especially for older sub-
jects who do not want to play video games or even for
younger children who may not have the necessary cognitive
capabilities. Furthermore, dichoptic movie viewing is very
flexible in that it can be used at home and can be adapted
to any video content such as virtual or augmented reality
approaches [25, 41, 71-74].

The secondary objective of our study was to evaluate if
the mechanisms involved in short-term monocular occlusion
and dichoptic movie training could be complementary and
synergistic and, if combined together, result in a larger ther-
apeutic effect. Short-term monocular deprivation might acti-
vate binocular brain plasticity mechanisms via changes in the
excitatory/inhibitory balance [48-50, 52, 75, 76] and that
could enhance dichoptic training-based improvements.

We observed a trend that such prior monocular occlusion
could enhance the effect of training on visual acuity: our
results showed a larger improvement of visual acuity in the
patched group (0.19 logMAR, almost 2 lines, maximum gain
in this subgroup: 4 lines), in comparison to the nonpatched
group (0.08 logMAR, almost 1 line, maximum gain in this
subgroup: 2 lines); however, the difference was not significant
for our sample size.
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Two recent studies examined the effect of intermittent
monocular patching of the amblyopic eye 2h per day as a
treatment for amblyopia with procedures comparable to
our patching [77, 78]. The Lunghi et al. study also involved
physical exercise, and the Zhou et al. study involved more
patching sessions. They, respectively, reported improve-
ments of 0.15 and 0.13 logMAR in the acuity of the ambly-
opic eye which is less than the 0.19 logMAR improvement
we observed with the combined patching and dichoptic
movie viewing procedure.

We do not observe any correlation between the acuity of
the amblyopic eye at baseline and the improvement in the
nonpatched group (Figure 3(c)). This could indicate that
the dichoptic movie training effect in itself does not depend
on the strength of amblyopia and that the difference we
observe in the improvement between the two groups is not
due to their initial acuity differences. Lunghi et al. [77] do
not report such correlation either in their patching combined
with exercise study. However, we observe a correlation in the
patched group such that the stronger the amblyopia, the
greater the improvement. This would indicate that the pre-
liminary patching mostly affects severe cases of amblyopia.
One explanation could be that the improvement reaches a
saturation level in mild cases whereas the combined patching
and dichoptic training method would be the only one power-
ful enough to show a greater improvement in severe cases.

This trend should be investigated with a much larger
sample size and possibly a crossover design because there
is a good reason to think that these two approaches (ocular
dominance plasticity and dichoptic training) may, because
of their different dynamics, be mutually beneficial. Prelimi-
nary monocular patching might act on short-term adapta-
tion by altering the inhibitory/excitatory balance allowing
a rapid change in contrast gain [48-50, 52-54]. On the
other hand, dichoptic movie training follows a slower
course, probably by involving binocular mechanisms simi-
lar to perceptual learning [25, 79] resulting in the longer
term establishment of new synaptic connections [55, 56,
80-82]. Thus, there is every reason to think that the change
in the excitatory/inhibitory balance may accelerate and/or
amplify the plasticity effect induced by the dichoptic train-
ing by inducing a more plastic state in the brain before each
training session.

There were trends that did not reach significance between
either groups for other visual functions: monocular contrast
sensitivity, interocular contrast balance, and stereoscopic
vision. The results in each group should be considered inde-
pendently because the two groups were not homogeneous.
Indeed, randomization was not possible because of logistic
issues (i.e., preliminary patching was not possible for subjects
who were coming to the hospital by car or who were coming
very early in the morning). In both groups, the subjects can
be considered as their own controls because training did
not affect the VA of the nonamblyopic eye; this rules out
any hypothesis based on the fact that the improvement could
have been a consequence of task learning. Furthermore, all
participants were used to watching screens (T'V or computer)
at least one hour a day (average 3.8 hours a day, see Table 1).
Hence, adding 1.5 hour of TV watching every 2-3 days did

not drastically change their exposure to digital screens, and
so it is very unlikely that the improvement we observe could
be solely due to the increased time of screen exposure per se.

Apart from these inconveniences, preliminary monocu-
lar patching did not really decrease compliance (qualitative
report) to the training because it was the amblyopic eye that
was patched [77, 78]; hence, it was much less disabling than
patching the fellow eye, and the patching was for a much
shorter duration compared to what the subjects were used to.

Our training method shows promising results and could
be used to power larger scale randomized controlled trials to
validate this type of treatment. These results were obtained
in only six sessions over a 2-week period of training. There
are a number of recommendations: extend the training to a
longer period than 2 weeks, develop a better measure of ste-
reopsis in the coarse disparity range, one that can provide
an individual variability measure for better statistical evalua-
tion, produce a more sensitive test of binocular balance, and
extend the periods of monocular occlusion to see if its bene-
fits for dichoptic training can be enhanced.
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Objective. This study is aimed at investigating differences in local brain activity and functional connectivity (FC) between children
with unilateral amblyopia and healthy controls (HCs) by using resting state functional magnetic resonance imaging (rs-fMRI).
Methods. Local activity and FC analysis methods were used to explore the altered spontaneous brain activity of children with
unilateral amblyopia. Local brain function analysis methods included the amplitude of low-frequency fluctuation (ALFF). FC
analysis methods consisted of the FC between the primary visual cortex (PVC-FC) and other brain regions and the FC
network between regions of interest (ROIs-FC) selected by independent component analysis. Results. The ALFF in the bilateral
frontal, temporal, and occipital lobes in the amblyopia group was lower than that in the HCs. The weakened PVC-FC was
mainly concentrated in the frontal lobe and the angular gyrus. The ROIs-FC between the default mode network, salience
network, and primary visual cortex network (PVCN) were significantly reduced, whereas the ROIs-FC between the PVCN and
the high-level visual cortex network were significantly increased in amblyopia. Conclusions. Unilateral amblyopia may reduce
local brain activity and FC in the dorsal and ventral visual pathways and affect the top-down attentional control. Amblyopia
may also alter FC between brain functional networks. These findings may help understand the pathological mechanisms of
children with amblyopia.

1. Introduction

Amblyopia is a neurodevelopmental disorder of the visual
cortex characterized by visual deficiency in an eye that is
otherwise physically normal or by a deficiency that is out
of proportion with the structural abnormalities of the eyes
[1-3], thereby affecting 2%-4% of the general population
[4]. Amblyopia is believed to be caused by an abnormal
visual experience during the critical visual development
period in childhood [5]. Amblyopia is generally correlated
with an abnormal ocular alignment (strabismus) or an
unequal refractive error between the two eyes (anisometro-

pia) in early life [6]. The peak of brain plasticity is in early
childhood [7], so the brain functional mechanism of ambly-
opia in children should be investigated to administer treat-
ments timely and accurately.

Functional magnetic resonance imaging (fMRI) can be
applied to investigate brain activity noninvasively; as such,
fMRI is widely used to reveal neuropathological mechanisms
in amblyopia [8, 9]. Amblyopia is considered a visual cortex
but not a retinal dysfunction [10]. For this reason, brain areas
on the vision pathway have been widely explored. Task-
related fMRI, which is obtained by stimulating with a visual
task, has been used to investigate local brain activities. The
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lateral geniculate nucleus (LGN) is a relay center in the visual
pathway. Miki et al. [11] used task-related fMRI and revealed
that LGN activation is diminished during monocular viewing
by an eye with anisometropic amblyopia. Hess et al. [12]
found functional deficits in the LGN by employing visual
stimulus fMRI in human adults. The primary visual cortex
(PVC) (V1) has also been widely explored. Goodyear et al.
[13] selected a region of interest (ROI) around the V1 and
confirmed that the activation region of the amblyopic eye is
smaller than that of the normal eye with the same stimulus.
Barnes et al. [14] reported a reduced fMRI activation in the
V1 and V2 regions. These findings confirmed that the visual
impairment of amblyopia may be related to the functional
changes in neurons in the V1 region [15-18]. Further
research has indicated that the abnormal brain function of
amblyopia is not limited to the PVC. Muckli et al. [19]
reported that responses of amblyopic eye were progressively
reduced on the central visual pathway (V3a/VP, V4/V8, lat-
eral occipital complex (LOC)) compared with the low-level
visual areas (V1/V2) when grating stimuli were presented,
suggesting that the vision pathway from the PVC to the
high-level visual areas of the amblyopic eye may have been
impaired. Spiegel et al. [3] used checkerboard stimulation
and found a reduced fMRI activation in the V2 and V3 in
amblyopia. Simmers et al. [20-22] employed psychophysical
methods and revealed that the ventral and dorsal extrastriate
functions are affected by amblyopia. These studies have sug-
gested that amblyopia affects the visual pathway, including
primary and high-level visual areas.

rs-fMRI can investigate the spontaneous neuronal activ-
ity of the human brain [23, 24]. In comparison with task-
related fMRI, rs-fMRI is easily performed, is simple in design,
and can be easily obtained for most children [9, 25]. Several
scholars investigated the spontaneous brain activity and FC
of amblyopia through rs-fMRI. Tang et al. [9] and Liang
et al. [26] revealed that the amplitude of low-frequency fluc-
tuation (ALFF) of spontaneous brain activity changes in the
anisometropic amblyopia group. Lin et al. [1] observed that
regional homogeneity (ReHo) value changes in individuals
with anisometropic amblyopia. Wang et al. [27, 28] and
Ding et al. [29] found decreased FC in the visual pathway
in amblyopia. These studies have revealed functional
changes in the visual pathway from the ALFF, ReHo, and
FC analysis in amblyopia. In addition, they also found func-
tional changes in nonvisual pathway areas. But there were
few commonalities between the results. The reasons may
be as follows: first, sample characteristics are different. Sec-
ond, rs-fMRI may reflect spontaneous brain activity, and
the noise may be greater than task-related fMRI. Lastly, the
effect of amblyopia may not be limited to visual pathways
because of neuroplasticity.

In previous rs-fMRI studies, the amblyopia group usu-
ally includes a mixture of left eye, right eye, and bilateral
amblyopia. But in this study, we chose unilateral amblyopia
as a research object to reduce the sample interference
between left, right, and bilateral amblyopia. Our hypothesis
was that unilateral amblyopia might alter local brain activ-
ity and FC, and such an alteration might not completely
focus on the visual pathway. To confirm this hypothesis,
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we analyzed spontaneous brain activity from multiple per-
spectives, including ALFF, FC in the primary visual cortex
(PVC-FC), and FC network between regions of interest
(ROIs-FC) analysis.

2. Materials and Methods

2.1. Participants. The inclusion criteria for the amblyopia
group were as follows: the best-corrected visual acuity of
0.3 logMAR (3 years), 0.2 logMAR (4-7 years), 0.1 logMAR
(more than 7 years), or two-line (0.2 logMAR) interocular
optotype acuity differences without pathology and history
of treatment. The inclusion criteria for HCs were as follows:
without amblyopia-related diseases and history of treatment.
There was no significant difference in age and gender to the
amblyopia group.

This study was approved by the Ethics Committee of
the Second Xiangya Hospital, Central South University, and
in accordance with the Declaration of Helsinki. A written
informed consent was obtained from all participants enrolled
in the study or from their legal guardians. All participants
received detailed eye examinations that included assessments
of visual acuity, intraocular pressure and refraction, slit lamp
examination, ophthalmoscopy, binocular alignment, ocular
motility, and random dot butterfly stereograms.

The participants included 17 individuals with normal
vision and 17 individuals with amblyopia, and they were
enrolled as two groups of subjects in the study. From each
group, 4 individuals whose data contained consistent outliers
likely due to excessive head motion were excluded from the
analysis. As a result, 13 individuals were retained in the
amblyopia group, and the same number of age-matched nor-
mally sighted individuals remained in the control group. The
individuals in the amblyopia group had left eye amblyopia.
Those in the control group had normal or corrected to nor-
mal visual acuity in both eyes and reported no history of
visual disorders. The demographic information of the partic-
ipants is summarized in Table 1.

2.2. Magnetic Resonance Imaging Data Acquisition. Scans
were conducted using a Philips Achieva 3-T magnetic reso-
nance scanner at Trinity MRI, with a Philips 8 Channel head
coil. The scanning session included a T1-weighted anatomical
scan (TE, 2.7 ms; TR, 5.8 ms; flip angle, 8; voxel size, 1 mm?)
followed by a blood oxygenation level-dependent fMRI
(BOLD-fMRI) scan (single-shot spin-echo echo-planar imag-
ing, parallel imaging [36 slices]). BOLD-fMRI scans were mea-
sured with transverse orientation; AP fold-over direction; TE,
2000 ms; TR, 30ss; flip angle, 90%; isotropic 3.5 mm X 3.5 mm x
3.5 mm resolution; FOV, 240 mm x 240 mm X 144 mm; acqui-
sition matrix M x P, 64 x 64; REC voxel MPS, 1.67 mm X
1.67 mm X 4.0 mm; and time points = 189.

2.3. Data Processing. Preprocessing steps were generated using
the Data Processing and Analysis for Brain Imaging (DPABI)
software package [30]. The steps included DICOM-to-NIFTI
transformation, removal of 10 time points, slice timing correc-
tion, head motion correction, nuisance covariate regression
(six head motion signals, white matter, averaged cerebrospinal
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TaBLE 1: Demographic information of subjects.

CVA
Subject Gender Age Amblyopic type Amblyopic eye (logMAR) History of treatment
OD (ON
Amb 01 F 12 ANA [ON -0.1 0.7 None
Amb 02 M 5 ANA [ON 0.1 0.4 None
Amb 03 F 14 ANA [ON 0.0 1.0 None
Amb 04 M AMA (0N} -0.1 0.5 None
Amb 05 M ANA; AMA (0N} 0.0 1.0 None
Amb 06 M 13 ANA (0N} 0.0 0.4 None
Amb 07 M 8 ANA; AMA (o8 0.1 0.7 None
Amb 08 M 10 ANA; AMA (oM 0.0 0.7 None
Amb 09 F 14 ANA; AMA (oM 0.0 0.5 None
Amb 10 M 12 ANA OS 0.0 1.2 None
Amb 11 F 8 ANA (0N} 0.0 0.7 None
Amb 12 M 24 AMA oS 0.0 0.2 None
Amb 13 M 15 AMA (ON 0.0 0.5 None
Control 01 F 6 None None 0.2 0.1 None
Control 02 F 24 None None 0.0 0.0 None
Control 03 F 12 None None 0.0 0.0 None
Control 04 F 12 None None 0.0 0.0 None
Control 05 M None None 0.0 0.0 None
Control 06 F None None 0.0 0.0 None
Control 07 M 13 None None 0.0 0.0 None
Control 08 M 14 None None 0.0 0.0 None
Control 09 F 14 None None -0.2 -0.1 None
Control 10 F 11 None None 0.0 0.0 None
Control 11 M 10 None None -0.1 -0.2 None
Control 12 M 7 None None 0.0 -0.1 None
Control 13 M 10 None None -0.2 -0.1 None

Note: Amb: amblyopia group; F: female; M: male; CVA: corrected visual acuity; OD: oculus dexter; OS: oculus sinister; ANA: anisometropic amblyopia; AMA:

ametropic amblyopia.

flow, and global), standard space normalization (based on the
Montreal Neurological Institute coordinate system), smooth-
ing with a 4 mm full width at a half maximum of Gaussian ker-
nel to decrease the spatial noise, and band-pass filtering
(0.01Hz < f <0.08 Hz) of the waveform of each voxel to
reduce the effects of low-frequency drift and high-frequency
noise [31]. Head motion parameters had no significant differ-
ence between the two groups.

2.4. ALFF Analysis. After preprocessing, ALFF was computed
on each individual’s data. The ALFF of the rs-fMRI signal has
been widely used to measure the intensity of regional sponta-
neous brain activity [24, 32-36]. ALFF analysis does not
depend on prior knowledge and model, thus avoiding the pos-
sible errors in the model and hypothesis dependency. ALFF
analysis is conducted to measure the magnitude of the energy
from the BOLD signal intensity and indirectly measure the rel-
ative activity of the local brain area in the resting state. Such a
spontaneous activity in the brain area is generally due to the
rhythmic activity of the brain region functionally associated
with other brain regions. The brain areas with a high ALFF
may indicate an increased spontaneous neuronal activity,

whereas the brain areas with a low ALFF may correspond to
a decreased spontaneous neuronal activity.

2.5. PVC-FC Analysis

2.5.1. ROI Identification. The ROISs of the PVC were defined
as the intersections of the gray matter cortex and 17 bilateral
Brodmann’s areas according to the WFU-atlas [37, 38].
Therefore, two ROIs represent the PVC on the left and right
hemispheres.

2.5.2. FC Analysis. The PVC-FC analyis was performed with
DPABI. The regional rs-fMRI time series was computed for
each ROI by averaging all the voxels within each region at
each time point in the time series, resulting in 189 time points
for each ROI. The correlation coefficient between the average
time series of each ROI and other voxels of the brain was
calculated as the connection strength. A two-sample ¢-test
was conducted to compare the differences in FC between
the amblyopia group and the healthy controls (HCs) at
P <0.05 by using GRF correction with a cluster size of >85.
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TaBLE 2: Key nodes of each network.
Peak MNI
Network  Region BA coordinates (mm) z-scores
X Y Z
rFIC 47 38 20 1 14.32
SN IFIC 47 -33 19 -1 12.21
ACC 24 -2.5 11.5 38.5 14.48
rDPC 48 22 45 15.64
IDPC 9 -43.5 23.5 41.5 12.35
CEN
rPPC 40 56 -50 43 14.87
IPPC 40 -43.5 -52.5 495 11.41
VPC 11 0 -48 -15 14.08
DMN
PCC 23/30 -6 -49 29 13.36
rCAL 17 17.5 -99.5 4.5 12.10
PVCN
ICAL 17 -17.5 -99.5 4.5 13.65
rLING 19 13 -55 -2 14.54
rFFG 19 41 -62 -18 13.54
HVCN
rFFG 37 30 -47 -12 10.96
IFFG 37 -30 -47 -12 12.05

Note: BA: Brodmann’s area; MNI: Montreal neurological institute; SN:
salience network; CEN: cerebellum network; DMN: default mode network;
PVCN: primary visual cortex network; HVCN: higher visual cortex
network; rFIC: right frontoinsular cortex; IFIC: left frontoinsular cortex;
ACC: anterior cingulate cortex; rDPC: right dorsolateral prefrontal cortex;
IDPC: left dorsolateral prefrontal cortex; rPPC: right posterior parietal
cortex; IPPC: left posterior parietal cortex; VPC: ventromedial prefrontal
cortex; PCC: posterior cingulate cortex; rCAL: right calcarine cortex; ICAL:
left calcarine cortex; rLING: right lingual gyrus; rFFG: fusiform gyrus;
IFFC: fusiform gyrus.

2.6. FC Network among ROIs

2.6.1. ROI Selection. Independent component analysis (ICA)
was conducted on each participant’s smoothened, normal-
ized images by using GIFT v3.0a (Group ICA of fMRI Tool-
box) [39]. This analysis was limited to 25 output-only
components of the group. From these components, networks
of interest (salience network (SN), default mode network
(DMN), primary visual cortex network (PVCN), high visual
cortex network (HVCN), cerebellum network (CEN), right
frontoparietal network (rFPN), and left frontoparietal net-
work (IFPN)) were selected. A nonlinear template matching
was conducted to select the “best fit” or the most suitable net-
work component. The template matching steps were as fol-
lows: for each component, the average z-score of the voxels
of the component falling within and outside the template
was calculated. Then, the component from the 25 compo-
nents with the maximum difference in the average z-score
of voxels falling within and outside the template was selected
as the network component that most closely matched the
template. The z-scores here reflected the degree to which
the time series of a given voxel was correlated with the time
series corresponding to the specific ICA component. A com-
bined group analysis was performed using the individual best
fit network components for the three networks. Individual
t-statistic images from both groups were used to determine
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the combined group-level statistical maps by using a single-
sample t-test. Significant clusters were identified using a
voxel-wise statistical height (P <0.01) and extent (P <0.01)
thresholds corrected at the whole-brain level.

According to previous results on resting state networks
[40], the classical resting state networks were selected from
the ICA components. The seed of ROIs of each network
was defined on the basis of the peaks of z-scores of the ICA
clusters and selected (Table 2). The final ROIs were drawn
as spheres with a radius of 8 mm centered on the given nodes.
The ROIs were created correspondingly on both hemi-
spheres. These ROI selection procedures are widely used in
functional and effective connectivity studies [41-44].

2.6.2. FC Analysis. The regionally averaged rs-fMRI time
series of each ROI was contracted to calculate the connec-
tions between the ROIs, and the correlation between the time
series was computed by DPARSF software. Fisher’s r to z
transformation was applied to ensure a normal distribution.
A single-sample t-test was conducted to analyze the FC at a
group level, and a two-sample ¢-test was performed to exam-
ine the between-group differences (P < 0.01, FDR correction,
and cluster size > 85).

3. Results

3.1. Comparison of ALFF in Amblyopia versus HCs. The
ALFF values were computed at a voxel level to assess the dif-
ference in the intensity of the local brain activity between the
two groups.

The differences in ALFF between the amblyopia group
and HCs are illustrated in the 3D gray cortical model in
Figure 1. The differences in ALFF values between both
groups as revealed by using the two-sample -test are pre-
sented in Table 3.

ALFF analysis showed that the brain regions with lower
ALFF values in the amblyopia group than those in the HCs
were distributed in the bilateral brain, including frontal, tem-
poral, and occipital lobes. The middle temporal gyrus is a
high-level functional area in the visual dorsal information
processing stream, and the low ALFF may be related to the
attention deficit of amblyopia. The brain regions with higher
ALFF values in the amblyopia group than those in HCs were
distributed in the right fusiform gyrus, the right caudate
nucleus, and the right superior parietal gyrus.

3.2. Comparison of PVC-FC in Amblyopia versus HCs. The
FC results between the left PVC and the whole brain are
shown in Figure 2(a), and the brain area statistics are pro-
vided in Table 4. In comparison with the HCs, the amblyopia
group revealed that the brain regions with strong FC were
mainly in the bilateral fusiform gyrus, but brain regions with
a weak connectivity were mainly in the right middle frontal
and angular gyri.

The results of FC between the right PVC and the whole
brain are shown in Figure 2(b), and the brain area statistics
are listed in Table 5. In comparison with HCs, the amblyopia
group indicated that the brain regions with a strong FC were
only in the right fusiform gyrus, but the brain regions with a
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—5.6561

6.5872

Ficurek 1: Differences in ALFF between the amblyopia group and HCs (P < 0.05, alphasim corrected, and cluster size > 85). The red region
indicates that the ALFF of the amblyopia group is significantly higher than that of HCs. The blue region implies that the ALFF of the

amblyopia group is significantly lower than that of HCs.

TasLe 3: Differences in ALFF between the amblyopia group and
HCs.

Peak MNI
Region BA coordinates (mm) Cluster size T value
X Y Z

rITG 20 48 -33 -18 231 -4.0713
IMTG 20 -45 -24 -18 192 -4.4553
IMFG 10 -6 57 -6 103 -4.2173
rMFG — 39 54 -15 159 -4.2101
IMOG 19 -27 -81 9 242 -5.6561
ISFG — -18 63 3 149 -4.5657
ICUN — 0 -84 42 122 -3.6131
1IPG 40 -48 -54 48 136 -3.867
1IPG — -24 -51 54 93 -4.5914
IPreCG — -24 -15 54 75 -4.3692
rPreCG 7 12 -60 63 35 -3.5482
IPCL 6 -6 -27 69 15 -2.4483
rFFG — 33 -60 -18 222 4.881

rCAU — 12 18 3 279 5.0006
rSPG — 16 -63 72 322 6.5872

Note: BA: Brodmann’s area; MNI: Montreal neurological institute; rITG:
right inferior temporal gyrus; IMTG: left middle temporal gyrus; IMFG: left
middle frontal gyrus; rMFG: right middle frontal gyrus; IMOG: left middle
occipital gyrus; ISFG: left superior frontal gyrus; ICUN: left cuneus; IIPG:
left inferior parietal gyrus; IPreCG: left precentral gyrus; rPreCG: right
precentral gyrus; IPCL: left paracentral lobule; rFFG: right fusiform gyrus;
rCAU: right caudate nucleus; rSPG: right superior parietal gyrus.

weak connectivity were mainly in the right putamen, left
orbital inferior frontal gyrus, dorsolateral superior frontal
gyrus, left medial superior frontal, right angular gyrus, and
right middle frontal gyrus.

The bilateral PVC had a weak connectivity with the right
angular and right middle frontal gyri in amblyopia.

3.3. Comparison of FC between ROIs in Amblyopia versus
HCs. Pearson’s correlation was conducted for each ROI pair
to assess the strength of functional coupling among network
nodes. Figure 3 illustrates the results of the two-sample ¢-test
for the FC of ROIs between amblyopia and HCs. Table 6
shows the statistical information.

In comparison with HCs, the amblyopia group possessed
a weak FC between the following ROIs: left frontoinsular
cortex-ventromedial prefrontal cortex, left frontoinsular
cortex-left calcarine cortex, left frontoinsular cortex-right
calcarine cortex, ventromedial prefrontal cortex-anterior cin-
gulate cortex, ventromedial prefrontal cortex-right frontoin-
sular cortex, and right frontoinsular cortex-right fusiform
gyrus. Strong FC existed between the PVCN and HVCN (left
calcarine cortex-right fusiform gyrus, right calcarine cortex-
left frontoinsular cortex, and right calcarine cortex-right
frontoinsular cortex).

4. Discussion

Amblyopia shows evident visual function impairment but
does not have typical ocular organic changes, although previ-
ous rs-fMRI studies have found alteration of spontaneous
brain activity in amblyopia. However, fMRI studies focusing
on unilateral amblyopia is limited. Here, we examined the
brain functional differences between the amblyopia group
and the HCs from multiple level analysis.

As alocal method, ALFF analysis was conducted to locate
the dysfunctional brain regions of amblyopia. In comparison
with HCs, the amblyopia group indicated low ALFF in the
bilateral frontal, temporal, and occipital lobes. This result
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F1GURE 2: FC between the PVC and other brain regions (P < 0.05, GRF corrected, and cluster size > 85). (a) FC between the left PVC and other
brain regions. (b) FC between the right PVC and other brain regions. The red region indicates that the ALFF of the amblyopia group is
significantly higher than that of the HCs. The blue region indicates that the ALFF of the amblyopia group is significantly lower than that

of the HCs.

was consistent with a task-related fMRI study in amblyopia
[45]. The three lobes play important roles in the visual
pathway. ALFF reduction in these regions may indicate a
change in visual function in amblyopia. The frontal lobe
plays a significant role in visual information perception,
memory, and regulation [46]. The temporal lobe plays an
important role in visual perception, facial recognition, and
memory association and formation [47]. The occipital lobe
is mainly responsible for the functions of visual and motion
perception, and occipital lobe damage may cause partial or
complete blindness [48, 49]. Bilateral middle temporal and

middle occipital gyri are involved in the visual spatial infor-
mation processing network.

The brain regions, including the fusiform gyrus, caudate
nucleus, and superior parietal gyrus, with higher ALFF than
HCs were on the right. Our results were different from those
of Liang et al. [26], except for the left middle occipital gyrus.
However, our values were reduced in the left middle occipital
gyrus, whereas those of Liang et al. were increased possibly
because our subjects were having unilateral left eye ambly-
opia, and those of Liang et al. [26] were having a mixture of
unilateral left and right eye amblyopia.
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TaBLE 4: Regions with statistically significant FC to the left PVC
between the amblyopia group and HCs.

Peak MNI
Region BA coordinates (mm) Cluster size T value
X Y Z
rFFG 37 36  -48  -12 72 5.9695
IFFG 37 -33 -51 -6 85 5.1071
rMFG — 39 39 33 82 -4.1831
rANG — 42 -69 54 72 -4.3852

Note: BA: Brodmann’s area; MNI: Montreal neurological institute; rFFG:
right fusiform gyrus; IFFG: left fusiform gyrus; rMFG: right middle frontal
gyrus; rANG: right angular gyrus.

TaBLE 5: Regions with statistically significant FC to the right PVC
between the amblyopia group and HCs.

Peak MNI
Region (aal)  BA coordinates Cluster size T value
(mm)
X Y Z
rFFG 37 36 -48 -9 82 6.6431
rPUT — 18 9 -6 178 -3.8243
1ORBinf — -39 42 -6 91 -3.8903
rSFG — 21 57 3 353 -4.718
ISFGmed — -9 30 51 130 -6.1944
rANG 40 42 -69 54 95 -4.1872
rMFG 8 21 27 42 215 -5.6782

Note: BA: Brodmann’s area; MNI: Montreal neurological institute; rFFG:
right fusiform gyrus; rPUT: right lenticular nucleus-putamen; IORBinf: left
orbital part inferior frontal gyrus; rSFG: right superior frontal gyrus;
ISFGmed: right medial superior frontal gyrus; rANG: right angular gyrus;
rMFG: right middle frontal gyrus.

We investigated whether the left/right PVC-FC with the
whole brain is also altered. Our results revealed that the FC
of the PVC to the right angular gyrus and the right middle
frontal gyrus were significantly reduced. These regions were
all in the visual pathways, possibly indicating the alteration
of the PVC-FC in amblyopia. The fMRI analysis in another
study [29] also showed that the FC between the PVC and
angular gyrus was significantly reduced.

We used the ROIs-FC to analyze whether left eye
amblyopia altered the typical brain functional networks.
The results showed six reduced FC and three increased
FC for amblyopia. The reduced FC was mainly located
in the left hemisphere, whereas the increased FC was in
the right hemisphere. A bilateral PVC has a weak connectiv-
ity with the frontoinsular cortex of the SN. The frontoinsu-
lar cortex is regarded as an information integration hub of
the SN [14, 50]. The ventral stream passes through the PVC
to the frontoinsular cortex. Therefore, the weak connectiv-
ity between the bilateral PVC and the frontal-insular cortex
of the SN might indicate that the information integration
hub of the brain was affected in amblyopia. Moreover,
amblyopia might alter the FC of the DMN, SN, PVCN,
and HVCN.

VPC(BAILL)

IFIC(BA47) 1FIC(BA47)

/ IFEG(BA37) tFFG(BA37)

TFFG(BA19)

Ficure 3: Differences in the FC of ROIs between the amblyopia
group and HCs (P <0.05, FDR corrected, and cluster size > 85).
Blue indicates that the FC strength in the amblyopia group is
enhanced compared with that in HCs. Gray implies that the FC
strength in the amblyopia group is weakened compared with that in
HCs. VPC: ventromedial prefrontal cortex; IFIC: left frontoinsular
cortex; rFIC: right frontoinsular cortex; ACC: anterior cingulate
cortex; IFFG: left fusiform gyrus; rFFG: right fusiform gyrus; ICAL:
left calcarine cortex; rCAL: right calcarine cortex.

The results of these analyses revealed that unilateral
amblyopia might alter local brain activity and FC. Amblyopia
affects the dorsal and ventral stream of the visual pathway.
The findings of the ALFF and PVC-FC analyses showed the
reduced ALFF and FC of the angular gyrus of amblyopia.
The angular gyrus is a key region of the temporoparietal
junction (TPJ) [51], though no standardized anatomical def-
initions exist in TPJ localization [52]. As TP] plays a critical
role in the integration of top-down and bottom-up atten-
tional controls [53], the reduced ALFF values and FC of the
angular gyrus might indicate that amblyopia affected the
top-down attentional control.

The PVC-FC and ROIs-FC analyses also confirmed an
increased FC between the PVC and the fusiform gyrus. Sim-
ilarly, the ALFF values in the right fusiform gyrus increased.
These results were different from our expectations, and one
possible explanation was that PVC belonged to the PVCN,
whereas the fusiform gyrus belonged to the HVCN. These
results might indicate that FC between the PVCN and
HVCN increased. Our hypothesis was that a normal FC
between the PVCN and HVCN could form a normal visual
perception when visual information arrived at the PVCN
for people with normal vision. However, an increased FC
between the PVCN and HVCN might be necessary to form
a near-normal visual perception when visual information
arrived at the PVCN for the amblyopia group.
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TasLE 6: Difference in FC between ROIs in important networks of amblyopia.
VPC IFIC rFIC ACC IFFG rFFG ICAL rCAL rFFG
(BA11) (BA47) (BA47) (BA24) (BA37) (BA37) (BA17) (BA17) (BA19)
VPC (BA11) 1 1 1
IFIC (BA47) 1 ! !
rFIC (BA47) l l
ACC (BA24) l
IFFG (BA37) 7
rFEG (BA37) 1 7
ICAL (BA17) 1 1
rCAL (BA17) ! ) 7
rFEG (BA19) 1

Note: “|” indicates a decrease in FC in the amblyopia relative to the HCs. “T” denotes an increase in FC in the amblyopia relative to the HCs. VPC: ventromedial
prefrontal cortex; IFIC: left frontoinsular cortex; rFIC: right frontoinsular cortex; ACC: anterior cingulate cortex; IFFG: left fusiform gyrus; rFFG: right fusiform

gyrus; ICAL: left calcarine cortex; rCAL: right calcarine cortex.

The present study has several limitations. First, the num-
ber of people enrolled in the experiment was relatively small
because of the difficulty in recruiting participants and the
poor controllability of the test data of children’s test subjects.
In the future, we can increase the sample size to reduce the
possibility of making a type 1 error. Second, the current study
only included left eye amblyopia, which might reduce the
inferential effect on amblyopia in the right eye. In future
studies, the right eye amblyopia should also be examined to
compare the differences between the two groups and HCs.
Thus, additional data can be provided to help understand
amblyopia and neuroplasticity. These limitations are all
aspects of improvement in future research.

5. Conclusions

Our multiple level analysis of rs-fMRI reveals that unilateral
amblyopia may alter local brain activity and FC. A reduced
activity in the angular gyrus may indicate that amblyopia
affects the top-down attentional control. Our study may also
help elucidate the neurological mechanisms of amblyopia.
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Amblyopia is a neurodevelopmental visual disorder arising from decorrelated binocular experience during the critical periods of
development. The hallmark of amblyopia is reduced visual acuity and impairment in binocular vision. The consequences of
amblyopia on various sensory and perceptual functions have been studied extensively over the past 50 years. Historically,
relatively fewer studies examined the impact of amblyopia on visuomotor behaviours; however, research in this area has
flourished over the past 10 years. Therefore, the aim of this review paper is to provide a comprehensive review of current
knowledge about the effects of amblyopia on eye movements, upper limb reaching and grasping movements, as well as balance
and gait. Accumulating evidence indicates that amblyopia is associated with considerable deficits in visuomotor behaviour
during amblyopic eye viewing, as well as adaptations in behaviour during binocular and fellow eye viewing in adults and
children. Importantly, due to amblyopia heterogeneity, visuomotor development in children and motor skill performance in
adults may be significantly influenced by the etiology and clinical features, such as visual acuity and stereoacuity. Studies with
larger cohorts of children and adults are needed to disentangle the unique contribution of these clinical characteristics to the
development and performance of visuomotor behaviours.

1. Introduction

Amblyopia is a common neurodevelopmental disorder clin-
ically defined as reduced visual acuity that cannot be imme-
diately corrected using optical refraction [1]. The current
gold-standard treatment for amblyopia involves occlusion
therapy; that is, patching the eye with better acuity to force
the use of the amblyopic eye. However, monocular acuity
deficits persist in 15-50% of children after treatment, and
patients often have deficits in binocular visual function,
such as reduced or absent stereopsis, interocular suppres-
sion, and gaze instability [2]. Importantly, in addition to
the sensory visual deficits, there are a variety of changes
in the perceptual, cognitive, and motor functions in chil-
dren and adults with amblyopia (for reviews, see [3-5]).
The widespread effects of amblyopia on perceptual and
sensorimotor functions are not surprising given that vision

provides a key sensory input necessary for the optimal devel-
opment of neural circuits and behavioural functions [3, 6-8].
Abnormal visual experience due to amblyopia during the
sensitive periods of development has a direct effect on the
morphology and neurophysiological responses of neurons
in the striate and extrastriate cortex and the functional con-
nectivity of cortical networks [9-14]. Because the primary
visual cortex is the origin of two anatomically and function-
ally distinct neural pathways, i.e., the ventral stream that pro-
jects to the inferior temporal cortex and the dorsal stream
that projects to the posterior parietal cortex [15], abnormali-
ties in early visual processing can lead to profound changes in
neural processing in cortical areas receiving inputs from the
visual cortex [10, 16-18]. Support for the widespread cortical
reorganization was recently shown in a study with 5 to 15-
year-old children, which reported reduced functional con-
nectivity density at rest in the anisometropic amblyopia
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group compared to an age- and gender-similar control group
[19]. This study found decreased strength of both short- and
long-range connections, which included pathways extending
from the occipital cortex to the inferior temporal area, parie-
tal cortex, and the prefrontal cortex. The authors suggested
that the abnormal development of long-range connectivity
could be the underlying neurophysiological cause of visuo-
motor deficits in amblyopia.

Visual perceptual changes in amblyopia have been stud-
ied extensively (for recent reviews, see [4, 20, 21]). In con-
trast, the effects of amblyopia on motor function have
historically received relatively less attention, with most stud-
ies and new insights emerging in the last 10 years. Therefore,
the purpose of this paper is to provide a comprehensive
review of the literature that advanced our understanding of
the neuroplastic changes in visuomotor behaviour in humans
with amblyopia. To highlight the changes in motor function
associated with decorrelated binocular visual experience dur-
ing development, we begin by introducing the key compo-
nents of visuomotor control.

2. Visuomotor Coupling during Goal-
Directed Action

The only way to interact with our environment is through
action: making eye movements while reading or looking for
relevant objects, performing goal-directed reaching and
grasping movements with our hands, or navigating to a target
destination while avoiding obstacles. The intricate link
between vision and movement was first revealed by Held
and Hein [22] in a seminal study which demonstrated that
normal development of functional vision requires specific
experiences where visual and motor inputs are coupled dur-
ing a particular behaviour. It is now widely accepted that
vision provides a key sensory input during the performance
of most daily activities, including reaching, grasping, and
navigation [23-26].

Reaching and grasping is a complex behaviour, which
requires spatial and temporal coordination among multiple
sensory and motor systems. For example, following the deci-
sion to drink a cup of coffee, the action sequence requires
coordinated movements of the eyes to fixate the cup, and
then the arm to reach and grasp the cup without knocking
it over or spilling its contents. This seemingly simple action
requires extensive processing of the visual input along the
dorsal cortical stream where neurons are preferentially acti-
vated by binocular inputs [27-30]. The first step requires
localization of the object in three-dimensional (3D) space
with respect to the body [31]. If the object falls on the periph-
eral retina, saccadic and/or vergence eye movements, as well
as head movements, are executed to bring the image onto the
fovea of both eyes. The fovea has the highest density of pho-
toreceptors, and correspondingly, the largest representation
in the primary visual cortex, which correlates with acuity
thresholds [32]. In general, arm movements are initiated fol-
lowing object fixation [33-37], and this temporal coupling
could reduce the sensory uncertainty about the object’s
extrinsic (i.e., 3D location) and intrinsic (i.e., material) prop-
erties. Reducing sensory uncertainty about an object’s loca-
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tion and properties is important for planning efficient reach
and grasp movements (i.e., feedforward control). Impor-
tantly, once the reach is initiated, online visual feedback pro-
vides information about the ongoing action, and can be used
to amend the trajectory when errors are detected [38]. Prior
experience and current visual information about an object’s
material properties are used to plan the grasp by predicting
the amount of force necessary to grasp and lift the object
[39, 40]. At the time of hand contact, haptic feedback
becomes available and can be used to adjust the grip force
when the initial visual information is not reliable [41, 42].
Establishing a stable grasp of the object is performed under
visual control while fixating the object; however, as soon as
the grasp is stable, the eyes move on to the next target [43].

As discussed above, vision thus provides important sen-
sory input for optimal performance of goal-directed behav-
iours. When visual feedback is restricted or eliminated,
movements become slower, less accurate, and more vari-
able. For example, visuomotor performance is significantly
diminished when adults with normal vision are forced to
perform a task under monocular compared to binocular
viewing [44-47]. Similarly, binocular vision provides an
important sensory input for the performance of fine motor
skills in typically developing children [48]. For example,
lower stereoacuity thresholds (i.e., better stereoacuity) are
associated with improved grasping performance in school-
aged children [49]. On the other hand, children diagnosed
with a developmental coordination disorder, which is char-
acterized by reduced motor function, also exhibit abnormal
binocular vision [50]. Given that the hallmark of amblyopia
is a disruption in binocular visual function, it is important
to understand the type and extent of neuroplastic changes
in visuomotor behaviour in adults and children with this
neurodevelopmental disorder. It is also important to note
that neuroplastic changes can be negative, which would
manifest as deficits, as well as positive, which would manifest
as compensatory adaptations that allow individuals with
amblyopia to function normally. Investigating the effects of
amblyopia on the oculomotor, manual, and postural systems
could provide insight into the neural adaptation of the brain
networks involved in sensorimotor transformations underly-
ing the performance of functional behaviours.

3. Profile of Amblyopia

Population studies in children estimate the prevalence of
amblyopia to be between 1.3% and 3.6% [2]. Amblyopia
arises when children experience decorrelated binocular visual
input due to strabismus (i.e., eye misalignment), anisome-
tropia (i.e., unequal refractive error), and strabismus and
anisometropia (i.e., mixed mechanism) or form vision dep-
rivation (e.g., infantile cataracts). In children younger than
3 years old, amblyopia is associated with strabismus in 82%
of the cases, whereas in older children (3-7 years old), both
anisometropia and strabismus each account for ~40% of
amblyopia [2]. The clinical profile of visual deficits varies
with the etiology of amblyopia. For example, strabismic
amblyopia is associated with greater deficits in binocular
visual function, including poorer stereoacuity and greater
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interocular suppression [51, 52]. A distinct pattern of visual
deficits was also found among strabismic, anisometropic,
and mixed mechanism amblyopia in a large cohort of adults
[53]. Specifically, individuals with strabismus had reduced
optotype acuity, as compared to grating acuity, and better
than normal contrast sensitivity at low spatial frequencies.
In contrast, adults with anisometropic amblyopia had com-
parable optotype and grating acuity but reduced contrast
sensitivity. Because amblyopia etiology is associated with a
different age of onset and differential effects on spatial vision,
it is important to consider the role of amblyogenic factors on
visuomotor development in children, and on motor perfor-
mance in adults with amblyopia.

4. Effects of Amblyopia on the
Oculomotor System

4.1. Fixation Stability. Periods of attempted fixation con-
sist of fixational eye movements that include
(slow drift velocity < 2 deg/sec), microsaccades, and high-
frequency tremor [54]. The rate of microsaccades in visu-
ally normal adults is ~1-2 per second, and they tend to
have a small amplitude, typically <0.5° with an asymptote
at approximately 1°. The contribution of fixational eye
movements to perceptual, cognitive, and motor functions
is still under investigation. To date, studies with visually
normal adults demonstrated that microsaccades prevent
fading during a prolonged fixation (i.e., the Troxler effect)
[55], they are associated with better performance during a
high-acuity task (i.e., simulated needle threading) [56],
and their rate increases during visual search [57]. These
studies indicate that microsaccades play an important role
in visual information processing. Consequently, abnormal
fixational eye movements may contribute to deficits in per-
formance of perceptual, cognitive, and motor tasks.

The effects of amblyopia on fixational eye movements
have been studied for over 40 years, and several abnormali-
ties have been documented in both adults and children with
different amblyopia etiologies. The early studies included
relatively small sample sizes, and they quantified fixation
instability by reporting the frequency and amplitude of
microsaccades, as well as amplitude and rate of ocular drift
[58-61]. They showed that amblyopia etiology was associ-
ated with different patterns of fixation instability. Specifically,
adults with strabismic amblyopia had an increased frequency
of microsaccades (referred to as “saccadic intrusions” by the
authors) in the amblyopic eyes, whereas individuals with
anisometropic amblyopia had a comparable frequency of
microsaccades to the control group [59]. In contrast, a higher
amplitude and velocity of drift were evident in the amblyopic
eyes regardless of etiology, but not in patients with intermit-
tent strabismus without amblyopia [61]. Due to the small
sample size, these studies could not disentangle the associa-
tion between fixation instability and visual acuity.

Advancements in eye-tracking technology have led to
larger studies in children and adults, providing insight into
the association between fixation instability and visual acuity
deficits. Recent studies quantified fixation instability using a
variable called bivariate contour ellipse area (BCEA), which

provides a measure of dispersion of the eyes during a fixation
interval. Therefore, BCEA is a global measure of fixation
instability influenced by the presence of microsaccades and
ocular drift, so a larger BCEA could be due to an increased
drift or more frequent and/or larger microsaccades. Results
from two recent studies with adults are in agreement with
the earlier reports. First, Gonzalez et al. [62] tested 13
patients with various amblyopia etiologies and found
increased BCEA in the amblyopic eye, which was evident
even during binocular viewing. In this small sample, ambly-
opic eye fixation instability was not associated with the etiol-
ogy or visual acuity loss. In the second study, Chung et al.
[63] assessed fixation instability in a larger cohort that
included 14 adults with anisometropic and 14 adults with
strabismic amblyopia. In agreement with the earlier studies
[58, 59], they found a significantly higher rate and larger
amplitude of microsaccades only in patients with strabismic
amblyopia. Also consistent with previous studies [59], the
amplitude of slow drift was greater during amblyopic eye
viewing in all patients, regardless of amblyopia etiology. This
was the first study in adults to show that microsaccade ampli-
tude and slow drift amplitude are both associated with
reduced visual acuity, and they explain 14% and 30% of total
variance, respectively, in amblyopic eye acuity [63].

Several recent studies examined fixation instability in
children with amblyopia. Subramanian et al. [64] assessed
52 children with amblyopia due to anisometropia, strabis-
mus, or the mixed mechanism and compared their BCEA
with those of nonamblyopic children (i.e., typically develop-
ing: n = 40 and nonamblyopic strabismus and anisometropia:
n =37). Fixation instability during amblyopic eye viewing
was almost three times greater in comparison to fellow eye
viewing in children with amblyopia, which in turn was com-
parable to the fixation stability found in the nonamblyopic
children viewing with either eye and the left eye of a visually
normal control group. This study did not report whether any
of the children presented with latent nystagmus; however,
fixation instability was larger in the horizontal axis, which
is consistent with the presence of fusion maldevelopment
nystagmus syndrome. Similarly to adults with amblyopia
[63], amblyopic eye fixation instability in children was asso-
ciated with poorer visual acuity (r = 0.60). Interestingly, this
correlation was high in a subset of children with strabismic
amblyopia (r=0.94) but not statistically significant in the
anisometropic amblyopia group (r = 0.26). Finally, although
there was no significant difference in fixation instability
among the subtypes of amblyopia, a trend towards signifi-
cance was reported (p = 0.07). Several reasons could contrib-
ute to the lack of significant difference due to etiology in this
study with children, which was clearly evident in the adult
studies [58, 60]. First, the group with strabismic amblyopia
consisted of only 7 children (6 with accommodative esotro-
pia), whereas the anisometropic group included 21 children
and the combined mechanism group included 24 children.
Second, as mentioned previously, BCEA is a global measure
of fixation instability influenced by microsaccades and drift.
Based on the results from adult studies, it could be hypothe-
sized that a larger BCEA in children with strabismic ambly-
opia is due to a larger microsaccade amplitude, whereas in



children with anisometropic amblyopia the larger BCEA is
due to larger drift amplitude.

Two additional studies provide further insight into the
contribution of microsaccades and drift to fixation instability
in the pediatric population. First, Shi et al. [65] tested 28 chil-
dren with anisometropic amblyopia and compared their per-
formance with an age-matched control group. They found a
reduced rate of small-amplitude (i.e. <0.6 deg) microsaccades
and an increased rate of larger-amplitude microsaccades dur-
ing amblyopic eye viewing in comparison to fellow eye view-
ing, and when compared to children in the control group.
These larger microsaccades also had significantly greater
amplitude and peak velocity. The association with visual acu-
ity was not examined in that study, presumably because all
children had relatively mild amblyopia (range 20/30-20/60).
The second study included 36 children with amblyopia and
11 visually normal children; however, 17 children were
excluded from the analysis because they presented with latent
nystagmus or unreliable eye-tracking data [66]. Therefore,
the final sample included 19 children with amblyopia (9 with
anisometropia, 4 with strabismus, and 6 with the mixed
mechanism), and the severity of amblyopia ranged from mild
(20/30) to severe (20/400). Results were in agreement with
Shi et al. [65] and showed decreased frequency but increased
microsaccade amplitude during amblyopic eye viewing. This
behaviour was associated with amblyopia severity: microsac-
cade amplitude was approximately twice as large in children
with severe compared to those with mild amblyopia. Surpris-
ingly, there was no association with amblyopia etiology,
which may be due to a relatively small sample size that
included only 4 children with strabismic amblyopia. Inter-
estingly, drift variance was higher in both the amblyopic
and fellow eyes of children with amblyopia compared to
the control group. Furthermore, the extent of drift vari-
ance was not associated with microsaccade amplitude or
amblyopia severity in this particular study. It is difficult
to directly compare these results with adult studies because
Shi et al. reported the variance of composite eye position
during the intersaccadic interval rather than the amplitude
or velocity of slow drift.

The increased drift variance in both eyes of children with
amblyopia might have implications for binocular oculomotor
control, which was investigated by Kelly et al. [67]. They
examined fixation instability of the amblyopic (nonpre-
ferred) and fellow (preferred) eyes, as well as vergence insta-
bility during binocular viewing in a large cohort of children
(amblyopic: n =98 (49 anisometropic, 15 strabismic, and 34
mixed mechanism); nonamblyopic: n =62 (15 anisometro-
pic, 29 strabismic, and 18 mixed mechanism), and control:
n = 46). Increased fixation instability (i.e., larger BCEA) was
found in the amblyopic and nonamblyopic groups compared
to the control group when viewing with the amblyopic or
nonpreferred eyes. Moreover, vergence instability was associ-
ated with the presence of strabismus in both the amblyopic
and nonamblyopic children. Further analysis showed that
fixation and vergence instability were both associated with
worse stereoacuity (r=0.31). These results indicate that
fixation instability is not a unique feature of amblyopia
as children with different nonamblyopic visual and oculo-
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motor deficits have significant fixation instability as com-
pared to a visually normal control group.

To summarize, amblyopic eye fixation instability has
been found in adults and children. Notably, most studies
found no significant difference in BCEA between the control
eyes and patients viewing with the fellow eye [62-65]. Com-
paring the results of studies with children and adults with
amblyopia can reveal important insights about developmen-
tal plasticity. In particular, three studies with children found
no significant association between etiology and fixation
instability during monocular viewing [64-66]. In contrast,
adults with strabismic amblyopia tend to exhibit significantly
larger instability, which is mainly due to the increased
frequency and amplitude of microsaccades [63]. One inter-
pretation for these results could be that children with aniso-
metropic amblyopia are able to improve their fixation
stability during the course of development. In contrast, the
presence of strabismus interferes with the normal develop-
ment of oculomotor control. Therefore, the potential for pos-
itive plasticity may depend on the etiology of amblyopia.

Fixation instability has been associated with poorer visual
acuity [63, 64, 66] and worse stereoacuity [61, 64], and these
changes could have a negative impact on visuomotor behav-
iours, such as reading or visual search. This hypothesis was
examined by two recent studies. First, Kelly et al. reported a
moderate correlation between fellow eye fixation instability
(i.e., BCEA) during binocular viewing and binocular reading
speed (r = —0.52) in a cohort of 20 children with anisometro-
pic amblyopia [68]. In contrast, the association between
binocular reading speed and amblyopic eye fixation insta-
bility or stereoacuity did not reach significance (r=-0.32
and r = 0.22, respectively) in that study. Importantly, results
from that study showed that children with anisometropia
without amblyopia were reading at a comparable speed to
a visually normal control group. Unfortunately, the fixation
instability measures were not reported for that group. The
second study by Chen et al. examined microsaccades dur-
ing a visual search task in 21 children with amblyopia while
viewing was monocular with either the amblyopic or fellow
eye; however, binocular viewing was not assessed [69].
Visual search was significantly less accurate and longer dur-
ing amblyopic eye viewing when compared to the control
group. Although search accuracy was comparable between
the groups when viewing with the fellow eye, search time
remained significantly longer in children with amblyopia.
Deficits were further exacerbated in children with latent
nystagmus. Collectively, emerging studies suggest that fixa-
tion instability may influence functional tasks such as read-
ing and visual search in individuals with amblyopia;
however, more studies are needed to assess the role of eti-
ology, visual acuity, and stereoacuity in the performance
of these complex tasks.

4.2. Saccades. Voluntary saccades are quick, conjugate eye
movements performed to explore the environment in a
task-dependent manner [70]. Saccade metrics and their
underlying neural networks have been studied extensively,
and the subcortical and cortical areas involved in saccade
planning and generation are well established [71-75]. At
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the behavioural level, saccades can be described by the “main
sequence,” which quantifies the relation between saccade
amplitude and peak velocity and amplitude and duration
[76]. Saccades are often studied by asking participants to fix-
ate a target presented in the periphery. The two outcome
measures commonly used to assess oculomotor processing
are saccade latency (i.e., reaction time) and amplitude, which
provide a measure of a decision-making process, specifically,
the time needed to detect and initiate a response towards a
peripheral target and the accuracy and precision of target
localization [77, 78].

The effects of amblyopia on saccadic eye movements
were first characterized by Schor [79] in a small sample of five
adults with strabismic amblyopia. Using a stimulus that
stepped predictably along the horizontal meridian, results
showed more variable saccade latency when viewing with
the amblyopic eye; however, there was no significant dif-
ference in mean latency between the two eyes. The lack
of difference was most likely due to the predictable nature
of stimulus presentation because a subsequent study reported
significant delays in saccade initiation for the amblyopic eye
when a stimulus was presented with temporal and spatial
uncertainty [80].

Building on these pioneering studies, research into sac-
cadic eye movements has flourished over the past 10 years.
Recent studies assessed larger cohorts of patients, and
showed that clinical characteristics, such as amblyopia etiol-
ogy, acuity, and stereoacuity have a significant influence on
saccade latency and kinematics. The effects of etiology were
clearly demonstrated in a large cohort (n=393) of adults
with abnormal vision [81]. The interocular saccade latency
difference was 40-80 ms in adults with strabismic and mixed
mechanism amblyopia and 25 ms in adults with anisometro-
pic amblyopia. Perdziak et al. [82, 83] reported comparable
differences in interocular saccade latency in a smaller cohort
of patients with strabismic (n=10) and anisometropic
amblyopia (n=16). In contrast, the cohorts assessed by
Niechwiej-Szwedo et al. showed a different pattern of results
[84, 85]. The mean latency difference between the amblyopic
and fellow eye was ~45 ms in both anisometropic and strabis-
mic amblyopia groups. It is possible that the discrepancy
between this and other studies is due to patient characteris-
tics; for example, 4 out of 13 anisometropic patients (31%
of the sample) had a severe acuity loss and negative stereopsis
[85], whereas only 1 of the 16 patients tested by Perdziak
et al. in 2014 lacked stereopsis. In general, patients with
anisometropic amblyopia have better binocular vision
compared to those with strabismic amblyopia; however,
nonbinocular observers with anisometropia show a similar
pattern of visual deficits to the strabismic group [53].
Thus, it is possible that the increased interocular latency
difference in a cohort of anisometropic amblyopia assessed
by Niechwiej-Szwedo et al. was due to a greater number of
nonbinocular participants.

A detailed regression analysis of patient characteristics,
including acuity, stereoacuity, and ocular deviation, on sac-
cade latency was performed in a cohort of 55 adults with var-
ious amblyopia etiology (22 anisometropic, 18 strabismic,
and 15 mixed mechanism) [86]. The study also included a

group of patients with strabismus only (n = 14) to disentan-
gle the effects of ocular deviation (tropia) and amblyopia.
Multiple regression analysis revealed that visual acuity loss
was the strongest predictor of amblyopic eye saccade latency
delay, explaining 28% of the total variance. These results are
consistent with the McKee et al. study [81], which found a
correlation of 0.75 between interocular saccade latency
difference and interocular acuity difference.

It is important to mention that subtle, but significant sac-
cade latency deficits may also be present when viewing binoc-
ularly or monocularly with the fellow eye. For example,
binocular compared to monocular viewing is associated with
superior performance on various perceptual and motor tasks
in visually normal participants (i.e., binocular summation)
[87-90]. Consistent with this literature, a significant, albeit
small (~20 ms), binocular advantage was found for saccade
latency in the control group, but not in the anisometropic
or strabismic groups, where a comparable saccade latency
was found during fellow eye and binocular viewing [84, 85].
In general, saccade latency elicited by a sudden onset of a
peripheral stimulus is comparable between patients’ fellow
eye and a monocularly viewing control group [81]. Superfi-
cially, these results may seem at odds with a recent study that
reported significantly longer saccade latency in strabismic
amblyopes viewing with the fellow eye when compared to a
monocularly viewing control group [82]. This discrepancy
can be explained by considering the experimental paradigms
used to assess saccades. Perdziak et al. used the disappearance
of a central stimulus as the “go” signal to initiate saccades,
which is in contrast to the other studies that used a peripheral
stimulus to elicit reflexive saccades. These results provide the
first evidence to suggest that strabismic amblyopia may affect
saccade initiation when viewing with the fellow eye.

It is well known that saccade latency is task dependent;
for example, latency is shorter when the fixation target disap-
pears 50-200 ms prior to the presentation of a peripheral tar-
get, which is referred to as the gap effect [77]. It has been
suggested that the reduced saccade latency in gap trials is
due to the reduced activity of fixation neurons in the superior
colliculus [91]. Two recent studies examined the gap effect in
adults with amblyopia [92, 93]. Results showed faster saccade
latency for gap trials across all viewing conditions suggesting
that disengagement of visual attention is not affected by
amblyopia. Notably, the delays for saccade initiation during
amblyopic eye viewing persisted during the gap trials. In other
words, during amblyopic eye viewing saccades were initiated
faster during gap trials compared to overlap trials, but the
latency was still longer compared to fellow eye viewing.

The accuracy and precision of saccade amplitude are
important measures of performance; however, only one
study to date assessed these outcomes in a cohort of 55 adults
with amblyopia [84-86]. The study found no significant dif-
ferences in saccade accuracy (i.e., mean amplitude or gain)
between the patient and control groups. In contrast, saccade
endpoint precision was significantly reduced across all view-
ing conditions in the anisometropic group [85], and a strong
trend towards significance (p =0.06) was found in the stra-
bismic amblyopia group [84]. A detailed regression analysis
revealed that 25% of the total variance in saccade amplitude



precision was explained by visual acuity loss [86]. Finally, the
presence of amblyopia was associated with the increased fre-
quency of secondary, corrective saccades. It is plausible that
these secondary saccades represent a compensatory/adaptive
mechanism to correct for the spatial error following the pri-
mary saccade.

Reduced saccade precision and an increased number of
secondary saccades could impact reading, which is an impor-
tant daily activity that requires accurate and precise control
of eye movements. Several studies that examined reading in
amblyopia reported significantly lower reading speeds in
children and adults, even during binocular viewing. For
example, the reading speed of adults with strabismic
amblyopia during binocular viewing was ~67% of that found
in an education-matched control group [94]. Reading deficits
were associated with a greater frequency of saccades [94, 95].
Studies with children indicate that reading speed is reduced
by ~25% in the amblyopic eye compared to the fellow eye,
even in the case when the acuity recovers to normal [96].
Two other studies assessed reading during binocular viewing
and reported an ~33% reduction in reading speed in the
amblyopia group when compared to a visually normal con-
trol group as well as children with strabismus only or aniso-
metropia without amblyopia [68, 97]. These studies stress
that it is amblyopia, rather than other oculomotor or visual
problems, that has a negative impact on reading speed.
Importantly, using eye-tracking during the reading task
revealed differences in oculomotor behaviour, including
greater frequency of regressive or forward saccades [68, 97].
These changes in saccadic behaviour during reading are con-
sistent with studies that reported reduced saccade precision
and an increased number of secondary saccades in a single
target task [84, 85].

In summary, accumulating evidence demonstrates a sig-
nificant saccade-related deficit in the amblyopic eye, which
is evident regardless of amblyopia etiology. The impairment
manifests as a delay in movement initiation and reduced pre-
cision of target localization. Moreover, saccade deficits are
associated with acuity loss, and may be greater in adults with
strabismic and mixed amblyopia [81, 86]. These behavioural
deficits could arise as a result of difficulties in processing the
sensory information and/or planning the motor response.
Several lines of evidence suggest that oculomotor deficits
arise from delays in the processing of sensory input. First,
studies using electroencephalography and magnetoencepha-
lography showed delayed responses in the visual cortex dur-
ing amblyopic eye viewing in comparison to fellow eye or
binocular viewing [98, 99]. Second, Perdziak et al. used a
computational model approach to show that increased
latency in amblyopia is due to a slower accumulation of
visual information [83, 100]. It has also been argued that fix-
ation instability could contribute to increased saccade latency
[81, 92, 101]; however, this hypothesis has not been directly
tested in amblyopia. Finally, it is important to note that
although saccade deficits are largely confined to the ambly-
opic eye, some individuals may also exhibit subtle deficits
in saccade latency and precision during binocular or fellow
eye viewing, which could have a negative impact on visuomo-
tor behaviours, such as reading.
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4.3. Smooth Pursuit. Smooth pursuit involves conjugate eye
movements that stabilize the image of a moving target on
the fovea. Cortical networks involved in smooth pursuit
include areas in the parietal and frontal, as well as subcortical
areas, with some overlap with the saccade network [72, 102].
While saccades are initiated to reduce the retinal position
error, the initiation of pursuit movements requires an esti-
mate of the target’s velocity based on retinal input and trans-
formation of that sensory input into a motor output (ie.,
matching eye velocity). A common metric used to evaluate
the accuracy of smooth pursuit is gain, which is calculated
as the ratio of eye velocity to target velocity. A gain of one
indicates accurate tracking; that is, the image of a moving tar-
get is stabilized close to the fovea. The gain is dependent on a
target’s velocity, with values approaching 0.9 for target veloc-
ities between 10 and 90 deg/sec in visually normal humans
[103]. Deficits in smooth pursuit may be expected in individ-
uals with amblyopia given that disruption of the central
vision is the hallmark of amblyopia.

Von Noorden led the first investigation into the effects of
strabismic amblyopia on smooth pursuit and reported lower
pursuit velocity and increased saccade frequency (i.e., catch-
up saccades) [104]. These initial findings were corroborated
by subsequent studies [79, 105, 106], which shed more light
on the critical variables that impact smooth pursuit perfor-
mance in amblyopia. First, a study that included strabismic
and anisometropic groups reported that individuals with
strabismic amblyopia exhibited greater deficits in the ambly-
opic eye, including reduced pursuit velocity, increased
frequency of catch-up saccades, and nasal-temporal gain
asymmetry [105]. These deficits were most pronounced for
small-amplitude targets (<2 deg), where tracking was accom-
plished mainly with saccades rather than pursuit. Smooth
pursuit was evident for larger target amplitude (4-8 deg);
however, the gain was significantly lower than normal
(0.4-0.7). Since individuals with strabismic amblyopia have
increased fixation instability [58, 59, 63] with a strong bias
for a nasalward drift [58], Bedell et al. assessed the influ-
ence of nasal drift on pursuit accuracy by subtracting the
mean velocity of fixational drift from pursuit velocity
[106]. Even after applying this correction for drift, results
showed persistent reduction in pursuit gain for the ambly-
opic eyes. Overall, these studies provide clear evidence for
smooth pursuit deficits in the amblyopic eye of strabismic
amblyopes. In contrast, individuals with anisometropic
amblyopia show relativity fewer deficits. Specifically, a recent
study showed that the mean pursuit gain of both eyes was
comparable to visually normal controls; however, pursuit ini-
tiation was slightly delayed (~20 ms), and the gain was more
variable in the amblyopic eye [107].

4.4. Vergence. Vergence involves disjunctive eye movements
to fixate objects presented at different viewing distances
[108]. Disparity vergence is initiated during binocular view-
ing because objects nearer or farther from the fixation plane
stimulate disparate retinal locations. Vergence eye move-
ments are executed to reduce the disparity such that the
images on both retinas fall on corresponding retinal points,
and an object is perceived as single. Disparity vergence is
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neurally coupled with accommodative vergence, which is
activated by visual blur [109]. Therefore, vergence can
be initiated by the accommodative system during monoc-
ular viewing.

The effect of amblyopia on vergence eye movements was
examined by Kenyon et al. [110] in seven adult amblyopes
(4 strabismic, 3 anisometropic). In comparison to the con-
trol group, which showed symmetric vergence during binoc-
ular viewing, the strabismic group had asymmetric vergence
eye movements, which were accompanied by saccades.
Moreover, vergence dynamics were similar during binocular
and monocular viewing, indicating a deficit in disparity-
driven vergence, and the use of accommodative vergence
when viewing binocularly. There was a lack of consistency
in vergence behaviour in the anisometropic group: one
patient performed similarly to controls, another patient’s
vergence was highly variable, and one performed similarly
to the strabismic group. Clearly, further research with a
larger sample size is necessary to gain a better understanding
of the effects of clinical characteristics associated with
amblyopia on vergence eye movements. Understanding
the deficits and adaptation of the vergence system has eco-
logical significance because everyday behaviours involve
binocular eye movements. Furthermore, ocular vergence
provides an important distance cue about the location of
a fixated object, which is critical for planning and execut-
ing goal-directed reaching and grasping movements.

To summarize, deficits in eye movements are mainly seen
during amblyopic eye viewing for saccades and smooth pur-
suit in adults with amblyopia. Given that the hallmark of
amblyopia is an impairment in binocular vision, vergence
movements are also affected; however, this should be exam-
ined in more detail with a larger cohort of patients. Impor-
tantly, eye movements have not been examined in children
with amblyopia, which presents a significant gap in our
understanding of how abnormal visual experience affects
oculomotor development. Examining eye movements in chil-
dren with amblyopia during the course of development will
provide insight into the plasticity of the visuomotor system.

5. Effects of Amblyopia on the Manual System

Investigating upper limb movements provides insight into
the neural control of visuomotor behaviour. For example,
simple motor responses, such as a button press, have been
used to assess the speed of sensorimotor processing, whereas
reaching movements have been used to examine visuomotor
mapping, motor planning (i.e., feedforward control), and
feedback control [23, 31, 111-114]. One approach to study
upper limb movement control involves using a high-speed
motion camera to assess three-dimensional (3D) kinematics,
including limb trajectory, velocity, and acceleration. In addi-
tion to measures such as movement latency, duration, and
accuracy, which provide an overall index of motor perfor-
mance, 3D kinematics provide insight into motor planning
and feedback control processes. For example, reaction time,
peak acceleration, and peak velocity have been used to assess
feedforward control, while the duration of the deceleration
phase and limb trajectory path have been used to infer feed-

back processes [115-119]. The aim of Section 5.1 is to syn-
thesize the current knowledge about the effect of amblyopia
on various components of visuomotor behaviour.

5.1. Stimulus Detection. Visuomotor control has been first
studied in amblyopia using a manual reaction time paradigm
to assess the speed of information processing during a simple
stimulus detection task. Results showed increased reaction
time for centrally presented targets during amblyopic com-
pared to fellow eye viewing [120-123]. Notably, Hamasaki
and Flynn reported a high correlation between visual acuity
loss and reaction time in a cohort of strabismic amblyopes
(n=36; r=0.82) [122]. Reduced contrast sensitivity in the
amblyopic eye has been documented extensively [53,
124-126], and it is well known that reaction time is influ-
enced by stimulus strength (Pieron’s Law [127],). Therefore,
several studies examined whether equating signal strength
(i.e., contrast) across the two eyes reduces the latency delay
in the amblyopic eye. These studies highlight important
differences as a result of amblyopia etiology. Specifically, in
the case of anisometropic amblyopia, there was no significant
difference in the manual reaction time between the ambly-
opic and fellow eyes after stimulus visibility was equated
[128]. On the other hand, individuals with strabismic ambly-
opia exhibited persistent delays during amblyopic eye view-
ing even when stimulus contrast was equated between the
two eyes [101]. The authors suggested that this latency delay
could be due to fixation instability, which is greater in adults
with strabismic amblyopia [63].

Given that central vision deficits are the hallmark of
amblyopia, delayed response initiation for targets presented
centrally is not surprising. The manual reaction time to
peripheral targets was subsequently assessed during monoc-
ular viewing by Chelazzi et al. in a group of people with
amblyopia and esotropia which ranged from 6 to 40 PD
[129]. Results showed longer manual latency when viewing
with the amblyopic eye for stimuli presented in the central
10 deg as compared to more peripheral targets, which was
interpreted as a stronger suppression of the central visual
field in strabismic amblyopia. Manual button press responses
to peripheral targets have not been examined in anisometro-
pic amblyopia. However, Niechwiej-Szwedo et al. investi-
gated manual pointing responses to high-contrast targets
presented at 5 and 10 deg eccentricity [130]. Comparing
the reaction time of the anisometropic amblyopia group with
that of the control group showed no significant difference
between the groups or viewing conditions. In contrast, reach
initiation was significantly delayed in the strabismic ambly-
opia group compared to the control group, particularly for
the amblyopic eye viewing condition [131], which is consis-
tent with the results from Chelazzi et al. Regression analysis
that included the full cohort (i.e., anisometropic, strabismic,
and mixed mechanism groups) showed that visual acuity loss
explained only 10% of the total variance in reach latency
(compared to 28% of variance that was explained by reduced
visual acuity for saccade latency in the same cohort) [86].

Altogether, these studies provide important insight into
the effect of amblyopia on the speed of target detection dur-
ing visuomotor processing. First, the delay in motor response



initiation is longer in individuals with strabismic amblyopia
compared to anisometropic amblyopia. Second, response ini-
tiation is delayed not only for centrally presented targets, but
also for peripheral targets presented within 10 deg eccentric-
ity. Third, poorer visual acuity is associated with increased
manual response delay, but this relation appears to be stron-
ger for centrally presented targets as compared to responses
evoked by peripheral stimuli. Fourth, delays in response ini-
tiation persist in strabismic amblyopia after equating stimu-
lus contrast between the two eyes. Overall, these results are
consistent with studies that found increased saccade latency
during amblyopic compared to fellow eye viewing. Impor-
tantly, the delay in both saccade and manual response initia-
tion appears to be greater in individuals with strabismic
compared to anisometropic amblyopia.

5.2. Spatial Localization. Abnormal space perception in
humans with amblyopia has been documented using a vari-
ety of experimental tasks, such as stimulus bisection, align-
ment, drawing, or pointing [132-138]. Performance on
these tasks provides information about the accuracy and pre-
cision of spatial localization, as well as spatial distortions.
Despite the differences across experimental tasks used,
results are remarkably consistent and indicate significant
spatial localization deficits for the amblyopic eye, including
systematic errors (i.e., lower accuracy) and increased uncer-
tainty (i.e., reduced precision), as well as significant spatial
distortions [136-139]. Although these spatial deficits seem
to be most pronounced in central vision [140], some studies
have reported abnormal spatial localization in the peripheral
visual field by up to 15 deg eccentricity [141]. Interestingly, in
the latter study, the distortions were highly heterogenous and
not associated with clinical characteristics, such as visual acu-
ity or strabismus. These results contrast with a study that
examined spatial localization using an alignment task in chil-
dren (n = 32) which showed that the group with strabismic
amblyopia had larger constant and precision errors com-
pared to the anisometropic and control groups [142]. Nota-
bly, reduced localization precision has been associated with
poorer visual acuity in individuals with strabismic amblyopia
(r>0.80 for adults, r=0.56 for children). Taken together,
significantly greater perceptual spatial deficits have been
reported for the amblyopic eye in strabismic compared to
anisometropic amblyopia.

Most studies that examined spatial processing in ambly-
opia focused on perceptual alignment tasks, while only a
few examined upper limb reaching/pointing responses.
Given the dual visual processing streams [15, 143], it is
important to examine the effects of amblyopia on spatial
localization using both perceptual and motor tasks. Fronius
and Sireteanu [134] examined pointing to targets presented
briefly at 5-20 deg from fixation, with and without visual
feedback of the arm in a cohort of 19 adults with amblyopia.
They showed reduced accuracy and precision during ambly-
opic eye viewing in a group with strabismic amblyopia. In
contrast, individuals with anisometropic amblyopia exhib-
ited a relatively smaller increase in endpoint variability, and
their overall performance was similar to the control group.
Removing visual feedback of the arm was associated with
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increased endpoint variability, but this effect was similar
across all groups. A more recent study also examined upper
limb reaching movements in a large cohort of 55 adults with
amblyopia during both monocular, as well as binocular view-
ing [86]. The main results showed reduced reach endpoint
precision during amblyopic eye viewing as compared to
monocular viewing in the control group and no differences
during fellow eye or binocular viewing. Furthermore, a mul-
tivariate analysis revealed that amblyopic eye acuity and eye
deviation accounted for 35% of the total variance in reach
precision error.

In summary, two main findings emerge from studies that
examined the effects of abnormal visual input during
development on spatial processing. First, amblyopia is
associated with spatial localization deficits across both per-
ceptual (ie., alignment) and motor (ie., pointing) tasks.
Second, spatial errors are greater in individuals with strabis-
mic amblyopia. Two prominent models have been proposed
to explain anomalous spatial processing in amblyopia. Hess
et al. used the term “tarachopia” (i.e., scrambled vision) to
describe the idea that neural representation of visual input
from the amblyopic eye is distorted, which is also referred
to as topographical disarray [125]. In contrast, Levi and Klein
proposed that retinotopic undersampling of higher spatial
frequencies could explain visual misperceptions [144]. These
models were both developed to explain the perceptual deficits
in spatial vision based on the results from stimulus alignment
experiments. In order to explain the spatial deficits for a
visuomotor pointing task, one must also consider the map-
ping of sensory input onto a motor response. In other
words, the accurate and precise execution of upper limb
movements requires the transformation of the sensory
input, such as the spatial location of the target in egocentric
coordinates, into an appropriate set of motor commands.
Experimental evidence suggests that increased noise in the
sensory signal representation due to topographical disarray
or undersampling has a negative effect on the sensorimotor
transformation process.

5.3. Feedforward and Feedback Control of Upper Limb
Reaching and Grasping Movements. To gain a better
understanding into how abnormal visual experience during
development affects the control of upper limb movements,
recent studies used kinematics to examine performance on
reach-to-touch [130, 131, 145] and reach-to-grasp tasks
[146-151]. The neural control of these movements is incred-
ibly complex, and several theoretical models have been pro-
posed in an attempt to explain the underlying mechanisms.
Therefore, prior to considering the effects of amblyopia on
upper limb movement performance, it is important to intro-
duce a framework for sensorimotor control, and to define the
kinematic outcome measures that provide insight into the
control mechanism.

Optimal motor performance can be operationally defined
as movements that are performed fast and accurately, while
minimizing the energy and mental costs [152]. In order to
perform the movement quickly, it is necessary to generate a
large force (i.e., large impulse) to accelerate the limb towards
the goal target. In general, increasing movement speed is
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associated with increased endpoint variability, which leads to
a well-known speed-accuracy trade-off described by Fitts’
Law [153, 154]. However, it is widely accepted that trajectory
errors associated with greater limb acceleration can be
amended during movement execution, provided that the
movement duration is long enough and sensory feedback is
available [119, 155]. Therefore, in the case of reaching
movements, optimal motor performance depends on the
interaction between feedforward control (i.e., generate a
large force to accelerate the limb ballistically towards the
target) and feedback control (ie., use sensory feedback to
correct trajectory errors as the arm approaches the target)
[23, 156]. Recording limb kinematics using a high-speed
motion camera provides insight into feedforward and feed-
back control processes [117, 157]. For example, peak
acceleration occurs within the first 100 ms after movement
onset. Therefore, it cannot be modulated based on sensory
feedback and consequently reflects aspects of feedforward
control (i.e., open-loop control). Typical reaching move-
ments are longer than 500 ms; therefore, the latter part of
the limb trajectory can be controlled using sensory feedback.
Extensive evidence for online control comes from studies
which show a significant reduction in spatial variability of
limb trajectory after peak velocity [118, 155, 158].
Feedforward and feedback control processes have been
examined in adults with amblyopia using kinematics for
two different experimental tasks: reach-to-touch [159] and
reach-to-grasp [148]. In addition, the developmental aspects
of upper limb control have been assessed using a reach-to-
grasp task in children with amblyopia [149, 151]. Reach-to-
touch movements were studied by asking participants to
point to a peripheral visual target randomly presented at 5
or 10 deg to the left or right of fixation as fast and accurately
as possible. This relatively simple motor task revealed that
amblyopia is associated with adaptation of feedforward con-
trol [130, 131]. This conclusion is supported by the following
evidence. First, the overall movement duration was approxi-
mately 100 ms longer in the amblyopic group compared to
the control group, regardless of viewing condition. Critically,
partitioning the total movement duration into the accelera-
tion and deceleration intervals (ie., the time spent in the
acceleration and deceleration phase), revealed a significant
increase in the duration of the acceleration interval, while
duration of the deceleration was not statistically different
from the control group. In addition, the magnitude of peak
acceleration was significantly lower in the amblyopic groups
compared to the control group, which was evident across all
viewing conditions. These results clearly show that ambly-
opia mainly affects the early movement kinematics, which
reflect changes in feedforward control of upper limb reaching
movements. Notably, changes in feedforward control (i.e.,
longer acceleration duration and lower peak acceleration)
were associated with improved reach endpoint precision
during binocular and fellow eye viewing, but not during
amblyopic eye viewing. In contrast, the control group dis-
played a different control strategy in which a longer decel-
eration interval duration was associated with a higher
endpoint precision. Results from the control group are con-
sistent with a large body of research, which shows that opti-

mal movement execution depends on the interaction
between feedforward and feedback control where trajectory
errors, due to a large initial acceleration force, are seam-
lessly corrected online to achieve fast, accurate, and precise
movements [155, 157, 160, 161]. Importantly, artificially
reducing visual acuity in one eye using plus lenses to simu-
late mild amblyopia in adults with normal vision did not
affect their reach kinematics significantly [162]. Specifically,
there were no changes in the feedforward or feedback con-
trol processes of reaching associated with a short-term,
transient visual disruption in adults.

To summarize, detailed kinematic analysis revealed that
decorrelated binocular visual experience during development
is associated with a neural adaptation of the motor control
system that involves an adjustment of the speed-accuracy
trade-off function [163]. In other words, the available data
suggest that in order to achieve similar movement precision
to visually normal controls, individuals with amblyopia exe-
cute slower movements by reducing the initial acceleration
(i.e., the ballistic part of the movement). Importantly, this
adaptation in movement planning and execution allowed
patients to achieve a similar endpoint precision during
fellow eye and binocular viewing, but deficits persisted dur-
ing amblyopic eye viewing. Additional regression analysis
showed that more effective online control during amblyopic
eye viewing was associated with better stereoacuity and
smaller ocular deviation [86]. Finally, a similar visuomotor
adaptation of reaching was evident regardless of amblyopia
etiology, as well as in a group of adults with strabismus
only, without amblyopia, which strongly indicates that nor-
mal binocular experience during development is necessary
for optimal development of the visuomotor control system.

The planning and execution of reach-to-grasp move-
ments is more complex compared to reach-to-touch because
in addition to the transport component, grasping involves
interacting with an object. In other words, in addition to
localizing the target in egocentric coordinates to plan the
reach movement [31], the central nervous system must pro-
cess relevant object features to program grip aperture and
grasp forces [39]. Grip aperture is defined as the distance
between the thumb and index finger, and maximum aperture
occurs around the time of peak deceleration [164]. Extensive
research has shown that maximum grip aperture is scaled
precisely to object size, such that a larger aperture is associ-
ated with larger objects. The fact that maximum grip aperture
occurs during reach execution and that it is scaled to an
object’s size indicates that this kinematic variable is planned
based on the initial visual input prior to reach initiation.
Once the hand contacts the object, grip and load forces need
to be generated to lift and transport the object. Studies have
also shown that these forces are generated predictively based
on an object’s properties, such as weight, friction, density,
and texture, which are encoded by the visual modality [113,
165-170]. Therefore, visual input provides critical sensory
input for efficient performance of prehension movements.

Precision grasping has been studied in adults and chil-
dren with amblyopia using a task that involves gripping
cylindrical objects. The first study included a group of 20
adults with amblyopia (10 with strabismus and 10 with
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anisometropia; amblyopic eye acuity 0.20-2.80 logMAR)
[148]. Movements performed during amblyopic eye viewing
were slower, less accurate, and more inconsistent, and these
deficits were apparent during transport and grasping.
Although peak grip aperture was comparable between the
groups during binocular and fellow eye viewing, impairment
in grasp execution was evident once the hand contacted the
object. Specifically, grasp application time was 22% longer,
and grasping errors, defined as adjustments of the thumb
and index finger around the object, were more than twice
as high in the amblyopic group (control: 8.7% vs. amblyopia:
17.7%). In this study, visual acuity loss explained 50% of the
total variance in grasp errors during binocular viewing. In
contrast, etiology or stereo deficits were not significantly
associated with prehension performance: grasping errors
were similar in the groups with reduced and negative
stereoacuity. A follow-up study used the same experimen-
tal approach to assess grasping in 20 individuals with a
history of amblyopia, who had regained good visual acuity
via occlusion therapy (i.e., 14 had normal acuity and 6 out
of 20 had residual amblyopia with an acuity of 0.20-0.24)
[150]. The results showed a similar pattern of prehension
deficits during binocular viewing, with ~25% longer grasp
application time and more than twice as many grasping
errors. Consistent with Grant et al’s study, no significant
difference was found in grasp errors between the group
with residual stereo and the stereo negative group. How-
ever, after removing a couple of outliers (2 out of 10),
stereoacuity explained 63% of total variance in grasp appli-
cation in the group with residual stereo. Overall, these
studies provided the first insight into the effects of ambly-
opia on prehension performance using detailed kinematic
measures. Both studies showed significant deficits during
grasp application. Acuity and stereoacuity could be both con-
tributing to these deficits; thus, a study with a larger sample
size is required to disentangle their individual contributions.

Two other studies examined prehension in amblyopia
while manipulating the environmental context. First, the
effects of object contrast and lighting on prehension were
examined in 13 adults with strabismic or mixed mechanism
amblyopia [147]. The authors hypothesized that grasping
deficits in amblyopia would be exacerbated when the task
becomes more challenging; that is, when the object has low
contrast or the task is performed in low lighting. Results from
the study did not support this hypothesis: grasping perfor-
mance was slower when the task became more challenging,
but the relative changes were similar in both groups. In other
words, the amblyopic group had a longer reaching and
grasping duration even in the high-contrast and high-
luminance condition, but when the task difficulty increased,
they were not at a greater disadvantage in comparison to
visually normal controls.

The second study examined prehension to objects sur-
rounded by distractors/flankers in 20 adults with amblyopia.
Using this experimental approach provides greater ecological
insight into the effects of amblyopia on prehension because
the objects that we interact with everyday are usually in prox-
imity to other objects [146]. Results were consistent with pre-
vious studies showing slower overall performance, with a
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disproportionally greater deficit when the flanker objects
were positioned in front or behind the target object as com-
pared to either the left or right side. In contrast to the study
by Grant et al., which found no significant difference in grip
aperture between the groups during binocular viewing, aper-
ture was significantly reduced in the presence of flanker
objects in the amblyopic compared to the control group.
These results indicate that patients with amblyopia adapted
a more cautious approach strategy when reaching towards
objects surrounded by flankers. It is possible that changes
in prehension behaviour were due to visual crowding, which
is one of the consequences of amblyopia [171]. On the other
hand, changes in prehension could arise due to difficulties in
estimating the depth of the target and flanker objects because
the deficits were most pronounced when the flankers were
presented in front or behind the object.

To summarize, significant prehension deficits have been
found in adults with amblyopia during binocular viewing
when interacting with high-contrast objects in a well-lit envi-
ronment. In general, prehension was performed slower and
the greatest impact was seen on grasp execution, rather than
the reach component. The two measures commonly used to
assess grasping are peak grip aperture and grasp duration.
It is the latter measure that seems to be more impaired in
amblyopia, which provides important insight into the nature
of the control mechanism that is disrupted. First, results from
Grant et al. [148] showed that peak grip aperture was scaled
to object size and was comparable to the control group dur-
ing binocular viewing. This suggests that despite having
abnormal binocular input, individuals with amblyopia were
able to extract the relevant visual information about the
object’s size to adjust their fingers appropriately during
reaching. On the other hand, Buckley et al. [146] provided
evidence to suggest that grip aperture was affected when the
task became more challenging. Most importantly, all studies
to date show significant grasping deficits after the hand con-
tacts the object, which manifest as a prolonged handling
duration. One interpretation for this finding is that patients
have difficulty extracting, processing, or encoding specific
object features that are critical for guiding the fingers’ posi-
tioning around the object and/or for the programming of
grip and lift forces. Because these forces are generated predic-
tively based on the visual input acquired prior to contacting
the object [39, 170], the specific pattern of grasping deficits
in amblyopia indicates a compromised feedforward control
of prehension. Prolonged grasping time while handling the
object before the lift could be a compensatory strategy where
haptic feedback plays a critical role in adjusting forces in
order to grasp and lift the object successfully [172]. Several
lines of evidence suggest that stereoacuity may play an
important role in feedforward control of grasping forces
[150]. First, grasping deficits persist in individuals with
abnormal stereoacuity who “recovered” from amblyopia
based on the current clinical definition (i.e., improved visual
acuity). Second, reducing stereoacuity by simulating ambly-
opia with plus lenses leads to similar grasping deficits in visu-
ally normal individuals.

Results from adult studies are consistent with studies that
examined prehension kinematics in a large cohort of 55
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children with amblyopia aged 5 to 9 years old [149, 151].
Significant deficits, including longer movement duration and
greater reach and grasp error rate, were found during binoc-
ular viewing in the younger group (5-6 yrs old), regardless
of stereoacuity status. In contrast, stereoacuity was associated
with improved grasping performance in the older group (7-9
yrs old). In fact, movement duration and grasping errors dur-
ing binocular viewing were comparable in the control group
and children with residual stereoacuity, but the group with
negative stereopsis performed significantly worse. Most inter-
estingly, a few longitudinal case studies presented in this
paper showed that recovery of stereoacuity, but not just visual
acuity, was associated with improved prehension kinematics.
The results from this kinematic study suggest that children
with better binocularity might be able to catch up to their
peers, and with time develop appropriate sensorimotor strat-
egies to perform similarly on this type of prehension task.

The fact that stereoacuity seems to be important for pre-
hension and fine motor skills is also supported by a recent
study that examined the effects of a newly developed binocu-
lar treatment (dichoptically presented iPod game) on fine
motor skills in 18 children with mixed amblyopia etiology
(mean age 8.5 yrs) [173]. Motor performance was assessed
using a clinical test (the Bruininks-Oseretsky Test), which
provides an overall, age-standardized score of motor profi-
ciency. Following a 5-week training protocol, there was a sig-
nificant improvement in stereoacuity (mean change 0.56 log
arc sec) and an ~30% improvement in motor proficiency
(mean change in standardized score 4.17). Interestingly,
greater improvement in motor performance was associated
with better baseline binocular vision (r = 0.75), rather than
improvements in stereoacuity due to treatment. These results
highlight the importance of binocular vision in the context of
motor learning. Indeed, adults with poor stereovision show
very little improvement after intensive training on a one-
handed ball catching task [174].

Altogether, the accumulating evidence suggests that bet-
ter binocular visual function, specifically stereoacuity, could
provide a critical sensory input for the optimal development
of prehension and other fine motor skills. Importantly,
research shows that younger children seem to be affected to
a greater extent compared to older children or adults. The
improved performance of adults may be due to extensive
practice and learning of compensatory strategies; for exam-
ple, adaptation might involve relying on haptic feedback
more when grasping and manipulating objects. However,
studies with a larger sample size of adults and children over
a larger age range (i.e., >9 yrs old) are required to establish
a more definitive relation between stereoacuity and prehen-
sion performance, as well as the contribution of stereoacuity
to motor learning. Using kinematics will provide useful
insight into which aspects of sensorimotor control are
affected, and how the system adapts to compensate for the
abnormal visual experience during development.

6. Effects of Amblyopia on Balance and Gait

Maintaining postural stability while standing or navigating
through the environment is of paramount importance for
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everyday function. Sensorimotor integration is key for pos-
tural stability control. Vision, along with vestibular and
somatosensory inputs, provides sensory information about
the position of the body in relation to the environment to
ensure upright balance and forward progression during gait
[175]. Postural stability during quiet stance is usually exam-
ined under increasingly challenging conditions, such as
reduced base of support (i.e., standing on one leg) or reduced
sensory cues (i.e., standing with eyes closed or on a soft
surface). Similarly, obstacles have been used to assess walking
in a more challenging environment [176].

There is a dearth of studies that examined the effect of
amblyopia on balance and gait. Odenrick et al. provided the
first report which included 23 children with strabismic
amblyopia (the group also included 12 children with strabis-
mus without amblyopia, aged 4.5-10.5 years) [177]. The
results from the balance test showed that girls had signifi-
cantly reduced postural stability, whereas boys performed
similarly to the control group. Evaluation of gait parameters
revealed that children with strabismus (and amblyopia) had
significantly shorter stride length and shorter single-
support time. This study found no association between
binocular function and balance or gait measures.

The next study that examined the effect of impaired
stereovision on adaptive gait included 16 adults (9 were
amblyopic (5 had negative stereopsis), 7 were strabismic only
(5 had negative stereopsis)) [178]. Gait parameters were
assessed during an obstacle-crossing task where the task dif-
ficulty was manipulated using different obstacle heights, and
the task was performed during binocular and monocular
viewing. Detailed analysis of the gait pattern revealed that
increasing the difficulty of the task by increasing obstacle
height had a significantly greater impact in the stereo-
deficient group that included individuals with amblyopia
and strabismus. Specifically, increasing the obstacle’s height
was associated with slower gait velocity, a shorter step length
when approaching the obstacle, and a higher toe clearance in
the stereo-deficient group in comparison to the control
group. Similar gait modifications were seen across all viewing
conditions. The authors interpreted these results as a deficit
in using visual input to plan the approach to the obstacle
(i.e., feedforward regulation of the gait pattern). Other stud-
ies with visually normal subjects where binocular viewing
was manipulated reached similar conclusions and suggested
that monocular viewing disrupts the feedforward aspect of
adaptive gait control [26, 179]. More specifically, increased
uncertainty about an obstacle’s height or location could lead
to a more cautious approach that includes slower speed and
higher toe clearance. Because the study did not report a sep-
arate analysis for subjects with and without amblyopia [178],
it remains to be established whether amblyopia and stra-
bismus have the same effect on adaptive gait, and the
extent to which stereoacuity directly contributes to these
changes in behaviour.

Finally, a recent study compared postural stability in a
cohort of children with amblyopia (n = 18), strabismus with-
out amblyopia (n = 16), and a visually normal control group
(n=22) [180]. Balance was assessed using the Bruininks-
Oseretsky Test, and included standing tasks with increasing
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levels of difficulty; for example, standing in tandem or on one
leg with eyes open or closed. The standardized balance score
was significantly lower in the amblyopia group (mean 9.0)
and the strabismic group (mean 8.6) in comparison to the
control group (mean 18.9). Detailed analysis revealed the
greatest deficits in the most challenging tasks; that is, when
the base of support was narrow and visual input was removed
in the eyes-closed condition. These findings suggest that
despite abnormal vision, children rely on this sensory input
to maintain balance and there is no evidence indicating com-
pensatory adaptation involving the use of other sensory
inputs (i.e., relying more on the vestibular or somatosensory
input). Notably, there was no significant relation between
balance scores and clinical patient characteristics, such as
visual acuity or stereoacuity.

To summarize, evidence from a limited number of stud-
ies indicates that decorrelated binocular experience during
development has a significant impact on the control of pos-
tural stability in children. Parallel research in adults with
strabismus revealed reduced stability during quiet stance in
comparison to a control group [181]. Surprisingly, the study
showed better balance control when patients were viewing
with the nondominant eye, and while performing a cognitive
task. In contrast, another study with a larger cohort of chil-
dren and adults with strabismus showed that postural stabil-
ity was significantly worse only in children with strabismus,
while adults performed similarly to a visually normal control
group [182]. It appears that standing balance has not been
examined in adults with amblyopia. This gap in knowledge
should be addressed to clarify whether the deficits seen in
children with amblyopia persist into adulthood or resolve at
some age. Importantly, the deficits in balance control and gait
are unmasked under more challenging testing conditions.

7. Conclusion

The goal of this paper was to provide a synthesis of current
knowledge highlighting the changes associated with ambly-
opia across the three motor systems: oculomotor, manual,
and postural. The accumulating body of research indicates
that decorrelated visual experience during the early child-
hood years has a significant impact on visuomotor behav-
iour, including eye movements and upper limb reaching
and grasping, as well as postural stability control. Examina-
tion of performance measures across different tasks shows
that deficits are clearly evident during amblyopic eye viewing.
These deficits include increased latency, slower execution,
and reduced movement precision. Importantly, binocular
viewing is also associated with some behavioural deficits,
such as reduced reading speed, slower prehension, and
decreased postural stability. In-depth kinematic analysis
revealed that patients adapt compensatory strategies to
improve performance. These compensatory behaviours
involve secondary corrective eye movements, adjustment of
the speed-accuracy trade-off function, and increased reliance
on somatosensory feedback when manipulating objects. It is
possible that the compensatory behaviours that are seen dur-
ing binocular and fellow eye viewing depend on higher level
cortical plasticity involving changes in connectivity and func-
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tion of large cortical networks beyond the primary visual
areas [19]. Importantly, using these compensatory strategies
is associated with improved movement accuracy and preci-
sion; however, the cost is time: motor tasks are performed
significantly slower. Moreover, it seems that deficits become
more apparent when the tasks become more difficult or chal-
lenging, and that individuals with strabismic amblyopia may
be affected to a greater degree. In regard to the sensorimotor
control mechanism, experimental results suggest that ambly-
opia impacts feedforward and feedback movement control
processes. Changes in feedforward control were most appar-
ent during the performance of simple reaching movements,
while feedforward and feedback control processes were both
affected during prehension. Specifically, grasp execution was
slower because the initial movement plan (i.e., feedforward
control) was less accurate, which consequently led to a pro-
longed execution time in order to correct the errors. Finally,
the majority of research examining the consequences of
amblyopia on visuomotor function in humans focused on
adult behaviour; therefore, our understanding of the develop-
mental changes during childhood is quite limited. Address-
ing this gap in knowledge will provide important insights
into the extent of neural plasticity and the clinical character-
istics that influence positive and negative plasticity (i.e., com-
pensatory adaptations and deficits).

7.1. Clinical Implications for Assessment and Treatment.
Accumulating evidence indicates that binocularity, rather
than just monocular visual acuity, is the critical sensory input
contributing to optimal development of the sensorimotor
control system. Correlated binocular experience during sen-
sitive periods of development may be necessary for the nor-
mal development of the sensorimotor systems involved in
the execution of eye movements, upper limb movements,
and postural stability. Most intriguingly, developing innova-
tive therapies that target the visuomotor system might facili-
tate the recovery of binocularity [183]. Emerging research
highlights the functional impact of amblyopia on behaviours
that involve spatiotemporal coordination among the visual
and motor systems [3, 5, 184]. Yet, the effects of amblyopia
on motor skill performance are not currently assessed during
routine clinical assessments. Given the experimental evi-
dence reviewed in this paper and additional studies that
reported motor deficits on clinical tests [185-187], it may
be important to consider adding a visuomotor assessment
in this population to have a more comprehensive phenotype
profile of individuals affected by amblyopia.
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Nonhuman animal models have demonstrated that selective serotonin reuptake inhibitors (SSRIs) can enhance plasticity within
the mature visual cortex and enable recovery from amblyopia. The aim of this study was to test the hypothesis that the SSRI
citalopram combined with part-time patching of the fellow fixing eye would improve amblyopic eye visual acuity in adult
humans. Following a crossover, randomized, double-blind, placebo-controlled design, participants completed two 2-week
blocks of fellow fixing eye patching. One block combined patching with citalopram (20 mg/day) and the other with a placebo
tablet. The blocks were separated by a 2-week washout period. The primary outcome was change in amblyopic eye visual
acuity. Secondary outcomes included stereoacuity and electrophysiological measures of retinal and cortical function. Seven
participants were randomized, fewer than our prespecified sample size of 20. There were no statistically significant differences
in amblyopic eye visual acuity change between the active (mean + SD change=0.08+0.16logMAR) and the placebo
(mean change = —0.01 + 0.031ogMAR) blocks. No treatment effects were observed for any secondary outcomes. However, 3 of 7
participants experienced a 0.1 logMAR or greater improvement in amblyopic eye visual acuity in the active but not the placebo
blocks. These results from a small sample suggest that larger-scale trials of SSRI treatment for adult amblyopia may be
warranted. Considerations for future trials include drug dose, treatment duration, and recruitment challenges. This study was
preregistered as a clinical trial (ACTRN12611000669998).

1. Introduction

Disruptions to binocular vision such as strabismus (an eye
turn) or anisometropia (unequal refractive error between
the two eyes) during the critical period of visual development
can cause a neurodevelopmental disorder of vision called
amblyopia [1, 2]. The deficits associated with amblyopia
encompass a wide range of monocular and binocular visual
functions [3, 4] and also extend to the fellow fixing eye [5].
Clinically, amblyopia is typically diagnosed on the basis of a
monocular visual acuity loss that cannot be explained by ocu-
lar pathology combined with an amblyogenic factor [1]. Cur-

rent treatments for amblyopia in childhood involve the
provision of refractive correction followed by patching or
penalization of the fellow fixing eye to promote use of the
amblyopic eye. These treatments are effective [6-12], but
efficacy appears to decline with increasing age in children
[13-16], possibly due to a decline in neural plasticity as the
visual cortex matures and exits the critical period for visual
development [17-20]. A growing body of literature demon-
strates that vision can improve in adult humans with ambly-
opia through interventions such as monocular [21, 22] and
binocular [23-27] perceptual learning and noninvasive
brain stimulation [28-32]. However, these approaches have
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not yet translated into positive randomized clinical trials in
adult patients that are required for evidence-based clinical
practice [33].

Amblyopia also forms the basis of a prominent nonhu-
man animal model for studying cortical development and
plasticity [34]. Monocular amblyopia can be induced in non-
human animals within the critical period of visual develop-
ment using an eyelid suture, induction of strabismus, or
provision of anisometropic refractive error [35]. Over the
past decade or so, a considerable number of studies have
used this model to explore postcritical period neuroplasticity
[36]. Successful interventions for amblyopia recovery in
postcritical period animal models include dark exposure
[37, 38], enriched visual environments [39], food restriction
[40], binocular training [41], physical exercise [42], and ret-
inal inactivation [43].

Pharmaceutical interventions have also been investigated
in rodent models of amblyopia. A particularly striking result
was reported by Vetencourt et al. [44] whereby chronic
administration of the selective serotonin reuptake inhibitor
(SSRI) fluoxetine enabled recovery of normal visual cortex

| Analysed (n=2)

diagram for the study.

responses and visual acuity in mature rats with unilateral
deprivation amblyopia. This effect occurred when fluoxetine
was administered before and during eyelid suture of the non-
deprived eye and opening of the deprived eye (a procedure
known as a reverse suture). The improvements in visual
function were linked to reduced GABA-mediated inhibition
within the visual cortex and increased expression of brain-
derived neurotrophic factor (BDNF). This finding is of par-
ticular interest in the context of amblyopia treatment in adult
humans because SSRIs are widely available to clinicians. Fur-
thermore, SSRIs may enhance plasticity within the human
motor [45, 46] and visual [47] cortexes. Fluoxetine has also
been found to enhance physiotherapy outcomes after stroke,
possibly by increasing cortical plasticity [48]. However, flu-
oxetine did not enhance visual perceptual learning of a
motion discrimination task or motor cortex plasticity in a
study of healthy human adults [49].

Two studies have investigated the use of fluoxetine to
treat human amblyopia. Sharif et al. [50] compared 3 months
of fellow fixing eye patching plus fluoxetine (0.5 mg/kg/day,
n =20) to patching plus a placebo tablet placebo (n=15) in
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4 Neural Plasticity
TaBLE 2: Amblyopic eye visual acuity results.
Active baseline  Active outcome Active change Placebo baseline Placebo outcome Placebo change Final washout
P1 0.94 0.82 0.12 1 0.97 0.03 0.87
P2 1.20 1.20 0.00 1 1 0 1.1
P3 0.73 0.60 0.13 0.64 0.67 -0.03 0.633
P4 0.34 0.36 -0.02 0.32 0.32 0 0.3
P5 1.00 0.60 0.40 0.866 0.9 -0.034 0.74
P6 0.10 0.10 0.00 0.1 0.08 0.02 0.14
p7 0.34 0.40 -0.06 0.32 0.36 -0.04 0.32
Mean (SD) 0.66 (0.36) 0.58 (0.35) 0.08 (0.16) 0.61 (0.36) 0.61 (0.36) -0.01 (0.03) 0.59 (0.35)

Change values were calculated by subtracting the outcome from the baseline. All values are in logMAR.

TaBLE 3: Self-reported patching adherence data sourced from
participants’ patching diaries.

Active Placebo Difference

P1 116 (31) 114 (24) 2

P2 40 (19) 29 (21) 11

P3 55 (28) 55 (7) 1

P4 96 (38) 111 (32) -15

P5 75 (0) 75 (0) 0

P6 111 (78) 111 (74) 0

p7 111 (32) 111 (32) 0
Mean (SD) 86 (30) 87 (34) 0.1 (7.6)

Data are shown as mean minutes of patching per day (SD). The prescribed
dose was 120 minutes per day.

older children and adults (10-40 years) with amblyopia. A
significantly greater amblyopic eye visual acuity improve-
ment in the fluoxetine compared to the placebo group was
observed. However, Huttunen et al. [51] found no differences
in visual function improvement between a group of adults
with amblyopia treated for 10 days with combined perceptual
learning and fluoxetine (20 mg per day, n =22) and a group
treated with perceptual learning combined with a placebo
tablet (1 = 20).

In this study, we explored the effects of 2 weeks (14 days)
of the SSRI citalopram combined with fellow fixing eye
patching on visual acuity, stereopsis, and visually evoked
retinal and cortical responses in adults with amblyopia.
We anticipated that recruitment would be challenging due
to the use of patching and the administration of an antide-
pressant drug. We therefore adopted a placebo-controlled,
randomized, double-blind, crossover design. In this context,
citalopram was chosen over fluoxetine (as used in prior stud-
ies) because citalopram has a shorter half-life [52] that
allowed for a manageable washout period to be incorporated
into the design of the study. No significant effects of citalo-
pram were observed, although our study may have been
underpowered due to recruitment challenges.

2. Methods

2.1. Trial Design. The single-site trial involved two blocks of
fellow fixing eye patching each lasting two weeks separated

by a two-week washout period. Participants were provided
with citalopram (1 x 20 mg tablet per day) during one patch-
ing block and otherwise identical placebo tablets (sucrose)
during the other block. Block order was randomized using
a random number generator. The timing of the baseline
and the outcome measures are shown in Figure 1. Only the
pharmacist dispensing the tablets, who did not interact with
study participants, was unmasked to block order. Study
participants and all other members of the research team
were masked to the randomization. The study was approved
by the Northern X Regional Ethics Committee in New
Zealand (N'TX/11/06/044) and preregistered as a clinical trial
(ACTRN12611000669998).

Participants completed a screening protocol consisting of
a telephone interview followed by a full optometric examina-
tion, medical history, the Profile of Mood States Short Form
(POMS-SF) questionnaire, and the Depression Anxiety and
Stress Scale (DASS-21).

Study inclusion criteria were as follows: 18 years of age or
over, 0.2 logMAR or worse visual acuity in the amblyopic eye,
0.0 logMAR or better visual acuity in the fellow fixing eye, an
interocular acuity difference of at least 0.2 logMAR, and the
presence of a strabismus and/or anisometropia defined as a
difference in spherical equivalent refractive error of 1.5 diop-
tres or greater between the eyes. The exclusion criteria were
as follows: the presence of ocular pathology, an explanation
for the visual acuity loss other than amblyopia, personal or
family history of a mood disorder, diabetes, history of addic-
tion, current use of medications or supplements known to
alter mood, medications that interact with SSRIs such as
codeine, and abnormal mood states evident on the mood
questionnaires as reviewed by a psychiatrist. Prior to ran-
domization, participants who were not wearing optimal full
correction for both eyes were provided with full correction
(either spectacles or contact lenses) and were reviewed every
four weeks until visual acuity was stable (<0.2 logMAR differ-
ence between visits). Participants were recruited through the
University of Auckland Optometry Clinic, referral from eye
care practitioners, word of mouth, and newspaper advertise-
ments. Participants were compensated for their time.

2.2. Baseline and Outcome Measures. Visual acuity (VA) was
assessed using a computerized ETDRS chart (Medmont)
from 6 m. The right eye was tested first. Each correctly
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FIGURE 3: VEP results for the 1° check stimulus. Latencies for the P100 component are shown in (a), and amplitudes for the N57-P100
waveform component are in (b). Individual participants are shown with different symbols—P1-7 as follows: filled circle, filled square, filled
triangle, filled diamond, filled hexagon, open circle, and open square, respectively. Horizontal lines depict group mean values.

identified letter was worth 0.02 logMAR. Binocular vision
was assessed using a unilateral cover test, a prism cover test,
the Worth 4-dot test (33 cm and 6 m), and the TNO
stereoacuity test. Electrophysiological measurements of ret-
inal and visual cortex function were made using ISCEV-
standardized electrophysiological protocols on a Roland
RETIscan system (software version 4.13.1.8). The following
tests were applied monocularly (right eye first): pattern ERG
(1° check size—modified from the 0.8° standard for direct
comparison with the VEP stimuli), VEP (1° and 0.3 check
sizes), and multifocal ERG with pupil dilation. ERG measures
were included so that any retinal effects of citalopram could
be accounted for if the trial was positive. The POMS-SF ques-
tionnaire was completed at each study visit, and participants
completed a patching diary for each 2-week patching session.
The brain-derived neurotrophic factor (BNDF) phenotype
has been identified as a possible mediator of cortical plas-
ticity [53], and BNDF upregulation has been identified as
a mechanism for increased visual cortex plasticity following
fluoxetine administration in rats [44]. To test for BDNF poly-
morphisms, participants provided a blood sample directly
after the first two-week block of patching. Following a previ-
ously reported protocol [49], an Agena MassARRAY iPLEX
assay (Agena Bioscience, San Diego, CA, USA) was used for
genotyping. A Bruker Mass Spectrometer with optimized
parameters for iPLEX chemistry was then used to resolve
single base extensions. Typer 4 analysis software (Agena
Bioscience) enabled visual inspection of generated peaks in
comparison to the nontemplate control.

2.3. Statistical Analysis. At the time of study initiation, no
previous studies of SSRIs in human amblyopia treatment
were available. Therefore, we selected a sample size of 20
based on recruitment estimates for the study site. Outcome
measures were analysed separately using mixed ANOVAs
with within-subject factors of Session (baseline vs. outcome)
and Treatment (active vs. placebo) and a between-subject
factor of Group (active first vs. placebo first).

3. Results

Sixty-one participants expressed interest in the study and
were sent a study information package. Twenty-eight par-
ticipants responded and were assessed for eligibility. Seven
participants were randomized. The CONSORT diagram
for these participants is shown in Figure 2. Reasons for
exclusion included time commitment too great, medical
or recreational use of drugs, vision too good in the ambly-
opic eye, and diabetes. One participant who did not meet
the visual acuity inclusion criteria was randomized (P6, see
Table 1). Data from this participant were included in the
final analysis due to the small sample size. Randomized par-
ticipant details, including BDNF polymorphism, are shown
in Table 1.

Baseline and outcome data for amblyopic eye visual acu-
ity are shown in Table 2. There was no significant interaction
between the Session and Treatment factors (F,5=1.7, p=
0.25, and partial > = 0.26) indicating no difference between
the active and the placebo treatment. The Session factor also
had no main effect indicating the absence of a visual acuity
improvement across the two periods of patching (F, 5 =1.7,
p=0.25, and partial 172 =0.26). Overall, no main effects or
interactions were significant in the analysis (all p>0.25).
An inspection of individual data (Table 2) indicated that
3/7 participants improved by >0.1 logMAR in the active but
not the placebo condition. One of these participants had a
val66met BDNF polymorphism. The remaining two had
val/val BNDF polymorphisms. No main effects or interac-
tions were present for the fellow fixing eye visual acuity data
(all F<3.9,all p>0.1,and all partial #* < 0.4).

Adherence data are shown in Table 3. Adherence did not
differ significantly between active and placebo blocks
(t¢=1.0, p=0.9). On average, participants had approxi-
mately 70% adherence with the 120 minutes per day of
prescribed patching. There was no correlation between
patching adherence and visual acuity change in either the
active (r, = —0.2, p = 0.6) or placebo (r, = 0.3, p = 0.5) blocks.
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FIGURE 5: Pattern ERG (a, b) and pattern reversal VEP (c, d) results
for the amblyopic (a, ¢) and fellow (b, d) eyes of participant P7 (first
baseline session).

Only participant P6 exhibited a change in stereoacuity,
improving from nil to 240 arc/sec in the active block and
from nil to 480 arc/sec in the placebo block. Follow-up
stereoacuity was nil. No significant treatment effects were
evident for any of the electrophysiological measurements
(all F<2.0, all p>2). Figure 3 shows 1° check stimulus
VEP latencies (left) and N75-P100 amplitudes (right) for
both the amblyopic and fellow fixing eyes. Figure 4 shows
example multifocal ERG data for participant P7 (first base-
line measure), and Figure 5 shows example pattern ERG

and VEP data for the same participant. There were no treat-
ment effects on POM-SF scores.

4. Discussion

The SSRI fluoxetine enabled recovery of vision in mature rats
with amblyopia [44] and has recently been reported to
enhance the effect of patching in older children and adults
[50]. We found no effect of the SSRI citalopram combined
with two weeks of patching on amblyopic eye visual acuity
or a range of secondary outcome measures in adults with
amblyopia. These results are broadly consistent with another
recent study with a similar duration treatment period (10
days) that reported no advantage of combining fluoxetine
with perceptual learning compared to perceptual learning
alone in adults with amblyopia [51]. A preliminary study
of donepezil [54] and a randomized clinical trial of levodopa
[55] have also found no benefit of drug treatment in ambly-
opia therapy. In addition, we found no effect of two weeks of
patching alone in adult patients despite reasonable self-
reported adherence. This is expected based on the short
treatment period and the reduced effect of patching with
increasing age [15, 16, 56].

A number of factors may explain the lack of a drug treat-
ment effect in our study. First, and perhaps most impor-
tantly, we did not achieve our planned sample size of 20
participants due to difficulties with recruitment. This led to
a small sample with varied amblyopia etiology and treatment
history. Barriers to recruitment included the time commit-
ment required by the study and the stringent medical inclu-
sion criteria. Therefore, our study may be underpowered to
detect a treatment effect, although the sample size is within
the range of previous case-series perceptual learning studies
that have reported treatment effects [57]. It is intriguing that
three participants exhibited an amblyopic eye visual acuity
improvement of 0.1 logMAR or greater for the active but
not the placebo treatment sessions. These participants had
relatively poor baseline amblyopic eye visual acuity com-
pared to most of the other participants. No participants
exhibited any improvement for the placebo sessions. This
observation suggests that further testing of SSRI treatment
effects in adults with amblyopic may be warranted.

Whereas previous studies have used fluoxetine, we used
citalopram because it has a short lead-in period of two hours
[58]. Moreover, citalopram has a shorter half-life than fluox-
etine; the distribution phase lasts about ten hours and the ter-
minal half-life (T1/2) is 30-35 hours for citalopram [58] in
contrast to two to four days’ half-life for fluoxetine [59]. Cita-
lopram and fluoxetine appear to have the same efficacy for
treating major depression [60] and comparable effects on
plasma GABA, glutamine, and glutamate levels in human
patients [61]. However, citalopram and fluoxetine have dif-
ferent patterns of binding affinity within the human brain
[62]. It is currently unknown whether the two drugs differ
in the extent to which they promote visual cortex plasticity.

We used a 20 mg/day dose of citalopram over 2 weeks. It
is possible that larger doses and longer treatment times are
required to replicate the effects found in nonhuman animals.
Supporting this idea, Sharif et al. [50] found a significant



effect of combined fluoxetine and patching with a dose of 0.5
mg/kg/day and a 3-month treatment period whereas Hut-
tunen et al. [51] found no effect with 20 mg per day over 10
days. The parameter space for dosing and treatment duration
is large for drug intervention studies of this type, and further
work is required to identify optimal values. In addition, geno-
type may also influence an individual’s response to a phar-
macological intervention. In this study, we measured BDNF
polymorphisms because they have been linked to neuroplas-
ticity [53] and an increase in BDNF expression has been
identified as a key mechanism in SSRI-induced recovery
from amblyopia in mature rats [44]. There was no relation-
ship between BDNF polymorphism and treatment response
in this study with both val/val and val66met carriers improv-
ing by 1 logMAR line or more. However, the small sample
size precludes any strong conclusions.

In agreement with Huttunen et al. [51], we found no
effect of SSRI treatment on VEP parameters. This is in con-
trast to other emerging potential approaches to amblyopia
treatment in adulthood such as the noninvasive brain stimu-
lation technique anodal transcranial direct current stimula-
tion that increases VEP amplitude [28]. The lack of any
VEP changes is consistent with the lack of a treatment effect
on any of the other outcome measures used within this study.
Retinal electrophysiology was also conducted to rule out any
retinal changes if a positive treatment effect was observed. No
retinal changes were observed, in agreement with the overall
study results.

In addition to the small sample size, a weakness of our
study is that one participant (P6) did not meet the visual acu-
ity inclusion criteria. We retained this participant in the
study due to difficulties with recruitment. We note that
excluding this participant from the sample does not change
the pattern of results.

In conclusion, we found no effect of 2 weeks of combined
citalopram and patching on amblyopic eye visual acuity in
adults with amblyopia. This result may have been due to
our study being underpowered as a result of recruitment
challenges. Three out of seven participants did exhibit an
amblyopic eye visual acuity improvement of 0.1 logMAR or
more with combined citalopram and patching suggesting
that further studies in this area may be warranted.
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Genes and environmental stimuli cooperate in the regulation of brain development and formation of the adult neuronal
architecture. Genetic alterations or exposure to perturbing environmental conditions, therefore, can lead to altered neural
processes associated with neurodevelopmental disorders and brain disabilities. In this context, environmental enrichment
emerged as a promising and noninvasive experimental treatment for favoring recovery of cognitive and sensory functions in
different neurodevelopmental disorders. The aim of this review is to depict, mainly through the much explicative examples of
amblyopia, Down syndrome, and Rett syndrome, the increasing interest in the potentialities and applications of enriched
environment-like protocols in the field of neurodevelopmental disorders and the understanding of the molecular mechanisms
underlying the beneficial effects of these protocols, which might lead to development of pharmacological interventions.

1. Introduction

The brain capability to adapt in response to environmental
changes is called neural plasticity, which allows cerebral cir-
cuits to modify their structure and function in response to
experience through changes occurring at the molecular, neu-
ronal, and systemic level.

In all mammal species studied so far, major plastic
changes are mostly confined to specific time windows, early
in development, known as critical periods (CPs) [1, 2]. Dur-
ing these periods, different for distinct developing functions,
the inner genetic plan and the external environmental
influences cooperate, leading to the final unfolding and
maturation of an adaptive individual body. At the end of
CPs, neural plasticity levels decay, possibly as the result
of evolutionary pressures towards a final stabilization and
maintenance of the mature structural connections and of
the ensuing sensory functions emerging from the develop-
mental events.

A key consequence of the interplay between genes and
environment underlying brain development is that genetic
alterations and/or exposure to altered environmental condi-
tions before the closure of CPs can lead to alterations of brain
development, resulting in a number of different, moderate to
severe, neurodevelopmental disorders [3, 4].

During the last decades, an increasing number of experi-
mental researches have led to the discovery of molecular
brakes that restrict neural plasticity within the temporal
limits of the CPs [5-8]. The opportunity to regulate these
molecules and to modulate the time course and closure of
CPs have opened the possibility to ameliorate brain function-
ing in neurodevelopmental disorders even past the end of the
CPs. In this context, the visual system emerges as a favorite
model to probe cortical plasticity throughout and after the
end of CPs, both in physiological and pathological conditions
[9]. Indeed, since the original discovery by the Nobel Prize
winners Wiesel and Hubel demonstrating the existence of a
CP for ocular dominance plasticity in mammals with
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binocular sight [10], the visual cortex has become the most
widely employed system to investigate the mechanisms
underlying cerebral plasticity and the possibility to restore
or enhance it in adulthood. Beyond its impact on the treat-
ment of neurodevelopmental visual disorders such as ambly-
opia [11], this seminal work has opened new perspectives in
the field of neurodevelopmental disorders which are not
considered, in their essential nature, visual ones, such as Rett
syndrome (RTT), autism spectrum disorders (ASD; in par-
ticular X-fragile syndrome (FXS)), and Down syndrome
(DS) [12-16].

In particular, the study of the mechanisms underlying
visual system plasticity in animal models and the specific
impact that EE exerts on them has provided insights for the
development of possible pharmacological and nonpharma-
cological [17-19] interventions in human subjects with
RTT, DS, and FXS. In some occasions, these applications
have already moved forward to the phase 3 of clinical exper-
imentation or randomized studies [17-19].

In this review, we shall discuss the translational route
from basic studies focused on visual system plasticity to the
application of possible EE interventions in human subjects.
Wherever possible, we shall underscore the relevance of a bet-
ter knowledge of the molecular mechanisms underlying the
EE effects in animal models for the characterization of similar
mechanisms underlying neural dysfunctions in humans and
for the development of possible successful interventions.

2. Manipulating the Environment to Enhance
Plasticity: The Environmental
Enrichment Approach

The most direct approach to manipulate the environment in
order to enhance neural plasticity is environmental enrich-
ment (EE), introduced in the early 1960s by Rosenzweig
and colleagues [20-22]. EE consists in rearing laboratory ani-
mals in cages wider and more attractive than those employed
in the so-called standard conditions (SCs), with a variety of
sensory, cognitive, motor, and social stimuli. Exposure to
EE exerts profound effects on brain morphology and physiol-
ogy, enhancing neural plasticity in different brain areas at all
ages analyzed so far (for review, see [23-25]) and exerting
beneficial effects in animal models of neurodegenerative dis-
eases and brain injury [26].

The definition of EE is based on a comparison with a ref-
erence condition that, for laboratory animal models, is gener-
ally represented by SCs, in which the animals are reared in
simple cages without any other object than litter, food, and
water, and are hosted in very small social groups. Thus, one
critical question is to what extent is the EE approach able to
provide supernormal levels of stimulation or whether it
should be better considered a way to compensate for
sensory-motor deprivation associated with SCs. According
to this criticism, the beneficial results obtained with EE in
animal models might be of reduced interest in terms of their
applicability to the clinic, as humans are generally considered
already “enriched” in their living conditions (see also [27]).
As originally stated by the first proposers of the EE approach,
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it is worth considering that, after hundreds of generations in
SCs, a strong genetic drift with respect to wild natural popu-
lations may have rescaled neural development and basic
brain functions in a new physiological and well-adapted
dimension, without any pathological or aberrant side effect
for brain development. Thus, measures collected in these
simplified models may actually represent a suitable source
for normative data, to be compared with the effects deriving
from exposure to EE.

3. When Experience Affects Development: The
Case of Amblyopia

An unbalanced stimulation of the two eyes during early post-
natal development induced by variable causes such as con-
genital cataract, unequal refractive power, or strabismus can
lead to a neurodevelopmental visual deficit known as ambly-
opia (lazy eye). This disease has an incidence of 1-5% in the
worldwide population, and it is the most prevalent one-eye
visual impairment, characterized by a loss in visual acuity,
low contrast sensitivity, hampered stereopsis, and an impair-
ment of the orientation tuning of cortical neurons (binocular
matching) [28-30]. Amblyopia is considered a purely cortical
deficit with no detectable impairments in peripheral regions,
albeit the lateral geniculate nucleus may be anatomically and
functionally involved [24, 31]. A timely patching of the
spared eye performed during the CP for binocular vision
and visual acuity development (approximately until 8 years
of age in humans) is normally associated with a rescue from
amblyopia. Nevertheless, the closure of CP turns amblyopia
into an almost untreatable disease.

Amblyopia is easily modeled in animals, keeping one eye
deprived of pattern vision via prolonged eyelid suture (mon-
ocular deprivation (MD)), started during the CP and pro-
tracted until adulthood [32, 33]. The procedure causes a
marked ocular dominance shift towards the open eye in the
binocular neurons of the primary visual cortex, determined
by functional and structural empowering of the inputs
emerging from the ipsilateral/spared eye, at the expense of
those from the contralateral/deprived one [34].

In recent years, EE has proven successful in the treatment
of amblyopia in adult animals. Adult amblyopic rats that
were transferred to an EE setting for three weeks displayed
a full recovery of visual acuity, ocular dominance, and depth
perception [7, 35]. More selective EE conditions are also able
to reproduce the beneficial effects elicited by the entire com-
plex enriched experience, especially when motor or visual
stimuli are specifically enhanced [36]. In particular, three
weeks of voluntary physical exercise induced a full recovery
of visual acuity and ocular dominance in adult amblyopic
rats [36]. Also data from Stryker’s lab confirmed the potential
of motor activity as a booster of visual responsiveness and
plasticity in the visual cortex, showing that running on a
treadmill enhances visual cortical activity in mice [37] and
promotes visual function recovery following monocular dep-
rivation [38]. Another condition akin to EE, i.e., practicing in
a two-choice active visual discrimination task, also resulted
in an almost-full rescue of visual acuity and ocular domi-
nance in adult amblyopic animals [36, 39].
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Animal model data provided also information on the
mechanisms underlying EE-like effects in promoting recov-
ery from amblyopia. Data from Stryker’s lab showed that
enhancement of visual cortical activity [37] and visual
function recovery following monocular deprivation [38] in
running mice is associated with a disynaptic disinhibition
involving activation of VIP+ interneurons and inhibition of
SOM+ interneurons in the visual cortex [40]. Our work and
other labs showed that exposure to EE reduces GABAergic
inhibition in the visual cortex of enriched animals [7, 41].
Recovery of visual functions in enriched amblyopic rats was
accompanied by increased expression of BDNF, reduction
in the intracortical inhibition-excitation balance, and reduced
density of perineuronal nets made by chondroitin sulphate
proteoglycans enwrapping the terminals of GABAergic inter-
neurons [7, 15]. Moreover, exposure to EE increased levels of
serotonin in the adult visual cortex and a pharmacological
blockade of this enhancement prevented EE-dependent
restoration of visual cortex plasticity in adult animals [15].
Interestingly, both motor activity and PL also led to a
reduced synaptic release of GABA in the visual cortex of
adult amblyopic rats [36].

EE and physical exercise also contribute to increase
insulin-like growth factor-1 (IGF-1) in the brain. IGF-1 has
a crucial role in setting the pace of visual development and
seems to be a “master mediator” of EE effects, upstream of
BDNF, correcting, for instance, the mismatch between two
visual developmental processes, ocular dominance develop-
ment, and binocular matching of orientation selectivity
development, caused by genetic overexpression of BDNF
[42, 43]. This is important to underline, since the possibility
that different molecules or the same molecule but in different
neurons can differently affect developmental trajectories and
functional recovery is now suggested not only by the effects
of BDNF on binocular matching but also by Ngrl deletion
on visual acuity and ocular dominance recovery in amblyopic
mice [31]. Confirming its nature of master experience medi-
ator, the administration of IGF-1 in the adult visual cortex
promoted recovery of visual acuity and ocular dominance
in adult amblyopic rats, an effect paralleled by the reduction
of intracortical GABA levels [44].

Given its noninvasive nature, the concept of EE appears
as a promising strategy to counteract visual impairments in
human amblyopia. The major challenge is how to transfer
EE to human life conditions, setting up the best protocols to
induce a suitable environmental stimulation for human
patients. Recent papers show very encouraging data. Active
videogames appear a clever trick to combine key EE compo-
nents such as visual attention and enhanced sensory stimula-
tion (see [45]), with promising results in adult subjects with
amblyopia [46], but with apparently limited effects in children
[47, 48]. In the same context, engagement in subtle visual dis-
crimination tasks such as those associated with visual percep-
tual learning (see [39] for a recent review) can favor recovery
of visual functions in adult amblyopia (e.g., [49-60]). Very
recently, moderate levels of voluntary physical activity com-
bined with short-term monocular deprivation have been
shown to enhance homeostatic plasticity in the visual cortex
of healthy human subjects, favoring the dominance of the

briefly deprived eye [61]. Most importantly, brief occlusion
of the amblyopic eye combined with enhanced physical activ-
ity promoted a remarkable and long-lasting recovery of visual
acuity and stereopsis in adult amblyopic individuals [62].

Thus, basic studies on the impact of EE on visual system
plasticity are currently leading to an increasing interest for
the development of promising nonpharmacological interven-
tions in amblyopic human subjects. Future research should
try to provide evidence on the effectiveness of such active
training on amblyopia recovery in different categories of
human amblyopic subjects and to ascertain whether the doc-
umented beneficial effects in humans are due to the same
mechanisms already verified in animal models.

4. When Genes Affect Development: The Case of
Down Syndrome and Rett Syndrome

Differently from amblyopia, Down syndrome (DS) and Rett
syndrome (RTT) are developmental disorders of genetic
nature. Originally described by John Langdon Down, DS is
the most widespread genetic form of intellectual disability
and it is caused by the total or partial triplication in the
genome of the chromosome 21 [63]. This has a dramatic
impact on the central nervous system, with a disruption of
the synaptic architectures leading to a failure in cognition,
learning, memory, and language [64, 65]. The genetic imbal-
ance does also result in severe consequences in extracognitive
domains, such as in the visual system, with damaged spatial
acuity and increased incidence of strabismus and cataract
[66]. Moreover, since the gene encoding the amyloid precur-
sor protein (APP) is located on the chromosome 21, trisomy
induces an increase in the concentration of brain 3-amyloid,
and adult DS individuals of more than 40 years of age dis-
play early-onset Alzheimer-like neuropathology that addi-
tionally complicates their quality of life and independence
possibilities [67, 68].

The complexity of the DS made its replication in animal
models a highly demanding aim. Generated in the 1990
[69], the Ts65Dn mouse represents the most commonly used
model to study this pathology. Ts65Dn mice bear a segmen-
tal triplication of the chromosome 16 that displays high
degree of synteny with the human chromosome 21 [70].
The resulting mutation closely resembles the structural and
behavioral features of the human disorder. Ts65Dn mice dis-
play decreased long-term hippocampal potentiation, defec-
tive neurogenesis, low synaptogenesis, and a generalized
state of cerebral overactivation of GABAergic circuits [65,
71]. Remarkably, similarly to human subjects with DS, triso-
mic mice display severe visual deficits: the visual acuity is sig-
nificantly impaired, visual evoked potentials are slower than
normal, and the visual cortex responsiveness is anomalously
shifted towards the ipsilateral inputs [72, 73].

RTT is a debilitating progressive disorder first noted by
Andreas Rett in 1966 [74]. It is a rare pathology affecting
quite exclusively females, with an incidence of about 1 over
10,000 births. With very few exceptions [75], the majority
of males with RTT die soon after delivery. RTT remains
mostly asymptomatic during the first months of postnatal
growth. Thereafter, most of the skills already acquired by



an affected subject dramatically deteriorate. As RTT lacks a
specific cortical localization, deficits involve the whole brain
functionality, with some prototypical characteristics includ-
ing severe motor deficits (stereotyped hand movements are
the principal RTT hallmark), autonomic dysfunctions, and
intellectual disability [76, 77]. Only in 1999 [78], these
deficits were first associated to loss-of-function mutations
in the gene encoding the methyl-CpG-binding protein
(MeCP2) on the X chromosome, thus clarifying discrepancy
in the incidence between females and males. The MeCP2
protein has a proven role as a master regulator of the chro-
matin state and gene expression (including the BDNF gene
[79]), being involved in the formation of a multiprotein com-
plex that binds methylated CpG regions and allows gene
silencing [80]. Recent evidence expanded this view, suggest-
ing that it could also activate the expression of several other
genes, playing as an activator or a repressor depending on
the type of proteins that join the complex [81]. The deletion
of the MeCP2 gene in mouse models leads to a phenotype
that closely recapitulates many features of the human disor-
der [82]; thus, employment of mouse models has become
essential to study the mechanisms involved in RTT and to
test the potential useful treatments. A recent paper docu-
mented, in girls with RTT, visual deficits similar to those
found in Mecp2 heterozygous female mice, and underscored
the possibility to successfully exploit visual evoked potentials
(VEPs) as an unbiased, quantitative biomarker to monitor
brain function in RTT [13].

Strikingly, the EE approach turned out to be very valuable
in the context of these genetic disorders [83-86]. Exposure of
either developing or adult Ts65Dn mice to EE induces a
marked recovery of both cognitive and visual functions [72,
87], and middle aged Ts65Dn mice chronically maintained
in EE conditions displayed a reduced amount of S-amyloid
oligomers compared to trisomic mice reared in SCs [88]. In
Mecp2mutant mice, EE ameliorated motor coordination
and motor learning and rescued memory deficits and
anxiety-related behavior, with gender differences [89].

As seen for visual disorders, physical exercise emerges
as one critical component underlying the beneficial EE
effects for DS, being specifically associated with an increased
neurogenesis and gliogenesis in the hippocampus [90, 91].
Recently, the specific effect of physical exercise was also
explored in the Mecp2(+/-) mouse model of RTT, with the
demonstration that increased voluntary physical activity nor-
malizes the physiology of the hypothalamic-pituitary-adrenal
axis, providing a significant rescue from affective behavioral
dysfunctions [92].

The positive impact of EE on both DS and RTT has
been linked, in animal models, to modulation of GABAer-
gic synaptic strength and to an increased BDNF expres-
sion [72, 87, 89, 93].

Based on the results obtained in animal models of DS and
RTT, recent studies have started to apply the EE paradigm to
infants and children with these disorders. Difterent kinds of
early multisensory intervention have been associated with
beneficial effects on the maturation of visual functions in
infants with DS [19] and improved gross motor skills and
increased blood BDNF levels in children with RTT [18].
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Thus, as seen for amblyopia, a general picture emerges in
which results obtained in animal models might orient future
research in humans, with the aim to uncover shared molecu-
lar mechanisms that might be instrumental for the develop-
ment of suitable pharmacological approaches.

5. Towards an Environment-Based
Pharmacological Approach?

The remarkable capacity of the EE approach to trigger recov-
ery in diseases as different as amblyopia or genetic intellec-
tual disabilities could be due, at least in part, to its impact
on the GABAergic circuitry. An increased activation of the
GABAergic inhibitory system is widely considered as a
common hallmark of many brain developmental pathologies
[94, 95]. Unfortunately, availability of suitable therapeutic
compounds that may safely act in decreasing the activation
in the GABAergic system is scant, while most of the drugs
have severe proconvulsive side effects, with consequent rejec-
tion by FDA.

In this context, fluoxetine, a selective serotonin reuptake
inhibitor (SSRI) widely prescribed in the treatment of human
depression, emerges as a potentially interesting candidate for
drug repositioning, given its capability to increase levels and
availability of serotonin, one key molecular factor underlying
EE effects [15].

Adult amblyopic rats chronically treated with fluoxetine
display robust recovery of visual cortex plasticity and visual
functions, together with increased BDNF and a reduced
GABAergic tone in the primary visual cortex [96]. A very
recent study examined the effect of fluoxetine in adult ambly-
opic human subjects, without a significant improvement in
visual performance compared to that obtained in subjects
treated with placebo [97]. Since all patients did also perform,
during the 10 weeks of pharmacological treatment, an
intense perceptual training therapy, it remains unclear
whether the lack of a specific effect of fluoxetine in this study
was due to a ceiling effect of the training paradigm.

Administration of fluoxetine for eight weeks in the drink-
ing water reduced brain GABA release and rescued hippo-
campal synaptic plasticity and spatial memory in DS mice
[98]. Moreover, treating neonate Ts65Dn mice with fluoxe-
tine led to a full recovery of dentate gyrus neurogenesis and
hippocampus-dependent memory performance [99]. Based
on these results, the effectiveness of fluoxetine in human sub-
jects with DS is, at the moment, under evaluation in several
clinical trials [100, 101].

It remains unclear whether the therapeutic effects of flu-
oxetine are due to its action on the GABAergic system or are
also dependent on its recognized ability to increase BDNF
levels [102, 103]. BDNF itself, indeed, could emerge as a help-
ful compound to treat amblyopia and genetic disorders like
DS and RTT. The promising potential of BDNF, however,
is thwarted by the impossibility for this neurotrophic factor
to efficiently cross the blood-brain barrier when delivered
via peripheral administration [104]. Recently, intranasal
BDNF administration, a safe procedure considered quite
effective to target proteins to the central nervous system
[105], induced recovery of visual acuity, ocular dominance,



Neural Plasticity

S\

O O

Reduced
visual acuity

Memory
deficit

Failure in binocular
matching

rrrrrrr

Recovery
of visual acuity

Memory
improvement

/‘-/ /
\
\/

»

Y

\ 7
VW
FAN
FAERY
\

VA
Binocular
matching

F1GURE 1: Exposure to conditions of environmental enrichment modulates a number of key molecular factors involved in brain plasticity and
repair, favoring recovery of sensory functions (e.g., visual acuity and binocular matching) and improvement of learning/memory abilities in
neurodevelopmental disorders. The molecular factors involved in the beneficial effects elicited by enrichment-like conditions can become the
target for successful pharmacological manipulations and potential translational application to the clinic.

and visual depth perception in adult amblyopic rats. More-
over, the administration of 7,8-dihydroxyflavone, an agonist
of the BDNF receptor TrkB, efficiently restored learning and
memory abilities in Ts65Dn mice [106]. In heterozygous
female Mecp2 mutant mice, pharmacologic activation of the
BDNF receptor TrkB ameliorated several biochemical and
functional abnormalities, highlighting TrkB as a possible
therapeutic target in this disease [107].

Several papers showed that treatment with either a frag-
ment of IGF-1 or the full-length molecule can be effective
in alleviating symptoms in RTT mouse models (reviewed in

[108]). Based on these studies, the application of IGF-1 to
RTT patients has recently started (e.g., [109, 110]).

In conclusion, combining EE with classical studies on
visual system plasticity has led to the characterization of sev-
eral potential molecular targets for successful translational
applications (Figure 1). The therapeutic value of the emerg-
ing molecular pathways overcomes the boundaries of the
visual system and opens the way for further testing in the
treatment of several neurodevelopmental disorders of dif-
ferent genetic or environmental origin [104, 111-114].
Future studies should exploit the EE approach in animal



models (applied either as a multicomponent or as a channel-
specific strategy) as a source for translational application to
human patients. Knowledge about shared molecular pathways
might inspire the development of new pharmacological strat-
egies for still cureless developmental disorders.
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Recent studies conducted on kittens have revealed that the reduced visual acuity of the deprived eye following a short period of
monocular deprivation imposed in early life is reversed quickly following a 10-day period spent in total darkness. This study
explored the contribution of the fellow eye to the darkness-induced recovery of the acuity of the deprived eye. Upon emergence
of kittens from darkness, the fellow eye was occluded for different lengths of time in order to investigate its effects on either the
speed or the extent of the recovery of acuity of the deprived eye. Occlusion of the fellow eye for even a day immediately
following the period spent in darkness blocked any recovery of the acuity of the deprived eye. Moreover, occlusion of the fellow
eye two days after the period of darkness blocked any further visual recovery beyond that achieved in the short period when
both eyes were open. The results imply that the darkness-induced recovery of the acuity of the deprived eye depends upon, and

is guided by, neural activity in the mature neural connections previously established by the fellow eye.

1. Introduction

The extreme shift of eye preference of neurons in the visual cor-
tex and the accompanying anatomical changes observed in kit-
tens [1], infant monkeys [2], ferrets [3], and rodents [4, 5] that
follow a brief postnatal period of monocular deprivation (MD)
are widely touted as the quintessential demonstration of devel-
opmental cortical plasticity. Accompanying the physiological
and anatomical sequelae of MD are severe behavioural deficits
that are especially noteworthy in terms of changes to the visual
ability of the deprived eye [6]. The consequences of MD occur
only during certain critical periods of vulnerability that vary
widely in their profile and duration across species. For kittens,
susceptibility to the physiological consequences of MD within
the visual cortex rises from low levels at the time of natural
eye opening at about a week of age to a peak at 4 to 5 weeks
followed by a gradual decline to negligible values at an age
beyond 4 months but before 8 months [7-9]. Because of the
large magnitude and highly reproducible consequences of
MD, this form of early deprivation has been employed

extensively to study the interaction between programs of gene
expression and visually driven neural activity in the develop-
ment of the central visual pathways (e.g., [10-14]). In addition,
MD by eyelid suture has become a standard and convenient
means to provide an animal model of human amblyopia and
in particular the type referred to as deprivation amblyopia that
is typically observed in children with a history of an early opac-
ity of the optical media, such as a cataract, or other peripheral
obstruction to clear imagery in one eye.

In addition to documentation of the visual deficits that
are observed immediately upon cessation of a period of early
MD, there have been many studies of the extent and pace of
any recovery that occurs afterward in various situations. The
simplest recovery situation, commonly referred to as binocu-
lar recovery, is where normal visual input is restored to the
deprived eye to allow simultaneous visual input to both eyes
without any other manipulation. All other recovery situa-
tions include additional manipulations beyond restoration
of normal visual input to the deprived eye in an effort to pro-
mote greater recovery of the vision of this eye. The simplest
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of these is reverse occlusion where at the time vision is restored
to the deprived eye, the other eye is occluded. The improve-
ment of the visual acuity of the deprived eye with binocular
recovery can be substantial but never complete in cats, a result
that is in general agreement with the physiological recovery
observed in the visual cortex [15, 16]. However, in monkeys,
very little behavioural or physiological recovery is observed
in this recovery condition [17, 18]. Reverse occlusion can pro-
mote fast and substantial recovery of various visual functions
of the deprived eye in kittens, but this does not occur without
concurrent reduction of the visual abilities of the fellow eye
[15, 19]. The reciprocal changes in the vision of the two eyes
find a close parallelism with the rapid physiological shifts of
ocular dominance following reverse occlusion in the visual
cortex of both cats [20, 21] and ?monkeys [22].

Other recovery conditions, such as the use of mixed
daily visual exposure that include adjacent periods of bin-
ocular exposure and occlusion of the nondeprived eye
[23], have been explored in an effort to prevent some of
the unwanted consequences of reverse occlusion [24, 25].
Although mixed daily visual exposure can promote com-
plete recovery of the visual acuity of the deprived eye to
normal levels and without any loss of the acuity of the fel-
low eye, it is effective only under a restricted set of condi-
tions of deprivation and recovery [23].

A promising new recovery condition has been the use of a
10-day period of total darkness that was originally shown to
reverse both the behavioural and physiological consequences
of an early period of MD in adult Long-Evans rats [26, 27].
More recently, the same period of darkness was found to either
prevent the development of amblyopia or promote recovery
from amblyopia in kittens induced by a prior period of MD
without any ill effects on the acuity of the fellow eye [28, 29].
For these kitten studies, the effect of the period of darkness
was examined either when it was imposed immediately after
the 7-day period of MD that was initiated at P30 days, or else
8 weeks later when kittens were about 3 months old. In the first
situation, the period of darkness resulted in a profound reduc-
tion of the vision of both eyes such that the animals appeared
blind temporarily following emergence from the darkroom.
Thereafter, a slow but matched visual recovery of the two eyes
occurred such that the visual acuity of both eyes achieved nor-
mal levels in about 50 days. At no time was the acuity of the
deprived eye lower than that of the fellow eye so that darkness
imposed immediately after the period of MD prevented the
development of amblyopia. By contrast, in the second situa-
tion when the period of darkness occurred late, the deprived
eye was amblyopic at the time darkness was imposed. Remark-
ably, the acuity of the deprived eye improved very fast after the
period of darkness such that normal age-matched levels were
achieved in 7-10 days or even less.

The fivefold faster recovery of the acuity of the deprived
eye when darkness occurred 2 months after the period of
MD as compared to when it followed immediately afterward
raises the possibility that visually driven neural activity gen-
erated by the fellow eye may make an important contribution
to the visual recovery induced by darkness. It was suggested
[28-30] that the remarkable behavioural benefits of darkness
arose from its ability to promote changes to various key

Neural Plasticity

molecules that collectively increase the level of plasticity in
the developing visual cortex so as to effectively reset it to a
more juvenile and plastic state. The faster rate of recovery
of the acuity of the deprived eye following imposition of
darkness well after the period of MD, as opposed to immedi-
ately afterwards, runs counter to expectations based on the
greater age of the animals in the former situation when the
level of plasticity would be expected to be much lower. On
the other hand, the potential contribution of neural activity
generated in cortical neurons by visual stimulation of the fel-
low eye to the recovery of the vision of the deprived eye after
darkness follows explanations linked to the level of the cortical
response to visual stimulation of the fellow eye in the immedi-
ate aftermath of darkness in the two recovery situations.
When darkness is imposed well after the period of MD, neural
activity generated by visual stimulation of the fellow eye may
serve as a “scaffold” or otherwise guide the reestablishment
of neural connections with the deprived eye. However, when
the periods of MD and darkness are contiguous, the latter
causes a drastic reduction of the vision of the fellow eye [29],
and hence, cortical neural activity generated by visual stimula-
tion of this eye would be too low to serve a leadership role in
the recovery of the other eye. In the current study, the poten-
tial role of neural activity mediated by the fellow eye to the
recovery of the deprived eye induced by darkness has been
investigated by occluding the fellow eye for various periods
of time after termination of darkness.

2. Materials and Methods

2.1. Animals and Rearing Conditions. The study was con-
ducted on 18 kittens derived from 6 litters that were bred
and reared in a closed animal colony at Dalhousie University.
The animal colony and all animal procedures followed proto-
cols approved by the Dalhousie University Committee on
Laboratory Animals and conformed to the guidelines of the
Canadian Council on Animal Care. All 18 animals received
a 7-day period of MD at about postnatal day 30 (P30) that
was followed in all but 2 animals by a 10-day period of total
darkness that began at about 3 months of age (at ~P90).
Two animals received a period of occlusion of the fellow
eye instead of a period of darkness at an equivalent age. Three
control animals chosen from 3 separate litters received a
period of darkness without any occlusion of the fellow eye.
Table 1 displays the rearing history of all animals, their gen-
der and, litter of origin.

For all but the period spent in darkness, animals were
housed in colony rooms that were illuminated usually on
a 12:12h light/dark cycle that was changed to as high as
a 14:10cycle in some rooms on occasions to promote
breeding. During the day, animals ran free in the colony
rooms but at night were housed in large interconnected
cages within the colony rooms. The behavioural measure-
ments of acuity that we made did not require any reduction
in the amount or nature of their daily food. For the 10-day
period of total darkness, animals were moved to a large
darkroom (3.8 x 3.5m) that was part of a darkroom facility
that is described in detail elsewhere [31]. The facility con-
tained two adjacent darkrooms that were accessible through
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TaBLE 1: Animals and rearing conditions. Timing (postnatal days of age) of the initial period of monocular deprivation (MD), darkness, and
subsequent visual exposure (fellow eye occlusion and/or binocular vision) for all 18 kittens. Details are also provided on the 6 litters and the
gender of the kittens. Prior to and for the 8+ weeks following the period of MD, all kittens received binocular visual exposure.

Animal Litter ID Gender MD Darkness Fellow eye occlusion (no. of days) Binoc. vision
Control animals

Darkness only

C422 D F P30-37 P101-111

C439 E F P30-37 P102-112

C446 F M P30-37 P91-101

Fellow eye occlusion only

C391 B M P29-36 P103-120 (17 d)

C392 B M P29-36 P102-126 (24 d)

Experimental animals

Darkness followed by fellow eye occlusion

C425 C M P30-37 P101-111 P111-120 (9d) P120-
C390 A F P29-36 P92-102 P102-113 (11d) P113-
C393 B F P29-36 P92-102 P102-113 (11d) P113-
C419 D F P31-38 P90-100 P100-111 (11d) P111-
C420 D F P31-38 P91-101 P100-111 (11d)

C423 C M P30-37 P101-111 P111-115 (4d) P115-
C424 C F P30-37 P101-111 P111-115 (4d) P115-
C445 F F P30-37 P91-101 P101-103 (2d) P103-
C447 F F P30-37 P91-101 P101-103 (2d) P103-
C448 F F P30-37 P91-101 P101-102 (1d) P102-
C438 E M P30-37 P102-112 P112-113 (1d) P113-

Darkness followed by a short period of binoc. vision then fellow eye occlusion

C457 G M
C458 G F

P30-37
P30-37

P100-110
P100-110

P112-114 (2d)
P112-122 (104d)

P110-112; P114-
P110-112; P122-

several small anterooms and doors that ensured that the
two darkrooms were light-tight. To entrain an activity
cycle, a radio in the darkroom was automatically turned
on and off at times that corresponded to the lighting cycle
of the colony rooms. In the darkroom, animals were kept in
a large cage (1.5x 0.7 x0.9m) with a 24cm ledge running
the length of the cage. As the animals were 3 months old
at the time, they were past the age at which they had been
weaned and so were held in the darkroom without their
mother. Usually, there was only one or two kittens in the
darkroom at the same time and they were held in the same
large cage. A second cage was added on the rare occasions
in which additional kittens were in the darkroom at the
same time.

2.2. Surgical Procedures. Monocular deprivation by eyelid
suture of the left eye was achieved by use of a two-stage pro-
cedure developed [25] to both achieve a secure eyelid closure
and allow fast recovery of a normal patent palpebral aperture
to facilitate the behavioural assessment of the vision of this
eye after the eyelids were opened. As detailed descriptions
of these procedures have been provided in a recent paper
[32], only a brief summary is provided here. All surgical pro-
cedures were performed under gaseous isoflurane anesthesia
(2-3% in oxygen), and an s.c. injection of Anafen for

postprocedure analgesia was administered once the animals
were anesthetized and local anesthesia was administered with
Alcaine sterile ophthalmic solution (proparacaine hydro-
chloride). The first stage of the procedure was to carefully
dissect the palpebral conjunctivae free from the upper and
lower eyelids and to suture them together with 6-O Vicryl
suture thread. A broad-spectrum topical antibiotic (chloro-
mycetin 1%) was then applied to the sutured conjunctivae.
The second stage of the surgical procedure was to oppose
and suture the exposed tissue on the underside of the eyelids
together with 6-O or 5-O silk.

To open the eyelids after the initial week-long period of
MD or a later period of occlusion of the fellow eye, animals
were anesthetized with isoflurane and any remaining suture
material was removed. The eyelids and underlying conjuncti-
vae were then gently cut and pulled apart to achieve a normal
palpebral opening. A broad-spectrum topical antibiotic
(chloromycetin 1%) was applied to the cornea and surround-
ing conjunctivae.

2.3. Behavioural Measurements of Visual Acuity. Measure-
ments of visual acuity for square-wave gratings were made
by use of a jumping stand and procedures developed and
refined over the last four decades in this laboratory [16, 25,
31]. The training and testing procedures that are used



currently and employed for this study have been described in
detail recently [31] and so are summarized only briefly here.
The stimuli were adjacent large (19 x 19 cm) horizontal and
vertical square-wave gratings of the same period (and, hence,
spatial frequency) and with a luminance of 80 cd/m2. Acuity
was measured by use of a descending method of limits with
jumps to the vertical (positive) stimulus rewarded by food
and petting while errors resulted in a denial of these rewards.
Because the changes in spatial frequency between blocks of
trials were very small and equated on a logarithmic scale with
as many as 12 steps/octave change in spatial frequency, only a
single trial was provided at the lowest spatial frequencies
until an error was made. At this point, the animal had to
make 5 consecutively correct responses or a minimum of 7
correct responses out of a maximum 10 trials provided at
any spatial frequency, before the spatial frequency was
increased. Within about 5 steps of spatial frequency from
threshold, the minimum number of trials was increased to
5. Threshold, defined as the highest spatial frequency for
which the animal performed at a level of 70% or better, was
typically sharp so that performance fell from flawless to
chance within 3 step changes of spatial frequency. Kittens
exhibited a number of stereotypical behaviours near thresh-
old that included a drastic increase in latency to respond, cry-
ing, looks towards nearby objects or to one or both of the
people involved in testing, and attempts to back away from
the edge of the jumping platform.

Once animals were trained, which usually occurred in the
fifth and sixth week, measurements of thresholds were made
daily or else every second day. With only a few exceptions,
the testing of the acuity was conducted in the morning at
about the same time for each individual animal. Two of the
authors seated on either side of the jumping platform con-
ducted the tests of acuity with one person providing the food
and social reward after each response while the other person
recorded the response and prepared the stimuli for the next
trial. Tests of the acuity of the deprived eye were made with
a hard opaque contact lens occluder placed in the other eye.
Six occluders of different base curvatures selected to match
the mean corneal curvatures of young kittens of various ages
[33] were used as the animals matured. To mitigate against
any possible pain, a drop of a local ophthalmic anesthetic
(proparacaine hydrochloride 1%) was placed in the eye to
be occluded prior to insertion of the contact lens. No signs
of any discomfort were evident in the 20 minutes of occlusion
of the fellow eye that was typically required for the measure-
ment of the acuity of the deprived eye. Measurement of
binocular acuity was used as a substitute for monocular mea-
surement of the grating acuity of the nondeprived eye as in
the past, they have been demonstrated to be identical. An
additional advantage of this practice was that it enabled mea-
surement to be made of the acuity of the deprived eye imme-
diately afterward as the cornea of this eye would be free from
distortion that would accompany the use of the contact lens
occluder required for monocular measurement of the nonde-
prived eye acuity [34]. Following the period of MD, the acuity
of the deprived eye gradually improved but eventually
reached a stable level that remained so for several weeks prior
to the period of darkness. During the time when the acuity of
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FiGure 1: The grating acuity of the two eyes of 3 monocularly
deprived kittens immediately prior to and following a 10-day period
spent in complete darkness. Each kitten received a 7-day period of
MD starting at P30 days and were placed in darkness at either P91
days (C446) or at P102 days (C439, C422). As with subsequent
figures, the visual histories and acuity data in the graphs below for
the deprived eye (DE) and nondeprived eye (NDE) are depicted in
orange and green, respectively. Occlusion of the DE during the early
period of MD is shown by crosshatching, and the subsequent period
of total darkness is indicated in black. The results of acuity
measurements for the 3 animals are depicted by symbols as follows:
C422 upright triangles, C446 plus symbols or solid circles (NDE),
and C439 inverted triangles. The results of binocular measurements
of acuity are shown as open green symbols while monocular
measurements of the acuity of the nondeprived eye acuity with
which they are equivalent are shown as solid green symbols.

the deprived eye was stable, the starting spatial frequency for
each acuity measurement was altered to ensure that the
threshold reflected a true visual barrier irrespective of the
number of trials or length of the testing session. During the
time that the visual acuity of the two eyes had stabilized,
the frequency of testing was reduced to once or twice weekly.
When possible, more frequent daily tests were reinstated
within 10 days of the period of dark exposure.

3. Results

3.1. Control Animals. To set the stage for tests of the role of
the fellow eye in recovery of the vision of the deprived eye
promoted by darkness, two control conditions were neces-
sary. The first of these was a replication of the benefits of
darkness conducted on three kittens that were littermates of
the animals allocated to the various periods of occlusion of
the fellow eye following exposure to darkness. A second con-
trol condition was conducted on two animals that had
received the same period of MD but had not subsequently
been exposed to darkness in order to determine the effects
of a period of eyelid occlusion of the fellow eye at an equiva-
lent age to that experienced by the experimental animals.
Results from the first of these control conditions in the period
immediately prior to and following the 10 days of darkness
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FIGURE 2: The grating acuity of the deprived eye (orange symbols) and the binocular acuity (green symbols) of 2 monocularly deprived
littermate kittens prior to and following 17 (a) (C391) or 24 (b) (C392) days of fellow eye occlusion (FEO). The visual histories of the two

animals are depicted above the two graphs.

are displayed together in Figure 1 in order to highlight the sim-
ilar speed and extent of the darkness-induced recovery of the
acuity of the deprived eye observed in all 3 animals. Although
two of the animals (C422 and C439) were placed in darkness
at almost the same age (at P101 or P102), the third (C446)
was so exposed earlier at P91. In agreement with the results
obtained in two prior studies [28,29], the acuity of the deprived
eye ofall three animals recovered fast to match that of the other
eye within either 9 (C422), 10 (C446), or 13 (C439) days. There
did notappear to be any simple relationship between the speed
of recovery of the deprived eye and the age at which darkness
was imposed as one of the animals exposed at P101 recovered
almost as fast as the one exposed earliest at P91 (C446).
Because all three animals were derived from different litters,
it is possible that the slight differences in the rate of recovery
could be attributed to differences between litters.

Although it has been known from many earlier studies
that occlusion of the fellow eye can result in an improvement
of the visual acuity of the deprived eye of kittens following a
prior period of MD, in all but a few isolated animals, the
manipulation occurred immediately adjacent to the initial
period of MD [15, 19, 24]. A similar rearing protocol had
been adopted in prior electrophysiological investigations of
the ability of fellow eye occlusion to reverse the effects of a
preceding period of MD on cortical ocular dominance [20,
21]. Possibly because occlusion of the fellow eye followed
immediately after termination of the period of MD in these
studies, it was referred to as reverse occlusion. In order to
establish the effects of a period of occlusion of the fellow
eye made several months after the initial period of MD, two
littermate control animals were reared with such occlusion
imposed at an equivalent age to that of the experimental ani-
mals at the end of their period of exposure to darkness. Both
animals received an initial 7-day period of MD at P29 that
was followed by either a 17- (C391) or 24- (C392) day period
of occlusion of the fellow eye at P103 and P102 days,
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FIGURE 3: The grating acuity of the deprived eye (orange symbols)
and the binocular acuity (green symbols) of a monocularly deprived
kitten (C425) surrounding a 10-day period of total darkness
followed by a 9-day period of fellow eye occlusion (FEO). As with
the previous figures, the visual histories of the two animals are
depicted in schematic form by the bars and icons above the
two graphs.

respectively. From prior studies, it was anticipated that occlu-
sion of the fellow eye at this late age would not produce sub-
stantial improvement of the acuity of the deprived eye or
negatively impact the acuity of the fellow eye. The results,
displayed in Figure 2, provided only partial support for these
expectations. In one animal (C391), occlusion of the fellow
eye resulted in a very small improvement of the acuity of
the deprived eye, from 0.56 to 0.87 cycles/deg, while for the
other animal (C392), the acuity of this eye remained
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F1GURE 4: The grating acuity of the deprived (orange symbols) and nondeprived (green solid symbols) eyes as well the binocular acuity (green
open symbols) of two pairs of monocularly deprived kittens surrounding 10 days of total darkness followed immediately by an 11-day period
of fellow eye occlusion (FEO). As with previous figures, the visual histories of the animals are depicted in schematic form by the bars above the
two graphs. (a) Data for C390 (square symbols) and C393 (circle symbols). (b) Data for littermates C419 (square symbols) and C420 (circle
symbols). The period of FEO effectively blocked any improvement of the acuity of the deprived eye following the period of darkness but did

cause a reduction of the acuity of the nondeprived eye.

unchanged despite a longer period of fellow eye occlusion.
On the other hand, the acuity of the fellow eye was reduced
in both animals from 7.4 to 5.93 cycles/deg for C391 and to
3.14 cycles/deg for C392 representing losses of 0.32 and
1.23 octaves, respectively. The asymmetric changes in the
acuity of the two eyes following fellow eye occlusion that
were particularly noteworthy for C392 may reflect physiolog-
ical changes in the visual cortex reported initially by Mioche
and Singer [35] following MD or reverse occlusion. In both
situations, the initial change was a decrease of the excitatory
response to the newly deprived eye followed by a much
slower increase in the response to the other eye. It is not
unreasonable to suppose that similar electrophysiological
events would be observed in the slightly different situation
employed here where occlusion of the fellow eye was delayed
with respect to termination of the initial period of MD.

3.2. Experimental Animals. The initial experiments were con-
ducted on five animals with 9-11-day periods of occlusion of
the fellow eye immediately following the interval spent in
darkness. This occlusion time was chosen as it corresponded
to that required for the acuity of the deprived eye to recover
to normal levels in two previous studies when both eyes were
open following darkness [28, 29]. The results for the animal
(C425) that received only 9 days of occlusion of the fellow
eye are shown in isolation in Figure 3, while those for the 4
animals that received 11 days occlusion of this eye are dis-
played as pairs in Figures 4 and 5 in order of the dates when
they were tested. For all 5 animals, data are shown beginning
about a month prior to the period of darkness. The data for
C425 are displayed with elaborate schematic descriptors of
the animal’s rearing history to aid comprehension of the
more sparse representations used in subsequent graphs. For

C425, the rearing history is represented both by the icons at
the very top and by the horizontal bars that illustrate the four
major periods of visual exposure (binocular visual exposure,
MD, darkness, and occlusion of the fellow eye) as well as
the postnatal ages at which they began and ended. The data
for C425 revealed that following darkness, there was no
change in the acuity of the deprived eye during the 9-day
period of occlusion of the fellow eye. Moreover, following
the period of occlusion of the fellow eye, the acuity of this
eye was reduced from 6.5 to 4.95 cycles/deg or 0.4 of an
octave. There was no change in the visual acuity of either
eye in the ensuing month. This result stands in marked con-
trast to the data of Figure 1 where following the period of
darkness, the acuity of the deprived eye recovered from about
0.5 cycles/deg to 6.8 cycles/deg or an improvement of 3.8
octaves without any negative impact on the acuity of the fel-
low eye.

A very similar pattern of results was observed in the first
two kittens that received a slightly longer 11-day period of
occlusion of the fellow eye immediately following dark expo-
sure. For C390 (Figure 4(a)), the combination of darkness
and fellow eye occlusion resulted in only a very slight overall
improvement of the acuity of the deprived eye from 0.56 to
1.0 cycles/deg or 0.84 octaves that was accompanied by a
small reduction of the acuity of the fellow eye. During the
period of occlusion of the fellow eye following darkness, the
acuity of the deprived eye improved very little, from 0.55 to
0.7 cycles/deg or 0.35 octaves. It was not possible to measure
the acuity of the deprived eye of the other animal (C393;
Figure 4(a)) for almost 3 weeks following the period of occlu-
sion of the fellow eye due to persistent conjunctival inflam-
mation of this eye. Following treatment with ophthalmic
topical antibiotics, all signs of inflammation disappeared so
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FIGUrg 5: The grating acuity of the deprived eye acuity (orange
symbols) and the binocular acuity (green symbols) of two
monocularly deprived littermates C423 (square symbols) and C424
(circle symbols) surrounding 10 days of total darkness followed
immediately by a 4-day period of fellow eye occlusion (FEO).
Whereas the period of FEO effectively blocked any improvement
of the acuity of the deprived eye following the period of darkness,
it did not result in any reduction of the acuity of the nondeprived eye.

that short-term occlusion of this eye with an opaque contact
lens could be resumed to allow measurements of the acuity of
the deprived eye once more. However, the acuity of this eye
did not change appreciably in the ensuing weeks. The period
of occlusion of the fellow eye following darkness resulted in a
similar decline of the acuity of the nondeprived eye to that
observed for C390. Fellow eye occlusion of the two animals
reared most recently; C419 and C420 (Figure 4(b)) also
blocked any recovery of the acuity of the deprived eye follow-
ing darkness. One animal (C420) was found dead early on the
morning of the penultimate day of intended occlusion of the
fellow eye, and the necropsy performed by the university
veterinarian revealed that the presumptive cause of death
was a congenital ventricular septal defect. Although the
unexpected premature death of C420 prevented assessment
of the effect of the period of fellow eye occlusion on the acuity
of this eye, the consequences of fellow eye occlusion for its lit-
termate C419 were substantial as the acuity of this eye was
reduced from 6.5 to 4.38 cycles/deg or 0.57 octaves.
Occlusion of the fellow eye for 9-11 days blocked any
recovery of the acuity of the deprived eye following the
period of darkness in all 5 animals, not just during the period
of occlusion but in the days that followed. The absence of any
change in the acuity of the deprived eye following fellow eye
occlusion implies that any heightened plasticity induced in
the central visual pathway by exposure to darkness does not
extend beyond 11 days as the acuity of the deprived eye
remained unchanged following restoration of binocular
visual exposure. This result prompted us to explore the con-
sequence of a much shorter 4-day period of fellow eye occlu-
sion imposed on two littermates. The results displayed in
Figure 5 indicate that the short period of fellow eye occlusion
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FIGURE 6: The grating acuity of the deprived eye acuity (orange
symbols) and the binocular acuity (green symbols) of two
monocularly deprived littermates C445 (square symbols) and
C447 (cross symbols) surrounding 10 days of total darkness
followed immediately by a 2-day period of fellow eye occlusion
(FEO). Whereas the period of FEO effectively blocked any
improvement of the acuity of the deprived eye following the
period of darkness, it did not result in any reduction of the acuity
of the nondeprived eye.

blocked any recovery of the acuity of the deprived eye after
darkness during the period of occlusion and in its immediate
aftermath. However, about 4 days later and for the next
month, the acuity of the deprived eye began a slow improve-
ment that was most evident for C423 as the acuity tripled
from 0.4 to 1.4 cycles/deg or a change of 1.8 octaves.
However, the improvement observed in its littermate, C424,
was much smaller. This result suggests that some residual
darkness-induced plasticity may have remained after termi-
nation of fellow eye occlusion to allow some limited recovery
of the acuity of the deprived eye. No decrement in the acuity
of the fellow eye was observed after the 4 days of occlusion.
Again, the most prominent feature of the results from the
two animals was the extent to which occlusion of the fellow
eye blocked the benefits for the acuity of the deprived eye
of the preceding period of darkness. The result implies that
binocular visual input in the immediate aftermath of the
period of dark exposure may be essential to the recovery of
the acuity of the deprived eye. This possibility was explored
on two additional groups of kittens for which the fellow eye
was occluded for either 1 day or 2 days.

The results from the two animals (C445 and C447) for
which the fellow eye was occluded for 2 days (Figure 6) indi-
cate that this short period of occlusion blocked any recovery
of the visual acuity of the deprived eye at all in the next 3
weeks. Also, the short period of occlusion of this eye did
not cause any reduction in the acuity of this eye once occlu-
sion was terminated. Two further animals were reared with
just one day of occlusion of the fellow eye that was initiated
immediately after the period of darkness. Because the two
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F1GURE 7: The grating acuity of the deprived eye acuity (orange symbols) and the binocular or nondeprived eye acuity (green symbols) of
two monocularly deprived kittens C438 (a) and C448 (b) surrounding 10 days of total darkness followed immediately by a 1-day period
of fellow eye occlusion (FEO). The brief period of FEO effectively blocked any improvement of the acuity of the deprived eye following

the period of darkness.

animals were exposed to darkness at different ages, their data
has been plotted separately in Figure 7. Even one day of
occlusion of the fellow eye had an adverse effect on the recov-
ery of the visual acuity of the deprived eye. In one animal,
(438, the acuity of the deprived eye recovered a little from
0.4 to 0.9 cycles/deg but the acuity of this eye showed no
improvement at all for the other animal (C448). Together,
the results from the 11 animals that had the fellow eye
occluded immediately upon emergence from the darkroom
implied that concordant binocular visual exposure may be
essential in the first 24 hours after darkness for the latter to
promote recovery of the acuity of the deprived eye.

The increase in deprived eye acuity was poorly correlated
with the duration of fellow eye occlusion following darkness
(r* =0.03; p=0.64). Therefore, the adverse consequence of
tellow eye occlusion was summarized in Figure 8 by compar-
ing the final acuity achieved by the amblyopic eye among the
11 animals with fellow eye occlusion following darkness with
that of control animals from this and two earlier studies [28,
29] that had both eyes open after darkness. The mean (+s.d.)
deprived eye final acuity of the animals in the control group
(6.85 £ 0.25 cycles/deg) was substantially higher than that
achieved by animals in the fellow eye occlusion group
(0.71 £ 0.30 cycles/deg). A permutation test for a difference
in the mean final acuity between these two groups was highly
significant (p < 0.00001).

In a preliminary exploration of the importance for
binocular visual input in the immediate aftermath of the
10-day exposure to darkness, two additional animals were
reared with a 2-day period of binocular visual exposure inter-
posed immediately prior to either a 2- (C457) or 10- (C458)
day period of occlusion of the fellow eye. The different
periods of occlusion of the fellow eye employed for these ani-
mals dictated that their data be plotted separately in Figure 9.
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F1GURE 8: The open square symbols show a comparison of the final
acuity achieved by the deprived eye of the 3 animals in the control
group (Ctrl) following darkness with that achieved by the deprived
eye in the 11 animals that had the fellow eye occluded for various
short periods of time after they were removed from the darkroom.
The triangle symbols for the control group display the results
from animals reared in an identical fashion in two prior studies
([28]; C151, C152, C155, and C157) and [29]; C304).

Despite the different occlusion times for the fellow eye, the
pattern of results was very similar. For both animals, the acu-
ity of the deprived eye improved during the short 2-day
period of binocular exposure that followed exposure to dark-
ness by an amount similar to that observed in the same
period by the 3 control animals of Figure 1 that had both eyes
open after 10 days exposure to total darkness. However,
occlusion of the fellow eye prevented any further improve-
ment in the acuity of the deprived eye.
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FiGUrg 9: The grating acuity of the deprived eye (orange symbols) and the binocular or nondeprived eye acuity (green symbols) of two
monocularly deprived kittens C458 (a) and C457 (b) surrounding 10 days of total darkness followed immediately by a 2-day period of
binocular visual exposure that preceded fellow eye occlusion (FEO) for either 10 or 2 days. The period of FEO effectively blocked any
further improvement of the acuity of the deprived eye that began during the brief period of binocular visual exposure following the period

of darkness.
4. Discussion

As replicated again on three additional animals in this cur-
rent study (Figure 1), a 10-day period of darkness can pro-
mote fast recovery of the visual acuity of the deprived eye
of monocularly deprived kittens to match that of the fellow
eye. It remains to be seen whether darkness restores other
consequences of MD for the vision of the deprived eye such
as on contrast sensitivity functions or on vernier acuity.
However, there is evidence that darkness can restore normal
stereoscopic vision to about a third of kittens following expo-
sure to darkness [29].

Leaving aside for now examination of the ability of dark-
ness to promote complete recovery of all visual functions of
the deprived eye, the goal of this study was to investigate
the contribution of the fellow eye to the darkness-induced
recovery of the visual acuity of the amblyopic eye of monoc-
ularly deprived kittens. To test for a crucial role of the fellow
eye in this recovery process, the rather blunt intervention of
monocular eyelid suture of this eye was used to severely
degrade the spatial visual information contained in the reti-
nal image of this eye and so constrain the ability of neural sig-
nals from this eye to reinforce signals from the amblyopic eye
at synapses in the visual cortex. The results from the first
group of animals that received 9-11 days of occlusion of the
fellow eye immediately following 10 days exposure to total
darkness were very clear as they demonstrated that such
occlusion blocked completely any recovery of the acuity of
the amblyopic eye. Because the length of the occlusion
extended through the time to total recovery of the acuity of
the amblyopic eye that is observed when both eyes are open
after the period of darkness (Figure 1), it was thought possi-
ble that some recovery may occur after shorter periods of fel-
low eye occlusion due to possible partial persistence of the
benefits of the prior dark period. Progressively shorter

periods of fellow eye occlusion of 4 days (Figure 5), 2 days
(Figure 6), and even one day (Figure 7) effectively blocked
any substantial recovery of the acuity of the deprived eye
(Figure 8). An obvious conclusion that could be drawn is that
binocularly concordant visual input in the immediate after-
math of the period of darkness is essential for the latter to
be effective. Stated differently, if neural activity from the fel-
low eye is discordant with that from the amblyopic eye on
the first day after the animal is removed from total darkness,
it cannot bootstrap the rapid improvement of the acuity of
the amblyopic eye.

The result from the final set of animals displayed in
Figure 9 suggests a rather more nuanced conclusion. Here,
the fellow eye was occluded two days after animals were
removed from the darkroom for either 2 (C457) or 10
(C458) days. Nevertheless, occlusion of this eye stopped
any further recovery from that achieved over the two days
of binocular visual input experienced immediately after the
period of darkness. The fact that recovery was blocked by just
2 days of occlusion of the fellow eye (C457) implies that brief
occlusion at any time after darkness and not just in its imme-
diate aftermath can block recovery and further that normal
binocular vision is required throughout the recovery process.
Occlusion of the fellow eye appears to be an extremely potent
way to disrupt the benefits of darkness for recovery from
early monocular deprivation.

Although occlusion of the fellow eye represents a rather
blatant way to disrupt the degree of concordance of the
visual input to the two eyes, it will be important to inves-
tigate whether less severe forms of disrupted binocular
visual input such as those introduced by prismatic devia-
tion of the two visual axes or by refractive imbalance can
block the benefits of darkness in the same decisive manner
as that achieved by fellow eye occlusion. It will also be of
interest to determine if recovery following dark exposure
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is also prevented by complete elimination of retinal activity
from the fellow eye, which can be achieved through intra-
ocular administration of tetrodotoxin [32, 36]. The degra-
dation of normal vision experience through the closed
eyelid of the fellow eye may be worse for the recovery of
the amblyopic eye than a complete elimination of vision
in the fellow eye.

The speed of recovery of the deprived eye that follows a
period of darkness suggests that it cannot be explained
entirely by the formation of new axonal or dendritic connec-
tions with this eye in the visual cortex. Whatever the under-
lying mechanisms for darkness-induced recovery, it appears
to be prompted and guided in some way by neural activity
generated by the fellow eye. Upon emergence from the dark-
room, the strong cortical neural activity generated by the fel-
low eye may initially reinforce residual and/or silenced
neural connections with the deprived eye in a behaviourally
meaningful way that could precipitate further modifications
to promote recovery and consolidate gains in visual acuity.
The dramatic consequences of occlusion of the fellow eye
described here provided strong support for this idea. That
this recovery could be blocked by very short periods of
occlusion, even after it had begun (Figure 9), deserves fur-
ther exploration.

4.1. Clinical Implications. The results of fellow eye occlusion
may hold important clinical applications with respect to the
use of an interval of dark exposure, or possibly binocular ret-
inal inactivation [36], to treat amblyopia in humans. For
either treatment to be successful, it is essential that binocular
visual input be concordant and remains so in the immediate
aftermath of the treatment. In particular, optimal recovery
precludes the use of patching of the fellow eye following the
period of darkness or possibly binocular retinal inactivation.
From a clinical perspective, it is clearly desirable to establish
whether darkness or binocular retinal inactivation can
prompt recovery from early monocular deprivation in pri-
mates. Because of ethical and practical barriers to the use of
darkness, it is likely that ?initial attempts will employ brief
binocular retinal inactivation. An additional practical barrier
to a study on primates, particularly with respect to the conse-
quences of either treatment for vision, is the present lack of
methods to provide fast behavioural assessments of visual
thresholds. However, it is possible to employ alternative mea-
sures such as the use of cortical visually evoked potentials
(VEPs) to assess the effects on vision. In addition, the ben-
efits of darkness or binocular retinal inactivation can be
assessed in terms of their anatomical effects on the lateral
geniculate nucleus [32].
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Recent laboratory findings suggest that short-term patching of the amblyopic eye (i.e., inverse occlusion) results in a larger and
more sustained improvement in the binocular balance compared with normal controls. In this study, we investigate the
cumulative effects of the short-term inverse occlusion in adults and old children with amblyopia. This is a prospective cohort
study of 18 amblyopes (10-35 years old; 2 with strabismus) who have been subjected to 2 hours/day of inverse occlusion for 2
months. Patients who required refractive correction or whose refractive correction needed updating were given a 2-month
period of refractive adaptation. The primary outcome measure was the binocular balance which was measured using a phase
combination task; the secondary outcome measures were the best-corrected visual acuity which was measured with a Tumbling
E acuity chart and converted to logMAR units and the stereoacuity which was measured with the Random-dot preschool
stereogram test. The average binocular gain was 0.11 in terms of the effective contrast ratio (z=-2.344, p=0.019, 2-tailed
related samples Wilcoxon Signed Rank Test). The average acuity gain was 0.13 logMAR equivalent (t(17) =4.76, p <0.001,
2-tailed paired samples t-test). The average stereoacuity gain was 339 arc seconds (z =—-2.533, p =0.011). Based on more recent
research concerning adult ocular dominance plasticity, we conclude that inverse occlusion in adults and old children with
amblyopia does produce long-term gains to binocular balance and that acuity and stereopsis can improve in some subjects.

1. Introduction

Occlusion of the fixing eye has been the gold standard
treatment for amblyopia ever since it was first introduced
in 1743 by Conte de Buffon [1]. It has evolved over the
years; partial rather than full-time occlusion is now pre-
ferred, and filters (i.e., Bangerter filters) [2], lenses (i.e.,
defocused or frosted), and eye drops (i.e., atropine) [3, 4]
have been used instead of opaque patches. It is effective
in over 53% of cases in improving acuity in the amblyopic
eye by more than 2 lines of logMAR acuity [5]. It does
however leave something to be desired in a number of
aspects. Compliance can be low [6] because it restricts
school-age children to the low vision of their amblyopic
eyes for part of the day and also because of its psychosocial
side effects [7]. There is a relatively poor binocular outcome
even though the acuity of the amblyopic eye is improved

[8]. Its effects are age-dependent; effectiveness is much
reduced for children over the age of 10 years old [9, 10].
Finally, it is associated with a 25% regression rate once
the patch has been removed [11, 12]. It is effective but far
from ideal. Interestingly, the basis of this widely accepted
therapy is poorly understood. An explanation is often
advanced in terms of “forcing the amblyopic to work” by
occluding the fixing eye, which prompts the question, what
is stopping the amblyopic eye from working under normal
binocular viewing? This suggests that the problem of
improving vision in the amblyopic eye, far from being sim-
ply a monocular issue, must have an underlying binocular
basis (i.e., involving the fixing eye). Occlusion of the fixing
eye must be, in some way, disrupting what is normally pre-
venting the amblyopic eye from working when both eyes
are open. Within the clinical literature, this is known as
suppression and one supposes that occlusion affects
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suppression in a way that is beneficial to the acuity of the
amblyopic eye.

Recent laboratory studies have shown that short-term
occlusion (i.e., 2 hours) is associated with temporary changes
in eye dominance in normal adults. There are two things
that are particularly novel about these new finding: first,
these changes occur in adults, and secondly, the eye that is
patched becomes stronger in its contribution to the binocu-
lar sum. In other words, the eye balance is shifted in favour
of the previously patched eye. This was first shown by Lunghi
et al. [13] using a binocular rivalry measure to quantify eye
dominance. Since then, there has been a wealth of informa-
tion on this form of eye dominance plasticity in normal
adults using a wide variety of different approaches [13-27].
Zhou et al. [25] were the first to show that adults with ambly-
opia also exhibited this form of plasticity and that it tended to
be of a larger magnitude and of a more sustained form. They
made the novel suggestion that it could provide the basis of a
new therapeutic avenue for amblyopes in reestablishing the
correct balance between their two eyes. Such a suggestion
rests on the assumption that serial episodes of short-term
occlusion can lead to sustainable long-term improvements
in eye balance. The hallmark of this form of plasticity is that,
once the patch has been removed, the patched eye’s contribu-
tion to binocular vision is strengthened. Zhou et al. [25] sug-
gested that to redress the binocular imbalance that
characterizes amblyopia, it is the amblyopic eye that would
need to be occluded, opposite to what has been in common
practice for hundreds of years to improve the acuity in the
amblyopic eye. Such a therapy, in principle, would be primar-
ily binocular in nature (addressing the binocular imbalance
as a first step); it would be expected to have much less com-
pliance problems since it is not affecting the day-to-day
vision of the patient, and since it has been demonstrated in
adults, it could be administered at any age. While this is well
and good from a purely binocular perspective, the obvious
question is how would occlusion of the amblyopic eye on a
long-term basis (e.g., 2 hours or more a day for months)
affect the acuity of the patched eye? The ethical basis for such
interventions is not in doubt, as there is evidence indicating
that such treatment is likely to benefit rather than harm the
vision of the amblyopic eye (including children). In the
1960s, so-called inverse occlusion was sometimes used in
an attempt to treat eccentric fixation, which accompanies
amblyopia in its more severe form. A review of these studies
[28-32] leads to two conclusions: first, inverse occlusion did
not make the amblyopia worse, and second, acuity improved
in the amblyopic eye in a percentage of cases. The percentage
of patients whose vision improved was significantly less than
that of classical occlusion in most [28, 31, 32], but not all [29,
30] studies, which could arguably be a consequence of the
fact that studies on inverse occlusion were restricted to the
more severe and resistant forms of amblyopia. Therefore,
on the basis of recent laboratory studies on ocular dominance
plasticity resulting from short-term monocular occlusion
[13-25] and previous clinical studies, on inverse occlusion
designed to treat eccentric fixation [28-32], we have two
expectations: first that inverse occlusion (i.e., occlusion of
the amblyopic eye) should improve the binocular balance in

Neural Plasticity

patients with amblyopia and second that improved acuity
of the amblyopic eye should also be expected. Two additional
benefits of this approach would be the expectation of better
compliance, as the fellow eye is not occluded, and its applica-
bility to older children and adults, since ocular dominance
plasticity occurs in adults.

To determine whether this radical departure from what
is in common practice has any benefit, we studied the
effects of inverse occlusion for 2 hours/day for 2 months
on a group of 18 anisometropic and strabismic amblyopic
teens and adults (10-35 years old), an age range where clas-
sical occlusion therapy has low compliance [33]. Our pri-
mary outcome measure was the binocular balance or
ocular dominance. The second outcome measures were
visual acuity and stereoacuity. The results suggest that this
approach results in modest gains in both binocular balance
and visual acuity within this older age group; no adverse
effects were encountered.

2. Materials and Methods

2.1. Participants. Eighteen amblyopes with (n = 2) or without
(n=16) strabismus participated in our experiment. All of
the patients were detected at 10 years old or older or had
failed with classical occlusion therapy (i.e., patching the fel-
low eye). Clinical details of the patients are provided in
Table 1. Observers wore their prescribed optical correction,
if needed, in the data collection. Written informed consent
was obtained from all patients or from the parents or legal
guardian of participants aged less than 18 years old, after
explanation of the nature and possible consequences of the
study. This study followed the tenets of the Declaration of
Helsinki and was approved by the Ethics Committee of
Wenzhou Medical University.

2.2. Apparatus. The measures of binocular balance were con-
ducted on a PC computer running Matlab (MathWorks Inc.,
Natick, MA) with PsychToolBox 3.0.9 extensions [34, 35].
The stimuli were presented on a gamma-corrected LG
D2342PY 3D LED screen (LG Life Science, Korea) with a
1920 x 1080 resolution and a 60Hz refresh rate. Subjects
viewed the display dichoptically with polarized glasses in a
dark room at a viewing distance of 136 cm. The background
luminance was 46.2cd/m” on the screen and 18.8cd/m’
through the polarized glasses. A chin-forehead rest was used
to minimize head movements during the experiment.
Best-corrected visual acuity was measured using a Tum-
bling E acuity chart, the Chinese national standard logarith-
mic vision chart (Wenzhou Xingkang, Wenzhou, China), at
5 meters. This consists of E letters in 4 orientations (up,
down, left, or right) on each line in a logarithmic progres-
sion from 20/200 to 20/10. The size of the E letters ranges
from 1 to -0.3 (logMAR) with a step size of 0.1 log unit per
line. Because it is easy to understand and has less require-
ment of education, this illiterate chart has been recognized
as the national standard in China (GB11533-1989). During
the measurement, we asked subjects to report the orienta-
tion of each optotype in each line, which started from the
first line (corresponding to 1 logMAR) and terminated at
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FI1GURE 1: Experimental design. Eighteen amblyopes with (n =2) or without (n = 16) strabismus participated in our experiment. Patients’
binocular balance (balance point in the binocular phase combination task), visual acuity, and stereoacuity were measured before and after
two months of occlusion of the amblyopic eye for 2 hours/day (i.e., the inverse occlusion). For patients who required refractive correction
or whose refractive correction needed updating (n=9), a 2-month period of refractive adaptation was provided prior to the inverse

occlusion study.

the line where his/her accuracy was less than 75%. Visual
acuity was defined as the score associated with 75% correct
judgments, which was achieved by using linear interpola-
tion to calculate the score associated with the 75% correct
judgments. The measurement of stereoacuity involved the
Random-dot preschool stereograms (RDS test; Baoshijia,
Zhengzhou, China) at 40cm. Strabismus angle was mea-
sured using the prism cover test.

2.3. Design. Patients’ binocular balance (balance point in the
binocular phase combination task), visual acuity, and
stereoacuity were measured before and after two months of
occlusion of the amblyopic eye for 2 hours/day (i.e., the
inverse occlusion). For patients who required refractive
correction or whose refractive correction needed updating
(n=9), a 2-month period of refractive adaptation was
provided prior to the inverse occlusion study (Figure 1).
Since this approach is different from that currently used
(i.e., classical occlusion therapy), we were careful to conduct
follow-up evaluations in accordance with the regulations
from the Amblyopia Preferred Practice Pattern® guideline
(“PPP” 2017), P124: “If the visual acuity in the amblyopic
eye is improved and the fellow eye is stable, the same
treatment regimen should be continued.” In particular, we
conducted weekly visits in the pilot study (in S1 to S13),

rather than the 2 to 3 months that “PPP” recommends
(P124 in “PPP”: “In general, a follow-up examination should
be arranged 2 to 3 months after initiation of treatment.”) to
ensure that the acuity in the amblyopic eye did not deterio-
rate as a result of patching (Figure 2).

We quantitatively accessed the binocular balance using
a binocular phase combination paradigm [36, 37], which
measures the contributions that each eye makes to binocu-
lar vision. The design was similar as the one we used in
previous studies [38, 39], in which observers were asked
to dichoptically view two horizontal sine wave gratings hav-
ing equal and opposite phase shifts of 22.5° (relative to the
center of the screen) through polarized glasses; the per-
ceived phase of the grating in the cyclopean percept was
measured as a function of the interocular contrast ratio.
By this method, we were able to find a specific interocular
contrast ratio where the perceived phase of the cyclopean
grating was 0 degrees, indicating equal weight to each eye’s
image. This specific interocular contrast ratio reflects the
“balance point” for binocular phase combination since the
two eyes under these stimulus conditions contribute equally
to binocular vision. For each interocular contrast ratio
(6=10,0.1,0.2,0.4,0.8,1.0]), two configurations were used
in the measurement so that any starting potential positional
bias will be cancelled out: in one configuration, the phase
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F1GURE 2: The change of the amblyopic eye’s visual acuity after inverse occlusion. S1 to S13 participated in this pilot study. In each panel, each
dot represents one patient (jitter points were used to avoid superimposing points). The open square represents the average results. Error bars
represent standard errors. Data falling in the shaded area represent improvements; data falling on the sloping line represent no effect. The
amblyopic eye’s visual acuity improved in 5 of the 13 patients after 2 weeks of treatment; in 9 of the 13 patients after 1 month of
treatment; and in 11 of the 13 patients after 2 months of treatment. Fellow eye’s visual acuity was stable in all patients. No case of a
deterioration of acuity in the amblyopic eye was recorded. The amblyopic eye’s visual acuity was significantly different at different
follow-up sessions: F(3,36) =11.39, p < 0.001, 2-tailed within-subject repeated measures ANOVA.

shift was +22.5° in the amblyopic eye and -22.5° in the
fellow eye, and in the other, the reverse. The perceived
phase of the cyclopean grating at each interocular contrast
ratio (§) was quantified by half of the difference between
the measured perceived phases in these two configurations.
Different conditions (configurations and interocular con-
trast ratios) were randomized in different trials; thus, adap-
tation or expectation of the perceived phase would not have
affected our results. The perceived phase and its standard
error were calculated based on eight measurement repeti-
tions. Before the start of data collection, proper demon-
strations of the task were provided by practice trials to
ensure observers understood the task. During the test,
observers were allowed to take short-term breaks whenever
they felt tired.

2.4. Stimuli. In the binocular phase combination measure, the
gratings in the two eyes were defined as

Lum,(y) = L, [1 ~ C, cos <2ﬂfy + g)] ,
(1)
Lumgg (y) = L, {1 —~8C, cos <2nfy F Z)] ,

where L is the background luminance, C, is the base con-
trast in the amblyopic eye, f is the spatial frequency of the
gratings, § is the interocular contrast ratio, and 6 is the
interocular phase difference.

In our test, L, = 46.2 cd/m? (on the screen), C, = 96%, f = 1
cydlef’, 5 =10,0.1,0.2,0.4,0.8,1.0], and 6 = 45°.

Surrounding the gratings, a high-contrast frame
(width, 0.11% length, 6°) with four white diagonal lines
(width, 0.11°% length, 2.83°) was always presented during
the test to help observers maintain fusion.

2.5. Procedure. We used the same phase adjustment procedure
as used by Huang et al. [37] for measuring the perceived phase

of the binocularly combined grating. In each trial, observers
were asked firstly to align the stimuli from the two eyes; they
were then instructed to adjust the position of a reference line
to indicate the perceived phase of the binocularly combined
grating. Since the gratings had a period of 2 cycles corre-
sponding to 180 pixels, the phase adjustment had a step
size of 4 degrees of phase/pixel (2 cyclesx 360 phase
degree/cycle/180 pixels).

2.6. Statistical Analysis. Data are presented as mean + S.E.M.
unless otherwise indicated. Sample number (#) indicates the
number of observers in each group, which are indicated in
the figure. A one-sample Kolmogorov-Smirnov test was per-
formed on each dataset to evaluate normality. A 2-tailed
related samples Wilcoxon Signed Rank Test was used for
comparison between nonnormally distributed datasets; a
2-tailed paired samples t-test was used for comparison
between normally distributed datasets; a within-subject
repeated measures ANOVA was used to evaluate the time
effect of the inverse occlusion. Differences in means were
considered statistically significant at p < 0.05. Analyses were
performed using the SPSS 23.0 software.

3. Results

In the pilot study, we firstly conducted 0.5 months of
inverse occlusion (2 hours/day) in S1 to S13. We found that
the amblyopic eye’s visual acuity improved in 5 of the 13
patients after 2 weeks of treatment, with no cases of acuity
loss in the amblyopic eye. Visual acuity of the fellow eye
was stable in all cases. We then extend the occlusion period
to 1 month, and 9 of 13 patients were found to exhibit
small gains in visual acuity. No cases were recorded where
the acuity of the amblyopic eye deteriorated. The visual
acuity of the fellow eye remained stable in all cases. We
then extended the occlusion period to 2 months and found
that 11 of 13 patients showed small improvements in visual
acuity in the amblyopic eye at that time. No patients
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FIGURE 3: A dose-response relationship for the amblyopic eye.
Average visual acuity gains of the amblyopic eye (filled circles)
and the fellow eye (open circles) were plotted as a function of the
inverse occlusion durations. The areas indicate the 95% confidence
interval for the mean. The two curves were significantly different
(**): the interaction between the eyes and inverse occlusion
durations was significant: F(2,24) =7.98, p=0.002, 2-tailed
repeated measures ANOVA.

exhibited a deterioration of function in the amblyopic eye
(Figure 2). A within-subject repeated measures ANOVA
verified that the amblyopic eye’s visual acuity was signifi-
cantly different at these different follow-up sessions: F(3,
36)=11.39, p<0.001. This result clearly shows a
dose-response relationship for the amblyopic eye in terms
of visual acuity.

Since we did not have a control group who were denied
any treatment, there is always the possibility that improve-
ments in visual acuity measured at different time points are
simply due to learning effects. To test this, we recorded the
stability of acuity measured for the untreated fellow eye, as
a similar learning effect should apply. In Figure 3, we plot
the visual acuity gain as a function of treatment duration
for the patched amblyopic eye and the unpatched fellow
eye. There is an obvious difference between the two curves.
A within-subject repeated measures ANOVA, with eyes and
follow-up sessions as within-subject factors, verified that
the visual acuity gain was significantly different between eyes
(F(1,12)=10.35, p =0.007) and between follow-up sessions
(F(2,24) =10.32,p =0.001). The interaction between these 2
factors was also significant (F(2,24) =7.98, p =0.002), indi-
cating that the visual acuity gain of the amblyopic eye is
less likely to be accounted for by repeated testing alone.
Additionally, any explanation for the acuity gains that are
based on learning effects from repeated testing should also
apply to the stereo measurements that also showed
improvements with inverse occlusion. However, the acuity
gains and the stereo gains were not correlated after 2
months of inverse occlusion (Spearman’s correlation; p =
0.79) across our patient group.

Once we had shown that inverse occlusion can be under-
taken in a safe fashion, we added 5 additional patients (S14
to S18) to the original study cohort of 13 (S1 to S13). These
additional patients followed similar protocol as the original
thirteen (S1 to S13); the only difference was that visual func-
tions were only measured before and after 2 months of treat-
ment. A summary of the main result for all the 18 patients is
shown in Figure 4 for the measures of ocular balance, visual
acuity, and stereoacuity. Measurements before and after 2
months of treatment are plotted against one another. In
terms of ocular balance, the measure used is the interocular
contrast that is required to achieve a binocular balance. By
binocular balance, we mean that the contributions of each
eye’s input are equal at the site of binocular combination.
For normals with equal eye balance, the effective contrast
ratio would be unity. Data falling on the sloping diagonal
line represents no change from treatment whereas data fall-
ing in the shaded regions represents an improvement in bin-
ocular function (Figure 4(a)).

Amblyopes exhibit a range of binocular imbalances
ranging from less than 0.04 to 0.82 (Figure 4(a)). Inverse
patching for 2 hours/day for 2 months improves some more
than others. Six subjects showed no improvement; the other
patients showed varying levels of improvement, meaning
that their amblyopic eye was contributing more to binocular
vision. Overall, the average improvement was a 0.11 change
(0.30 £ 0.052 to 0.41 £ 0.058 (mean = S.E.M.)) in the effec-
tive contrast ratio (square symbol), which was significant
based on a 2-tailed related samples Wilcoxon Signed Rank
Test: z=-2.344, p=0.019. Our patients exhibited a range
of acuity deficits ranging from less than 0.18 to close to
1.37 logMAR (Figure 4(b)). As expected, the acuity improve-
ments were of varying degrees. Three patients showed no
improvement at all, while all the other patients did exhibit
improvements to varying degrees (shaded area). The average
improvement (solid symbol) was 0.13 logMAR (from 0.65
+0.082 to 0.51+0.068 (mean+ S.E.M.); Cohen’s d=
0.418), which was significant based on a 2-tailed paired sam-
ples t-test: £(17) = 4.76, p < 0.001. This magnitude of acuity
gain is similar to the results of a recent PEDIG study using
classical occlusion of the same duration (ie., 2 hours/day
for 16 weeks) in patients of a similar age range (average
improvement of 0.13 logMAR, from 56.1+9.7 to 62.5+
11.6 (mean * SD) letters; Cohen’s d = 0.599) [40]. The aver-
age stereoacuity gain was 339 arc seconds (z=-2.533,
p=0.011, 2-tailed related samples Wilcoxon Signed Rank
Test). This is a very conservative estimate because 13/18
patients had stereoacuities outside of our measurement range
and were conservatively scored at 1200 arc secs, the largest
disparity tested. This means that the true stereoacuity gain
could be larger than 339 arc seconds.

These changes in binocular balance, visual acuity, and
stereoacuity are modest but still impressive considering
the fact that the period of occlusion was relatively short
(2 hours), the duration of the treatment was limited to 2
months, and it involved an older age group. One interest-
ing finding is that the improvements in balance and visual
acuity are not significantly correlated (p =0.61, Spearman’s
correlation), so it is unlikely they have a common basis.
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FIGURE 4: Visual outcomes after two months of occlusion of the amblyopic eye for 2 hours/day. Eighteen amblyopes (S1 to S18; 10 to 35 years
old), with (n = 2) or without (n = 16) strabismus, participated. For patients who required refractive correction or whose refractive correction
needed updating (n=9), a 2-month period of refractive adaptation was provided before the inverse occlusion. (a) Binocular balance was
measured with the binocular phase combination task and expressed as the interocular contrast ratio (amblyopic eye/fellow eye) when the
two eyes are balanced. The binocular balance increased from 0.30+0.052 to 0.41 +0.058 (mean+S.E.M.). *: z=-2.344, p=0.019,
2-tailed related samples Wilcoxon Signed Rank Test. Error bars represent standard errors. Data falling in the shaded area indicate patients
whose two eyes were more balanced; data falling on the sloping line represent no change. (b) Visual acuity was measured with a Tumbling
E acuity chart in logMAR units. The visual acuity improved from 0.65 + 0.082 to 0.51 +0.068 (mean + S.E.M.), effect size: Cohen’s d =
0.418. **: t(17) =4.76, p <0.001, 2-tailed paired samples t-test. Error bars represent standard errors. Data falling in the shaded area
represents better visual acuity; data falling on the sloping line represent no change. Jitter points were used to avoid superimposing points.
The blue line indicates a 0.13 logMAR visual acuity improvement (effect size: Cohen’s d = 0.599) observed from a recent cohort study
from the PEDIG group based on 2 hours daily of classical patching treatment for 16 weeks in children aged 13 to 16 years old with
amblyopia [40]. (c) Stereoacuity was measured with the Random-dot stereograms. Stereoacuity of 1200 arc secs was assigned for patients
(13/18) whose stereoacuity was too bad to be measured. The stereoacuity improved from 932.2 + 111.00 to 593.3 + 132.31 (mean + S.E.M.).
*: z=-2.533, p=0.011, 2-tailed related samples Wilcoxon Signed Rank Test. Error bars represent standard errors. Data falling in the
shaded area represents better stereopsis; data falling on the sloping line represent no change. Jitter points were used to avoid

superimposing points.

These improvements were long-lasting as we have
followed four patients (S12, S14, S16, and S17) for 1
month and one patient (S9) for 5.5 months after finishing
2 months of the reverse occlusion regime, which showed
that the outcomes were sustained (Figure 5). The results
at the Post-test2 session were not significantly different
from that after the conclusion of 2 months of inverse
occlusion: for balance point, #(4)=-0.72, p=0.51; for
visual acuity, ¢#(4) = 1.50, p=0.21; for stereopsis, z=—1.63,
p=0.10. A larger sample size is needed before it can be
definitely concluded that these benefits are sustained; future
larger RCT studies are needed to clarify the retention effect.

In our study, the patients’ ages ranged from 10 years
old to 35 years old. Interestingly, all patients who were
younger than 14 years old (n = 10) had a visual acuity gain.
While for patients older than 14 years old (n=38), only
62.5% of them had a visual acuity gain. However, a Spear-
man correlation analysis showed that the correlation
between the improvement in visual acuity of the amblyopic
eye and the patients’ age was not significant (p =0.10). The
correlations between the patients’ age and the binocular

balance gain or the RDS stereoacuity gain were also not sig-
nificant (p > 0.3). Future larger RCT studies are needed to
clarify the age effect.

The refractive correction needed updating in half of the
patients (n=9), and a 2-month period of refractive adapta-
tion was provided before inverse occlusion was commenced.
Even though the acuity gains from optical treatments have
been shown to be modest after 5-6 weeks of refractive adap-
tation [41], since those observations were in a much younger
age group, there could still be an argument that our findings
were due to the refractive correction per se occurring after
our 8-week period, rather than the inverse occlusion. To
assess this, we divided our patients into two subgroups, i.e.,
those who required refractive adaptation (n=9) and those
who did not (n=9). The subgroup that required refractive
adaptation was slightly but not significantly younger than
the subgroup that did not require refractive adaptation
(z=-0.18, p=0.08). We found no significant difference of
visual outcomes in these two subgroups, in terms of the
improvement of the amblyopic eye’s visual acuity (z =—-0.71,
p=0.49), binocular balance (z=-0.13, p=0.93), and
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stereoacuity (z =-1.94, p=0.08). Thus, there is no basis for
believing that the gains we show here as the result of inverse
occlusion were significantly impacted by refractive adaptation
gains in visual acuity occurring beyond our 8-week refractive
adaptation period.

4. Discussion

The rationale for this study comes from the recent findings
on ocular dominance plasticity in normal and amblyopic
adults [13-25]: short-term patching results in a strengthen-
ing of the contribution of the previously patched eye to bin-
ocular vision. This study, which applies this to amblyopia,
raises three interesting issues that are relevant to the treat-
ment of amblyopia. First, it highlights just how poor our
understanding of the basis of classical occlusion therapy
is. How is it that acuity improves in amblyopia regardless
of which eye is occluded? This question does not just come
from this study; there is a literature on the acuity improve-
ments that occur as a result of inverse occlusion. While in

most cases these improvements are much less than that of
classical occlusion, there are studies [29, 30] where it is
comparable to that of classical occlusion. The standard
explanation of occluding the fixing eye to “force the ambly-
opic eye to work” is untenable. What is preventing the
brain from using information from the amblyopic eye
under normal viewing conditions? Whatever it is, occlusion
must be preventing it from operating. If what is happening
normally involves suppression of information (i.e., inhibi-
tion) from the amblyopic eye, then occlusion of the normal
eye must be interrupting this process (i.e., disinhibition).
The problem must be essentially binocular in nature, which
is why it is not critically dependent on which eye is occluded
to disrupt the anomalous interaction. We would normally
think of this anomalous binocular interaction as a suppression
of the amblyopic eye by the fellow eye, but on the basis of the
occlusion of either eye being effective, it may be better to think
of suppression as simply a reflection of a binocular imbalance.
Recent psychophysics [42] and animal neurophysiology [43]
suggest that the problem is not because the inhibition from
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the fixing to the amblyopic eye is greater but because the
matching inhibition from the amblyopic eye is less. It is due
to a net imbalance in interocular inhibition. The resulting net
imbalance can be disrupted by occluding either eye, and it is
the duration of relief from this imbalanced binocular inhibi-
tion that may result in an acuity benefit for the amblyopic eye.

Ocular dominance plasticity in normals is an all-or-
none, homeostatic process and would not be expected to
have accumulated effects over time [44]. In amblyopes, ocu-
lar dominance plasticity has different dynamics, being
much more sustained [25]. The present results suggest also
that it can exhibit accumulated effects in amblyopes that
result in long-lasting changes in eye balance. These sus-
tained changes are however modest in size, and it will be
necessary to explore how the magnitude of this effect can
be increased for it to have significant binocular benefits.
Future directions could involve RCT studies with a large
number of patients and longer durations of occlusion,
potentially with pharmacological enhancement using dopa-
minergic [45], serotonergic [46], or cholinergic modulations
[47] or the combination of binocular training procedures
[48-52] and short periods of inverse occlusion.

The finding that the binocular balance and the monocu-
lar acuity improvements from inverse patching are not cor-
related suggests that a simple explanation in terms of
reduced suppression is not viable. The two visual improve-
ments are likely to have separate causes and possibly involv-
ing different sites in the pathway. The acuity improvement
for the amblyopic eye is not dependent on which eye is
occluded, as shown here (Figure 4(b)), but the direction of
the binocular balance changes is dependent on which eye
is occluded [13, 25]. This distinction between binocular bal-
ance and monocular visual acuity is an important one and
should be incorporated into future clinical treatment studies.
Finally, apart from the additional benefit of a better binocu-
lar balance, which reflects an important first step in binocu-
lar vision restoration and the gains in monocular acuity and
stereopsis, its applicability to older children and adults
should not be underestimated nor should the better compli-
ance that should follow from the patching of the amblyopic
rather than the fixing eye. Application to younger children
would necessitate weekly visits to ensure that the acuity in
the amblyopic eye did not deteriorate as a result of patching.

4.1. Relevance of a Recently Published Study. During the writ-
ing up of this paper, another study was posted on bioRxiv
that is highly relevant and supportive of the present
approach (Lunghi et al. (2018); doi: 10.1101/360420). Lun-
ghi et al. (2018) undertook a comparable inverse occlusion
study in adults based on the similar notion that patching
of an eye can improve its contrast gain subsequently, a
result that they originally showed in normal humans [13]
and we originally demonstrated in humans with amblyopia
[25]. However, Lunghi et al. (2018) incorporated physical
exercise as well as inverse occlusion and argue, based on
a nonexercise control, that the combination of these two
factors results in larger improvements when treating
amblyopia. This in turn was based on their previous find-
ing that exercise can enhance plasticity in normal adults

Neural Plasticity

([18], but also see [23]). This published study and the cur-
rent one both suggest that inverse occlusion can provide
long-term benefits in visual acuity, stereopsis, and sensory
balance. Lunghi et al. find that six 2-hour sessions of
inverse occlusion (n=10) combined with exercise result
in a visual acuity improvement of 0.15+0.02 logMAR,
whereas in our initial experiment of 13 patients (SI to
§13), we find a comparable improvement (0.15 + 0.04 log-
MAR) after 2 months of 2hrs a day of patching. The
shortest treatment duration that we used involved 14 days
of 2hrs/day inverse occlusion, and the acuity improvement
was 0.06 +0.03 logMAR, similar to that found by Lunghi
et al. for their nonexercise control (0.06 +0.01 logMAR).
The exercise enhanced protocol seems to be beneficial over
the short treatment duration tested (i.e., 6 x 2 hrs periods).
It will be interesting for future studies to compare the
duration-response curves for inverse occlusion with and
without exercise to know if they are parallel or whether
they converse at longer treatment durations.

4.2. Shortcomings of the Present Study. These are pilot results,
which we hope will help power larger RCT's on the potential
benefits of inverse occlusion. Most of our patients had aniso-
metropic amblyopia; future studies would need to assess
whether the effects are different in different types of ambly-
opia. The acuity results are modest, and while they are com-
parable to those found for classical patching for the same
short treatment duration [40], it would need to be shown
that longer treatment durations result in at least the same
extra benefits that have been shown for classical occlusion
[53]. The binocular balance changes, while in the right direc-
tion, are quite modest in magnitude, and it would need to be
shown that longer treatment durations would result in
stronger accumulated effects. If this can be shown, inverse
occlusion would carry an additional binocular benefit over
that of classical occlusion. Finally, no adverse effects were
found from this relatively short treatment duration in this
older age group; future studies would need to assess this
for longer treatment durations and younger age groups.

5. Conclusions

We conclude that patching the amblyopic eye is safe for
adults as well as old children with amblyopia and can
result in recovery of visual acuity of the amblyopic eye
and binocular visual functions.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Disclosure

The sponsor or funding organization had no role in the
design or conduct of this research.

Conflicts of Interest

The authors declare no competing interests.


https://doi.org/10.1101/360420

Neural Plasticity

Authors’ Contributions

Jiawei Zhou and Zhifen He are co-first authors.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China grant NSFC 81500754, the Qianjiang
Talent Project (QJD1702021), the Wenzhou Medical Uni-
versity grant QTJ16005, the Ministry of Human Resources
and Social Security, China, grant to JZ, the Canadian Insti-
tutes of Health Research Grants CCI-125686 and 228103,
the ERA-NET Neuron grant (JT'C2015) to RFH, and the
Natural Science Foundation of Zhejiang Province Grant
(LQ18C090002) to ZY.

References

(1]
(2]

[10]

(11]

(12]

C. De Buffon, Disseration sur la cause du strabisme ou des yeux
louches, Me. Acad Roy Sci, Paris, 1743.

Pediatric Eye Disease Investigator Group Writing Committee,
“A randomized trial comparing Bangerter filters and patching
for the treatment of moderate amblyopia in children,” Oph-
thalmology, vol. 117, no. 5, pp. 998-1004.e6, 2010.

The Pediatric Eye Disease Investigator Group, “A randomized
trial of atropine vs patching for treatment of moderate ambly-
opia in children,” Archives of Ophthalmology, vol. 120, no. 3,
pp. 268-278, 2002.

M. X. Repka, R. T. Kraker, J. M. Holmes et al., “Atropine vs
patching for treatment of moderate amblyopia follow-up at
15 years of age of a randomized clinical trial,” JAMA Ophthal-
mology, vol. 132, no. 7, pp. 799-805, 2014.

Pediatric Eye Disease Investigator Group, “Randomized trial
of treatment of amblyopia in children aged 7 to 17,” Archives
of Ophthalmology, vol. 123, no. 4, pp. 437-447, 2005.

M. P. Wallace, C. E. Stewart, M. J. Moseley, D. A. Stephens,
and A. R. Fielder, “Compliance with occlusion therapy for
childhood amblyopia,” Investigative Ophthalmology & Visual
Science, vol. 54, no. 9, pp. 6158-6166, 2013.

A. Searle, P. Norman, R. Harrad, and K. Vedhara, “Psychoso-
cial and clinical determinants of compliance with occlusion
therapy for amblyopic children,” Eye, vol. 16, no. 2, pp. 150-
155, 2002.

E. E. Birch, “Amblyopia and binocular vision,” Progress in Ret-
inal and Eye Research, vol. 33, pp. 67-84, 2013.

M. Fronius, L. Cirina, H. Ackermann, T. Kohnen, and C. M.
Diehl, “Efficiency of electronically monitored amblyopia treat-
ment between 5 and 16 years of age: new insight into declining
susceptibility of the visual system,” Vision Research, vol. 103,
pp. 11-19, 2014.

C. E. Stewart, M. J. Moseley, D. A. Stephens, and A. R. Fielder,
“Treatment dose-response in amblyopia therapy: the Moni-
tored Occlusion Treatment of Amblyopia Study (MOTAS),”
Investigative Ophthalmology ¢ Visual Science, vol. 45, no. 9,
pp. 3048-3054, 2004.

J. M. Holmes, R. W. Beck, R. T. Kraker et al., “Risk of ambly-
opia recurrence after cessation of treatment,” Journal of
AAPOS, vol. 8, no. 5, pp. 420-428, 2004.

R. Bhola, R. V. Keech, P. Kutschke, W. Pfeifer, and W. E. Scott,
“Recurrence of amblyopia after occlusion therapy,” Ophthal-
mology, vol. 113, no. 11, pp. 2097-2100, 2006.

(13]

(14]

(15]

(16]

(17]

[22]

(23]

[24]

(25]

(26]

(27]

(28]

(29]

11

C. Lunghi, D. C. Burr, and C. Morrone, “Brief periods of mon-
ocular deprivation disrupt ocular balance in human adult
visual cortex,” Current Biology, vol. 21, no. 14, pp. R538-
R539, 2011.

C. Lunghi, M. Berchicci, M. C. Morrone, and F. di Russo,
“Short-term monocular deprivation alters early components
of visual evoked potentials,” The Journal of Physiology,
vol. 593, no. 19, pp. 4361-4372, 2015.

C. Lunghi, D. C. Burr, and M. C. Morrone, “Long-term effects
of monocular deprivation revealed with binocular rivalry grat-
ings modulated in luminance and in color,” Journal of Vision,
vol. 13, no. 6, 2013.

C. Lunghi, U. E. Emir, M. C. Morrone, and H. Bridge, “Short--
term monocular deprivation alters GABA in the adult human
visual cortex,” Current Biology, vol. 25, no. 11, pp. 1496-1501,
2015.

C. Lunghi, M. C. Morrone, J. Secci, and R. Caputo, “Binocular
rivalry measured 2 hours after occlusion therapy predicts the
recovery rate of the amblyopic eye in anisometropic children,”
Investigative Ophthalmology & Visual Science, vol. 57, no. 4,
pp. 1537-1546, 2016.

C. Lunghiand A. Sale, “A cycling lane for brain rewiring,” Cur-
rent Biology, vol. 25, no. 23, pp. R1122-R1123, 2015.

D. P. Spiegel, A. S. Baldwin, and R. F. Hess, “Ocular domi-
nance plasticity: inhibitory interactions and contrast equiva-
lence,” Scientific Reports, vol. 7, no. 1, p. 39913, 2017.

J. Zhou, D. H. Baker, M. Simard, D. Saint-Amour, and R. F.
Hess, “Short-term monocular patching boosts the patched
eye's response in visual cortex,” Restorative Neurology and
Neuroscience, vol. 33, no. 3, pp. 381-387, 2015.

J. Zhou, S. Clavagnier, and R. F. Hess, “Short-term monocular
deprivation strengthens the patched eye's contribution to bin-
ocular combination,” Journal of Vision, vol. 13, no. 5, 2013.

J. Zhou and R. F. Hess, “Neutral-density filters are not a patch
on occlusion,” Investigative Ophthalmology & Visual Science,
vol. 57, no. 10, pp. 4450-4451, 2016.

J. Zhou, A. Reynaud, and R. F. Hess, “Aerobic exercise effects
on ocular dominance plasticity with a phase combination task
in human adults,” Neural Plasticity, vol. 2017, Article ID
4780876, 7 pages, 2017.

J. Zhou, A. Reynaud, Y. J. Kim, K. T. Mullen, and R. F. Hess,
“Chromatic and achromatic monocular deprivation produce
separable changes of eye dominance in adults,” Proceedings
of the Biological Sciences, vol. 284, no. 1867, p. 20171669, 2017.

J. Zhou, B. Thompson, and R. F. Hess, “A new form of rapid
binocular plasticity in adult with amblyopia,” Scientific
Reports, vol. 3, article 2638, pp. 1-5, 2013.

Y. Wang, Z. Yao, Z. He, J. Zhou, and R. F. Hess, “The cortical
mechanisms underlying ocular dominance plasticity in adults
are not orientationally selective,” Neuroscience, vol. 367,
pp. 121-126, 2017.

Z.Yao, Z.He, Y. Wang et al., “Absolute not relative interocular
luminance modulates sensory eye dominance plasticity in
adults,” Neuroscience, vol. 367, pp. 127-133, 2017.

G. Andree, “Der FEinflufl der inversen occlusion auf fixation
und funktion amblyoper Augen,” Albrecht von Graefes Archiv
fiir klinische und experimentelle Ophthalmologie, vol. 170,
no. 3, pp. 257-264, 1966.

A. Arruga, “Effect of occlusion of amblyopic eye on amblyopia
and eccentric fixation,” Transactions of the Ophthalmological
Societies of the United Kingdom, vol. 82, pp. 45-50, 1962.



12

(30]

(31]

(32]

(33]

(34]

[35]

(36]

(37]

(38]

(39]

[40]

[41]

(42]

(43]

(44]

[45]

[46]

(47]

L. Cibis and C. Windsor, “Clinical results with passive ambly-
opia treatment,” The American Orthoptic Journal, vol. 17,
pp. 56-61, 1967.

S. R. Malik, A. K. Gupta, S. Choudhry, and D. K. Sen, “Red fil-
ter treatment in eccentric fixation,” The British Journal of Oph-
thalmology, vol. 52, no. 11, pp. 839-842, 1968.

G. K. von Noorden, “Occlusion therapy in amblyopia with
eccentric fixation,” Archives of Ophthalmology, vol. 73, no. 6,
pp. 776-781, 1965.

M. Oliver, R. Neumann, Y. Chaimovitch, N. Gotesman, and
M. Shimshoni, “Compliance and results of treatment for
amblyopia in children more than 8 years old,” American
Journal of Ophthalmology, vol. 102, no. 3, pp. 340-345,
1986.

D. G. Pelli, “The VideoToolbox software for visual psycho-
physics: transforming numbers into movies,” Spatial Vision,
vol. 10, no. 4, pp. 437-442, 1997.

D. H. Brainard, “The psychophysics toolbox,” Spatial Vision,
vol. 10, no. 4, pp. 433-436, 1997.

J. Ding and G. Sperling, “A gain-control theory of binocular
combination,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 103, no. 4, pp. 1141-1146,
2006.

C. B. Huang, J. Zhou, Z. L. Lu, L. Feng, and Y. Zhou, “Binocu-
lar combination in anisometropic amblyopia,” Journal of
Vision, vol. 9, no. 3, p. 17, 2009, 1-16.

J. Zhou, P.-C. Huang, and R. F. Hess, “Interocular suppression
in amblyopia for global orientation processing,” Journal of
Vision, vol. 13, no. 5, p. 19, 2013, 1-14.

J. Zhou, W. Jia, C. B. Huang, and R. F. Hess, “The effect of uni-
lateral mean luminance on binocular combination in normal
and amblyopic vision,” Scientific Reports, vol. 3, no. 1, 2013.
V. M. Manh, J. M. Holmes, E. L. Lazar et al., “A randomized
trial of a binocular iPad game versus part-time patching in
children aged 13 to 16 years with amblyopia,” American Jour-
nal of Ophthalmology, vol. 186, pp. 104-115, 2018.

L. Asper, K. Watt, and S. Khuu, “Optical treatment of ambly-
opia: a systematic review and meta-analysis,” Clinical & Exper-
imental Optometry, vol. 101, no. 4, pp. 431-442, 2018.

J. Zhou, A. Reynaud, Z. Yao et al., “Amblyopic suppression:
passive attenuation, enhanced dichoptic masking by the fellow
eye or reduced dichoptic masking by the amblyopic eye?,”
Investigative Ophthalmology ¢ Visual Science, vol. 59, no. 10,
pp. 4190-4197, 2018.

C. Shooner, L. E. Hallum, R. D. Kumbhani et al., “Population
representation of visual information in areas V1 and V2 of
amblyopic macaques,” Vision Research, vol. 114, pp. 56-67,
2015.

S. H. Min, A. S. Baldwin, A. Reynaud, and R. F. Hess, “The
shift in ocular dominance from short-term monocular depri-
vation exhibits no dependence on duration of deprivation,”
Scientific Reports, vol. 8, no. 1, article 17083, 2018.

S. Bao, V. T. Chan, and M. M. Merzenich, “Cortical remodel-
ling induced by activity of ventral tegmental dopamine neu-
rons,” Nature, vol. 412, no. 6842, pp. 79-83, 2001.

M. F. Bear and W. Singer, “Modulation of visual cortical plas-
ticity by acetylcholine and noradrenaline,” Nature, vol. 320,
no. 6058, pp. 172-176, 1986.

J. E. M. Vetencourt, A. Sale, A. Viegi et al., “The antidepressant
fluoxetine restores plasticity in the adult visual cortex,” Science,
vol. 320, no. 5874, pp. 385-388, 2008.

(48]

(49]

(50]

(51]

(52]

(53]

Neural Plasticity

E. E. Birch, S. Li, R. M. Jost et al., “Binocular iPad treatment for
amblyopia in preschool children,” Journal of American Associ-
ation for Pediatric Ophthalmology and Strabismus, vol. 18,
no. 4, pp. el-e2, 2014.

K. R. Kelly, R. M. Jost, L. Dao, C. L. Beauchamp, J. N. Leffler,
and E. E. Birch, “Binocular iPad game vs patching for treat-
ment of amblyopia in children: a randomized clinical trial,”
JAMA Ophthalmology, vol. 134, no. 12, pp. 1402-1408, 2016.

J. Li, B. Thompson, D. Deng, L. Y. L. Chan, M. Yu, and R. F.
Hess, “Dichoptic training enables the adult amblyopic brain
to learn,” Current Biology, vol. 23, no. 8, pp. R308-R309, 2013.

S.L.Li, A. Reynaud, R. F. Hess et al., “Dichoptic movie viewing
treats childhood amblyopia,” Journal of AAPOS, vol. 19, no. 5,
pp. 401-405, 2015.

L. To, B. Thompson, J. R. Blum, G. Maehara, R. F. Hess, and
J. R. Cooperstock, “A game platform for treatment of ambly-
opia,” IEEE Transactions on Neural Systems and Rehabilitation
Engineering, vol. 19, no. 3, pp. 280-289, 2011.

Pediatric Eye Disease Investigator Group, D. K. Wallace, E. L.
Lazar et al., “A randomized trial of increasing patching for
amblyopia,” Ophthalmology, vol. 120, no. 11, pp. 2270-2277,
2013.



