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Abstract 

Background: Selective serotonin reuptake inhibitors (SSRIs) have been shown to enhance visual 

cortex plasticity in adult animals (Maya-Vetencourt, Sale et al. 2008). The aim of this study was to 

assess whether SSRIs increase visual cortex plasticity in humans. 

Methods: To test healthy visual plasticity, in the first experiment, participants (n = 20) with 

normal vision were randomized to a three-week course of fluoxetine or placebo. During drug 

administration, participants were trained on a motion discrimination task at a fixed motion direction. 

Learning was assessed for the trained motion direction and an untrained direction with and without 

a single dose of the benzodiazepine triazolam. Motor and visual cortex excitability was assessed 

using transcranial magnetic stimulation. In the second experiment, adults with amblyopia (n = 7) 

participated in a crossover study whereby placebo and citalopram were each combined with two 

weeks of occlusion therapy. Visual acuity (VA), stereopsis, electroretinograms and visual evoked 

potentials (VEPs) were measured fortnightly. The third experiment was a case study in which one 

participant with amblyopia completed two sessions of binocular training, one with placebo and the 

other with citalopram. 

Results: In the first experiment there was no effect of fluoxetine on learning or cortical 

excitability. However, triazolam significantly impaired performance for the untrained but not the 

trained motion direction. In the second experiment, there were no significant differences between 

citalopram and placebo for any of the outcome measures. However, three patients experienced VA 

improvements of over 0.1 Log MAR when treated with citalopram but not with placebo. Citalopram 

did not enhance the effects of binocular treatment for the single case tested. 

Conclusion: Fluoxetine did not affect visual cortex plasticity in normal observers. However, 

separate learning mechanisms were unveiled; as the untrained, but not the trained, task was 

affected by triazolam. Citalopram combined with occlusion may allow for VA improvements in some 

patients with amblyopia, however longer treatment durations may be required to improve visual 

functions in a larger number of patients. Preliminary data from one patient suggest that citalopram 

does not enhance the effects of binocular amblyopia treatment. 
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Chapter 1. Introduction 

Neural plasticity refers to the ability of the brain to change and adapt in response to its environment. 

Plasticity can be measured in animal models by the strength of connections between neurons before 

and after a particular intervention such as electrical stimulation (Bliss and Lømo 1973). However the 

link between structural plasticity in specific neural circuits and learning is yet to be demonstrated 

(Holtmaat and Svoboda 2009). Therefore it is important to study the plasticity mechanisms involved 

in skill learning and the recovery of function in neurological disorders. There is currently a great deal 

of interest in techniques that may enhance plasticity in the human brain as such techniques could 

improve learning in healthy individuals and allow for recovery from abnormal brain function. One 

intervention that may boost brain plasticity is the administration of selective serotonin reuptake 

inhibitors (SSRIs). The overarching question addressed by the work presented in this thesis is: can 

SSRIs enhance plasticity in the adult human visual cortex? 

SSRIs are a group of drugs commonly known as antidepressants, however the mood effects 

are only one property of this class of drugs and, in fact, many SSRIs such as fluoxetine have been 

found to have no mood effects when administered to healthy participants (Gelfin, Gorfine et al. 

1998, Wilson, Bailey et al. 2002). SSRIs are known to play a role in serotonergic transmission. The 

neurotransmitter serotonin (also known as 5-HT) is involved in various physiological functions, and 

chronic administration of SSRIs may promote processes that are found in the developing brain, such 

as neurogenesis and synaptogenesis (Malberg, Eisch et al. 2000). Animal research has shown that 

SSRIs can enhance plasticity at the synaptic level in both the adult hippocampus and visual cortex 

(Maya-Vetencourt, Sale et al. 2008). In a human study it was shown that the ability of repetitive 

visual stimulation to potentiate visual evoked potentials was enhanced by chronic SSRI modulation, 

an effect that is consistent with increased visual cortex plasticity (Normann, Schmitz et al. 2007). 

However, although increased plasticity as a result of chronic SSRI administration has been shown, it 

remains unknown whether SSRIs can enhance the more extensive and longer lasting plastic changes 

that are involved in learning a skill. Building on this prior work, the hypothesis tested by the work 

presented in this thesis was that SSRIs would improve visual skill learning in healthy individuals and 

promote visual cortex plasticity in patients with a developmental disorder known as amblyopia.  

Skill learning can be measured in a controlled way using psychophysical measurements 

combined with perceptual learning techniques. This approach is particularly well established for 

vision (Ahissar 2012, Sasaki, Náñez et al. 2012). In the first study in this thesis, the effect of the 

chronic administration of SSRIs on adult visual plasticity was assessed using a well-established visual 

perceptual learning (VPL) task based on motion direction discrimination (MDD) (Ball and Sekuler 
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1987, Liu and Weinshall 2000). Furthermore, to test whether SSRIs would enhance activity within the 

visual and motor cortices, the excitability of these areas was assessed using transcranial magnetic 

stimulation (TMS). 

The juvenile brain is more plastic than the adult brain (Franklin 2004). However, one 

downside of this juvenile plasticity is that a difference in the images seen by the two eyes during 

early infancy can lead to a cortical developmental disorder known as amblyopia (commonly referred 

to as lazy eye) (Wiesel and Hubel 1965). In amblyopia, the brain develops in such a way that the 

visual information coming from the weaker eye is processed abnormally. This results in various visual 

deficits including a loss of visual acuity (VA) in the affected eye and impaired stereovision (McKee, 

Levi et al. 2003, Holmes and Clarke 2006). These deficits are due to abnormal processing within 

visual brain areas and not due to problems with the eyes themselves. Amblyopia is the most 

common cause of monocular vision loss in children and has an estimated prevalence of 1-5%, 

depending on the population studied (Von Noorden and Campos 2002). Due to the high levels of 

plasticity within the visual cortex that are present at a young age, amblyopia can be treated by 

patching the non-amblyopic eye to force use of the amblyopic eye.  Patching is the most common 

amblyopia treatment for children and is usually prescribed for two to six hours per day for a period 

that can range from several months to over a year (Pediatric Eye Disease Investigator Group 2003, 

Stewart, Stephens et al. 2007). Because of the notion that the adult visual cortex lacks sufficient 

plasticity, patching is considered to be ineffective in adults (Epelbaum, Milleret et al. 1993). 

However, chronic administration of the SSRI fluoxetine in combination with occlusion of the non-

amblyopic fellow eye, has been found to the allow for recovery of vision in adult rats with amblyopia 

(Maya-Vetencourt, Sale et al. 2008). 

In the second study of this thesis, the developmental cortical disorder amblyopia was 

employed as a human visual cortex plasticity model to allow for Maya-Vetencourt et al.’s (2008) 

study to be translated to humans. For this, adults with amblyopia participated in a double cross-over 

study where they were administered either the SSRI citalopram or placebo daily for two weeks while 

patching the non-amblyopic eye for two hours per day or as much as was tolerable. Within this study 

the outcome measurements were: VA, stereopsis, retinal function and cortical function. Retinal and 

cortical functions were measured using electroretinography (ERG) and visual evoked potentials 

(VEPs) following standardised protocols from the International Society for Clinical Electrophysiology 

of Vision (ISCEV). Multifocal ERG measurements were used to assess focal regions of the retina 

whereas pattern VEPs were used to assess overall retinal function. VEPs were used to assess cortical 

visual pathway integrity; including retinal to cortical processing (Holder and Robson 2006, Holder, 

Brigell et al. 2007).  Interestingly, the underlying mechanism for unlocking juvenile plasticity in the 
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adult rodent visual system is intracortical inhibition (ICI), which was shown by cortical infusion of a 

benzodiazepine (Maya-Vetencourt, Sale et al. 2008). Therefore, in our first study on healthy adult 

male participants, we administered benzodiazepine after VPL to test whether an increase in GABA (γ-

Amino butyric acid) mediated inhibition would impair plasticity, or visual skill learning, in humans. 

Finally, the third study was a case study on one adult participant with amblyopia. In this case 

study we explored whether chronic SSRI administration would enhance plasticity and visual function 

when the pharmacological intervention was combined with a binocular amblyopia treatment (Long, 

Thompson et al. 2011).  

Together, this suite of experiments allowed for the effects of SSRIs on plasticity to be 

assessed in the normal and abnormal adult human visual cortex.  

There are several models for investigating brain plasticity. To provide a basis for 

understanding the methods chosen in this research, relevant topics relating to brain plasticity will be 

briefly touched upon in this introductory chapter. An invasive method used in animal research is long 

term potentiation (LTP) (Bliss and Lømo 1973) which is a synaptic model for plasticity. Therefore 

synaptic models for plasticity will be discussed in the introductory section, followed by other models 

of plasticity that can be applied to humans, such as visual perceptual learning and other non-invasive 

techniques for modulating plasticity such as non-invasive brain stimulation (NIBS) (Wassermann, 

Epstein et al. 2008). Lastly, pharmacological interventions will be briefly touched upon. 
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1.1. Synaptic Plasticity 

 

“Somehow the unstable stuff of which we are composed has learned the trick of maintaining 

stability” 

-From Wisdom of the Body by Walter Cannon (1932). 

 

Plasticity is learning from experience. It is this adaptability that allows us to optimally respond to our 

environment. To do that, we are equipped with a neural system that is highly plastic when we are 

young. It is generally accepted that when we are young we are better at acquiring new skills, such as 

learning to speak a new language or to play a new instrument. But what is it that underlies this 

plasticity or change in cortical representation through practice and the environment?  

Before the 20th century, plasticity was thought of as a closed system: as the mere change of 

existing pathways. Learning was analogically thought of as using different neural pathways in an 

already existing infrastructure. Psychologist Donald Hebb argued that instead of utilizing existing 

pathways, plasticity lies in connections between neurons and that these connections form or 

weaken through activation or lack of use respectively. As an expression used in neuroscience goes: 

cells that fire together, wire together (Shatz 1992). In the 1970s, Hebb’s notion of plasticity residing 

in synaptic changes according to their use was confirmed by animal research when Bliss and Lømo 

(1973) showed in rabbits that by stimulation of synapses with an electrode it was possible to render 

the hippocampus - a brain region that is crucial for learning and memory- more or less responsive. 

This showed that synaptic changes were involved in plasticity by the strengthening or weakening of 

neural connections. 

Adult brain plasticity was shown to not only involve synaptic changes but also the formation 

of new cells (neurogenesis) around 10 years ago (Gage 2002) when a shift in our understanding of 

adult plasticity and neural stability occurred.  

Two synaptic plasticity models will be discussed: Hebbian plasticity, a model in which plasticity 

involves the constant formation and modification of connections, and long term potentiation (LTP): a 

synaptic mechanism that underlies learning and memory. Furthermore, some examples of where 

enhanced adult plasticity is needed in the motor (stroke model) and visual (amblyopia) domains are 

briefly presented. 
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1.1.1. Hebbian Plasticity 

Donald Hebb (1904-1985) is considered the father of neuropsychology and neural networks. In 1965 

he wrote that until 1940 the central nervous system (CNS) was regarded by the majority of the 

neuropsychological community as merely a passive reflex system, in which learning involved 

alternative routes of already existing (sensory, motor) pathways (Hebb 1965). However, Hebb 

argued that plasticity does not only involve directing sensory-motor connections in a way that 

resembles an old-fashioned telephone switchboard, but that instead, connections are self-re-

exciting and self-modifying anatomically closed circuits. However, when he published Organization 

of Behaviour (1949), behaviourism was the common approach, in which neuro-physiology was 

thought to not be advanced enough to begin to explain the neural changes involved in behavioural 

modifications caused by the environment. Hebb argued that despite gaps in the knowledge relating 

to the environmental effects of learning, it would still be possible to predict/hypothesise a model of 

the brain (Hebb 1965).  

How can learning or plasticity, the ability to change through experience, be measured? One way 

to measure plasticity on a cellular (and thus invasive) level was discovered in the 1970s supporting 

Hebb’s theory that plasticity exists between neuronal connections. 

1.1.2. Long Term Potentiation  

What is known about brain plasticity on a molecular and cellular level comes mostly from invasive 

animal research. In the 1960-70s, Timothy Bliss and Terje Lømo (Bliss and Lømo 1973) discovered 

LTP in the anaesthetised rabbit hippocampus when they delivered electrical stimulation to the 

hippocampus and recorded evoked potentials from a specific set of synapses. The repetitive 

activation of excitatory synapses in the hippocampus was able to produce increased firing of cells, 

when high stimulation frequencies were used (LTP). This increased firing indicated increased 

synaptic strength. Conversely, low frequency stimulation reduced synaptic strength, or long term 

depression (LTD). Both LTP and LTD effects lasted for hours or days after stimulation (Bliss and Lømo 

1973, Bliss and Collingridge 1993, Ziemann, Meintzschel et al. 2006). This was the first experimental 

evidence to confirm Hebb’s notion of the weakening or strengthening of synapses depending on 

neural activity. Importantly, this discovery provided a novel way to measure brain plasticity, namely 

by measuring synaptic strength before and after an LTP/LTD intervention. The amino acid N-Methyl-

D-aspartic acid or N-Methyl-D-aspartate (NMDA) is thought to support synaptic plasticity (Malenka 
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and Nicoll 1993). For example, the induction of LTP and LTD in the hippocampus requires the 

simultaneous activation of postsynaptic NMDA receptors and metabotropic glutamate receptors 

(Bashir, Bortolotto et al. 1993). The mechanistic relationships between the induction of potentiation 

versus inhibition by NMDA receptor activation are still unknown, however, NMDA-receptor-

dependent synaptic plasticity appears to support neural circuitry that is involved in information 

processing and storage (Malenka and Nicoll 1993).  

Interestingly, LTP is not limited to the hippocampus, where NMDA receptors are most densely 

concentrated, but has been shown to occur in other neural circuits as well (Citri and Malenka 2008). 

For example, in the rat, LTP-like plasticity in the primary visual cortex was found when one eye was 

deprived of input by suturing the eyelid closed.  This manipulation caused a rapid decrease in VEP 

amplitude in response to deprived eye stimulation (LTD), and a slower increase in VEP amplitude in 

response to fellow eye stimulation (LTP) (Frenkel and Bear 2004). Additionally, this study 

demonstrated that for the depression in cortical response as a result of blocking visual information 

to one eye to occur, retinal activity is required. Specifically, the decreased VEP response was 

prevented when all retinal activity in the deprived eye was pharmacologically blocked. In other 

words, this LTD effect was activity-dependent.  

It is still under debate as to how far LTP extends beyond the hippocampus, and whether this 

synaptic model underlies cortical plasticity that can occur in the human visual cortex (Clapp, Hamm 

et al. 2012), due to the invasive technique that is required to study synaptic plasticity directly. 

However, from non-invasive measurement techniques there is evidence that repetitive visual 

stimulation with a temporally modulated contrast reversing checkerboard can enhance VEP 

amplitude in humans, possibly due to LTP or LTP-like mechanisms (Normann, Schmitz et al. 2007). 

This finding supports the notion that LTP/LTD is involved in human neural plasticity.  

1.1.3. Plasticity in Development 

Early development involves periods of high levels of plasticity known as critical periods (Daw 1998). 

Critical periods (CPs) and visual development will be discussed in Section 1.5, however, CPs also exist 

for the development of other functions in vision and in other domains. One example, which relates 

to language, is the development of phoneme discrimination. The ability to discriminate all phonemes 

is present at birth (Werker and Tees 2005). However, in infants of around ten months, this 

discrimination ability narrows, or becomes limited, to native phoneme discrimination. This 

developmental phenomenon is called perceptual narrowing (Werker and Tees 2005). Therefore for 
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this language function, the system tunes its information-processing in a way most optimal to its 

current environment during a critical period, when plasticity in the requisite brain areas is high. After 

this CP, the cortical circuitry involved in phoneme discrimination seems to stabilise in a way that is 

optimally suited to the child’s linguistic environment. 

Similar time windows in development during which the brain can undergo significant change 

in response to environmental input exist for a range of neural processes including hearing, 

processing of emotion, and language acquisition. In vision, sensitive periods for different visual 

functions exist (Lewis and Maurer 2005), the CP referred to in this thesis, is for OD plasticity and 

binocular vision; the ability to integrate the input from the two eyes. 

Donald Hebb chose to present his theories of learning primarily using the visual cortex (V1) 

as a model for reasons that are still predominant today: the functional organisation of the visual 

cortex is relatively well understood, V1 is close to sensory input, incoming information is relatively 

unprocessed in V1, and its surface structure be easily accessed in vivo (Cooke and Bear 2014).  

In the 1960s, prior the discovery of LTP/LTD, when less was known about visual cortical 

processing, Hubel and Wiesel furthered our understanding of the functional structure of visual brain 

areas and serendipitously discovered a highly influential plasticity model (Hubel and Wiesel 1965). 

They showed that throughout visual development there is a time window when the visual cortex is 

extremely sensitive to environmental input but that the cortex remains stable after the closure of 

this time window for plasticity: which they termed the CP. When, during the CP for the development 

of binocular vision, sensory processing is suboptimal due to deprivation of visual input to one eye, 

visual deficits occur in the deprived eye and binocular vision is lost. This deprivation of visual 

information to one eye is called monocular deprivation (MD). The resulting visual disorder is called 

amblyopia; a disorder of visual processing that is due to abnormal development of the visual cortex 

early in life.  Since the discovery that MD leads to abnormal visual cortex development, amblyopia 

has been widely used as a plasticity model.  

During the last ten years several animal studies have been conducted that have started to reveal 

the molecular mechanisms of adult visual brain plasticity by employing this experimentally induced 

amblyopia model (Spolidoro, Sale et al. 2009, Sale, Berardi et al. 2010). These findings (mostly in 

rats) suggest that even during adulthood it is possible to regain a juvenile-like increase in plasticity. 

However, there is a lot more to be discovered regarding adult plasticity and what separates this from 

the plasticity of the developing brain. Synaptic changes due to experimentally induced LTP and LTD, 

or as a result of MD, can be measured at different developmental stages, and these plasticity 

mechanisms are characterised by age-specific features (Majdan and Shatz 2006). Examples of 

different features throughout development include that, early in development, changes in cortical 
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circuitry can occur rapidly and involve thalamacortical structural remodelling (Kirkwood, Rioult et al. 

1996), or changes in horizontal neural connections (Trachtenberg and Stryker 2001). Whereas at 

older ages adjustments in synaptic strength are thought to be more modest (Sawtell, Frenkel et al. 

2003, Tagawa, Kanold et al. 2005). Furthermore, on the network level, differences have been 

suggested between juvenile and adult plasticity.  For example, enhanced plasticity after stroke as a 

result of rehabilitation might be caused by inducing larger resting state networks in the juvenile 

motor system, whereas in adults this might be induced by offsetting a stroke-related 

interhemispheric imbalance, or, a shift in excitatory/inhibitory balance in specific regions in the 

cortex (Vida, Vingilis-Jaremko et al. 2012). The treatments for both visual cortical developmental 

disorders such as amblyopia, and for stroke rehabilitation can inform us about adult brain plasticity 

(Vida, Vingilis-Jaremko et al. 2012) and show that juvenile and adult plasticity can involve different 

mechanisms, and that a model is needed to incorporate these differences.  

 

1.1.4. Conclusion Synaptic Plasticity 

The behaviourist view held that learning consisted of a change in existing pathways, and proponents 

argued that brain mechanisms are too complex to study as the brain was regarded as a black box. On 

the contrary, Hebb argued that learning consisted of changes between neurons according to their 

usage. In the 1970s, Hebb’s theory was supported experimentally when it was shown that through 

mere stimulation of rabbit hippocampal synapses, neural connections could be strengthened 

(potentiated) or weakened (depressed) (Bliss and Lømo 1973). This discovery shifted the notion of 

learning from that of a passive system to a self-modifying one. Since the hippocampus is responsible 

for long-term memory, the discovery of this synaptic plasticity model led to new speculation and 

discoveries regarding learning and memory mechanisms, including the question of plasticity in the 

adult brain.  

Adult plasticity is currently being measured by neuroscientists using various techniques, each 

with their own spatial and temporal limitations, with the synaptic LTP model still serving as a 

powerful and influential model (Aberg and Herzog 2012). In Section 1.3 I will give more examples of 

how the brain can be modulated non-invasively, by using brain stimulation techniques such as 

transcranial stimulation (Stefan, Kunesch et al. 2002), a method that has been mostly used to probe 

the motor cortex as plasticity model.  
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1.2. Visual Perceptual Learning (VPL) 

 Perceptual learning (PL) is a behavioural model of plasticity that involves long-lasting learning as a 

result of training in a controlled setting, typically using a psychophysical task. An example of visual 

perceptual learning (VPL) is training on the Vernier acuity task. In this task participants judge 

whether two lines are in line with each other: up/down when placed horizontally or left/right when 

placed vertically. It has been shown that through mere training, a six-fold improvement can be 

achieved on this task (Westheimer and McKee 1978). By using VPL as an outcome measure of 

learning, visual brain plasticity can be measured in a non-invasive behavioural way. PL has not only 

been used in the visual domain to test plasticity, but in other domains as well; such as in the 

somatosensory or tactile (Recanzone, Merzenich et al. 1992), auditory (Anderson and Kraus 2013), 

and speech processing domains (Werker and Lalonde 1988, Werker and Tees 2005). VPL, however, 

has perhaps been the most studied plasticity model, likely due to our relatively advanced 

understanding of the hierarchical and retinotopic organization of the cortical visual processing 

streams. For example, receptive fields increase in size and complexity in extrastriate visual areas that 

are progressively further downstream from V1 in the processing hierarchy (Smith, Singh et al. 2001). 

Furthermore, a range of techniques are available to measure visual function, both clinically and 

behaviourally/psychophysically.  

VPL has been demonstrated in a variety of tasks (Epstein 1967, Gibson 1969, Gibson 1991), 

from which I focus on the simple motion direction discrimination (MDD) task. Similar to the 

improvements after training for the Vernier acuity task, repeated practise on a motion task, such as 

the discrimination of the direction between two fields of moving dots (MDD), results in substantial 

improvements (Ball and Sekuler 1982, Ball and Sekuler 1987). The MDD task is a well-documented 

VPL task (Ball and Sekuler 1987, Liu 1999, Watanabe, Náñez et al. 2001, Huang, Lu et al. 2007, Law 

and Gold 2008, Petrov and Hayes 2010). 

As discussed below, this particular VPL task allows for the measurement of specificity of 

learning as when trained in a particular direction of motion in a particular location of the visual field, 

the improvement in performance does not fully generalise to other directions or visual field 

locations (Ball and Sekuler 1982, Ball and Sekuler 1987). Thus, by using the MDD task it is possible to 

measure specificity/generalizability of visual skill learning (Rokem and Silver 2013). 

Different theories exist regarding the cortical locus of the improved task performance that 

occurs in VPL and the neural mechanisms involved (e.g. changes in firing rate, tuning of the cells 

etc.). Three theories will be briefly discussed below in chronological order. Firstly, the 
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Representation Modification theory (RM), which is a theory explaining the early psychophysical 

findings from the 1980s that showed that VPL is stimulus specific. For example, training on a MDD 

task for one particular stimulus configuration does not transfer to other stimulus configurations. 

Therefore, RM proponents argue that plasticity occurs at the earliest visual brain area in the 

processing hierarchy that can process the information required to perform the task (Ball and Sekuler 

1982, Ball and Sekuler 1987). The second theory I will discuss briefly is the Reverse Hierarchy Theory 

(RHT). This theory originates from the mid-1990s when it was found that stimulus-specificity only 

held true for tasks that were highly demanding (i.e. difficult tasks). According to the RHT, learning is 

specific to the lowest-level region, in agreement with the RM theory, however for less behaviourally 

demanding (or easier) tasks, learning is not as stimulus-specific (Ahissar and Hochstein 1997). The 

third theory I discuss is the Selective Reweighting (SRW) theory. SRW theory proponents argue for a 

more general learning mechanism to underlie both easy and difficult task learning (Liu and Weinshall 

2000). Examples of recent findings and how they relate to these theories will be presented in Section 

1.2.4.  
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1.2.1. Theories: Representation Modification (RM) theory  

In a classical series of early psychophysical studies in the 1980s, an MDD task was used to test how 

specific learning is to training (Ball and Sekuler 1982, Ball and Sekuler 1987). In the typical MDD task, 

a participant indicates whether two sets of moving dots move in either the same or different 

direction by pressing a button (see Figure 1).  

 

 

Figure 1. A simplified example of a typical motion direction discrimination task (MDD). 
The stimuli consist of 400 dots moving in a single, coherent, direction (three representative dots are 
shown for each stimulus in this figure with arrows indicting motion direction). The observer’s task is 
to indicate whether the dots shown in the second stimulus moved in the same or different direction 
as the dots in the first stimulus. The difference in motion direction between the two stimuli is reduced 
to increase task difficulty. In the classical MDD task (Ball and Sekuler 1982), the background was 
black and the dots were white, however in later experiments a grey background and black dots were 
common.  

When the MDD task is practised repeatedly, participants become able to discriminate 

smaller differences in motion direction (Figure 2). In other words, with training participants are able 

to discriminate smaller angular differences in motion direction than before training.  

 

Figure 2. Example showing a large motion direction difference. 
The second set of dots (shown in orange) move in a direction that is 12 degrees clockwise from the 
first set of dots (shown in green). A large angular difference such as this can be readily discriminated 
and therefore represents an easy task.  
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Ball and Sekuler (1987) used the MDD task described above to study how stimulus-specific, 

or tightly coupled, learning is to the training task used. Or in other words, whether learning a task 

transfers to a new/untrained condition, or maybe even leads to improvements on a new, untrained 

visual task. To test this, they used seven interleaved sessions so that: in sessions one, four and seven 

they tested discrimination for stimuli oriented in eight different directions, while in sessions two, 

three, five, and six they trained participants using only one of the eight possible stimulus 

orientations.  

In their first experiment of a series, Ball and Sekuler (1987) demonstrated that learning 

(from training) was stimulus-specific to the trained stimulus orientation and was also specific to the 

trained location in the visual field. In other words, learning on this VPL task was specific to the 

trained stimulus features. Additionally, they tested whether learning was eye-specific and also 

tested for task specificity. They established the former by training using one eye and then testing 

using the other eye on alternating sessions. The results showed that the performance of the trained 

eye improved more than that of the untrained eye, but that there was improvement on the 

untrained eye as well. Using the calculated transfer between the eyes (by taking the ratio between 

the change in d prime for the untrained eye and that for the trained eye), they showed that the 

effect of training consisted both of a monocular and a binocular component. They then tested 

whether learning was task-specific. They did this by using a contrast threshold task in which they 

compared the contrast detection thresholds for dots that moved in a trained direction against the 

contrast detection thresholds for dots that moved in an opposite (to the trained) direction. There 

was no transfer of improvement from training on the motion task to performance on the contrast 

threshold task. Since they found no transfer between the different tasks, they argued learning on 

their motion VPL task was task-specific. The stimulus-specific learning effects were long-lasting; 

when retested after 3 and 10 weeks, the improvements continued to be stimulus specific.  

Due to the found stimulus-specificity over a large area of the visual field and the inter-ocular 

transfer effects, Ball and Sekuler (1987) hypothesised that learning must involve sensory plasticity, 

early or low level along visual processing pathway such as in the middle temporal (MT) area rather 

than higher-level changes outside the purely visual regions. More recent studies unveiled area MT to 

play an important role in motion processing (Hotson and Anand 1999, Born and Bradley 2005). Most 

cells show direction selectivity (responding best to oriented stimuli), as early as area V1 (Hubel and 

Wiesel 1959, Hubel and Wiesel 1968). Although V1 cells can be binocular and sensitive to motion, 

MT has a greater proportion of motion sensitive cells that have more precise direction tuning and 
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larger receptive fields (Maunsell and Van Essen 1983, Born and Bradley 2005) that correspond to the 

visual field transfer effects found by Ball and Sekuler (1982, 1988) and more recently by Vaina, 

Sundareswaran et al. (1995). Ball and Sekuler (1987) concluded their series of experiments by 

proposing area MT as the locus of plasticity involved in MDD VPL.  

Since these classical motion VPL studies, several other motion stimuli have been used to test 

VPL. These stimuli include those that involve motion integration, in which motion sensitive areas in 

the dorsal extrastriate visual cortex, such as MT and V3A, are thought to be involved, see for 

example Shibata, Chang et al. (2012).  

To summarise, VPL is a well-validated plasticity model. The MDD task developed by Ball and 

Sekuler (1982) probes early VPL plasticity according to early findings that showed that VPL is 

stimulus-specific (not task specific) over a relatively large visual area (Ball and Sekuler 1987). The RM 

theory was used to explain these findings of specificity over a relatively large visual area and led Ball 

and Sekuler (1987) to propose that the locus of plasticity in the MDD task occurs at area MT, as this 

is the earliest cortical area at which neurons are able to encode all of the information required for 

task performance. However, the locus of the long-term plasticity involved in VPL is still debated and 

examples of more recent findings that are in line with the RM theory will follow after discussion of 

two other VPL theories.  

1.2.2. Theories: Reverse Hierarchy Theory (RHT) 

According to the RM theory, learning in VPL is thought to be stimulus-specific, or confined to the 

trained attribute. In the mid-to-late 1990s two studies challenged this conception, as they both 

demonstrated that if the task is not too behaviourally demanding, learning generalises to new or 

untrained stimulus-attributes (Liu 1995, Ahissar and Hochstein 1997, Liu 1999). To explain this 

finding that perceptual learning transfer/specificity depends on task difficulty, the RHT was 

proposed. However, whereas Ahissar and Hochstein (1997) used a visual search task, Liu (1995, 

1999) used the MDD task. The visual search task required the detection of an odd-element 

presented within a 7x7 array of bars that was followed by a masking stimulus at a range of stimulus 

onset asynchronies (SOAs) (Ahissar and Hochstein 1997). Short SOAs between the stimulus and mask 

resulted in a highly behaviourally demanding task with performance close to chance. By contrast, 

when stimuli consisted of long SOAs, performance was almost perfect. To measure learning 

specificity, they trained participants until they showed a steady performance level. To measure task 

transfer, they measured not only performance on the simple feature detection task, but 
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performance on an MDD task as well. They found that when the duration of SOAs was long (easy) 

these tasks influenced each other, so that when detecting the target in a visual task, participants 

performed optimally showing transfer of learning to a range of stimulus orientations in the MDD 

task. When in the visual search task SOAs were of short duration, however, there was no transfer of 

performance to other orientations in the MDD task. Their findings demonstrate that, when the task 

is easy during training, learning from training can transfer to another task, whereas when the task is 

difficult during training, learning is specific in accordance with the RM theory. One could argue that 

the behavioural demands used in the classical psychophysical series were highly demanding (Ball and 

Sekuler 1987). And indeed, according to Liu (1999), most perceptual learning tasks including the 

MDD task involve training conditions that are difficult/highly behavioural demanding. Liu (1999) 

showed by using an enlarged directional difference of eight degrees rather than the four degrees as 

used by Ball and Sekuler (1987), that learning does transfer/generalise to a new or untrained 

direction, even when the orientation is more than 90 degrees away from the trained orientation.  

To account for findings showing that only tasks with high demanding training levels are 

highly specific, Ahissar and Hochstein (1997) proposed the RHT. According to the RHT, while 

demanding training tasks involve low-level plasticity so that learning is specific to both orientation 

and position, in other situations when the task is less demanding, learning is less specific to the 

trained stimulus (Ahissar and Hochstein 1997). RHT proponents argue that the plasticity that 

underlies VPL occurs at higher-level brain regions, and that, as learning progresses, with increasing 

demands, plasticity progresses to lower cortical levels (Ahissar and Hochstein 1997).  

To summarise, the RM theory was disputed by (Ahissar and Hochstein 1997) who used visual 

search and orientation discrimination tasks, and by Liu (1995) who used the motion discrimination 

task, as both studies showed that not only stimulus-specificity, but also task difficulty (during 

training) is important for the transfer of learning. Depending on difficulty during training, learning 

can transfer to another task, such as the simple feature detection search task. Liu (1999) showed 

that this principle holds true for the MDD task as well. In line with the RHT, only tasks with high 

behavioural demands follow strict stimulus-specificity as proposed by the RM theory, whereas in 

other situations, plasticity gradually –with learning- progresses from higher to lower-level cortical 

areas.  

The RHT can help explain the argument that in neurophysiological studies, learning or 

performance on a behavioural task seems to only weakly correlate with changes in early sensory 

regions, such as areas V1 and MT (Law and Gold 2008) as perhaps the task difficulty plays a role in 
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the difference between the outcomes. Alternatively, perhaps there are higher-level brain regions 

than the purely sensory regions that are crucial for VPL plasticity to occur.  

 

1.2.3. Theories: Selective Re-weighting (SRW) Theory 

According to the RM theory, plasticity in an MDD task would take place early along the visual 

processing pathway in purely visual areas that are sensitive to motion such as V3A or MT (Ball and 

Sekuler 1987). However, according to the SRW theory, learning/plasticity does not take place in 

purely sensory areas, but is manifested in the connectivity between specific sensory and higher-level 

areas instead, as SRW proponents argue that with learning higher level areas become more capable 

of interpreting or reading out signals from earlier visual processing areas (Mollon and Danilova 1996, 

Dosher and Lu 1998, Dosher and Lu 1999, Law and Gold 2008).  

Important psychophysical support for the SRW theory comes a study by Liu and Weinshall 

(2000) in which it was shown that the rate of learning on a new direction (90 degrees away from the 

trained direction) for a MDD task occurs at a faster rate than learning for the originally trained 

direction. The SRW theory was suggested as a result of both psychophysical and neurophysiological 

findings suggesting that only one single general learning mechanism might underlie visual perceptual 

learning (Law and Gold 2008). However, instead of a MDD task, Law and Gold (2008) used a global 

motion task which involved a random dot kinematogram (RDK) stimulus. When an RDK is used to 

measure global motion perception, randomly moving dots (noise) are embedded in coherently 

moving dots (signal), which makes it possible to vary the coherence level of the stimulus by varying 

the signal to noise ratio (Williams and Sekuler 1984, Newsome and Pare 1988). The observer’s task 

on each trial is to detect the direction of the signal dots. Neurophysiological animal studies show 

that area MT contains cells that respond to coherent global motion (Allman, Miezin et al. 1985, 

Newsome and Pare 1988, Rodman and Albright 1989, Salzman, Murasugi et al. 1992, Heeger, 

Boynton et al. 1999, Braddick, O'Brien et al. 2001). In humans, a motion sensitive cortical area has 

been identified that is presumed to correspond to macaque MT plus part of the medial superior 

temporal (MST) complex (Tootell, Reppas et al. 1995). This cortical areas is often referred to as 

human MT+, or hMT+ (Tootell, Reppas et al. 1995) or as area V5 (Watson, Myers et al. 1993). In 

other words, hMT+ is a region that includes area MT/V5 and part of the adjoining area that is known 

as MST in the macaque (Van Essen, Lewis et al. 2001).  
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While in the classical MDD task, the processing of local motion direction is sufficient for 

resolving the direction of the dots, in a global motion task that involves an RDK, local motion signals 

cannot be used to detect the overall motion direction. Therefore, in the RDK task, an extrastriate 

area containing cells with larger receptive fields than those found in V1 is needed to derive coherent 

motion from the stimuli embedded in noise. Cells that respond to global motion (as in the RDK task) 

are thought to exist in brain regions with larger receptive fields than V1, such as extrastriate areas 

V3A (Tootell, Reppas et al. 1995, Huk and Heeger 2002, Cowey, Campana et al. 2006) and area MT 

(Born and Bradley 2005). By using the RDK task, the RM view was contradicted by a VPL task 

involving macaques which found that improved performance of the RDK task did not correlate with 

changes in purely visual areas, but that instead this improvement correlated with changes in a 

parietal area called the lateral intraparietal (LIP) area (Law and Gold 2008).  

In sharp contrast with the RM theory, where changes should be manifested in a purely 

sensory area such as areas V3A or MT, area LIP is a parietal region which is thought to be involved in 

decision-making. For example, this parietal area has been shown to produce a preparatory signal for 

saccades and attention and is involved in pointing (Astafiev, Shulman et al. 2003). Therefore, the 

involvement of macaque area LIP in motion VPL is taken as evidence for plasticity to consist of the 

strengthening of read-out connections (Law and Gold 2008) rather than changes at the (lower-level) 

visual/sensory areas (such as areas the areas V3A and MT). Furthermore, evidence for the role of 

area MT in plasticity from RDK neurophysiological studies is controversial (Aaen-Stockdale and 

Thompson 2012). For example, Zohary, Celebrini et al. (1994) used an RDK task and did show short-

term neuronal sensitivity improvement in both areas MT and MST from measuring directionally 

sensitive cells in visual cortex in already trained rhesus monkeys. Within one session MT and MST 

neurons both narrowed their directional tuning and increased their firing rate, however across 

multiple training sessions there was no change in firing rate in area MT. Thus, while behavioural 

performance did improve across sessions, neural improvement in area MT only occurred within each 

training session but did not last from one session to another. According to Thompson, Tjan et al. 

(2013), the only study testing area hMT+ involvement in VPL with fMRI is from Vaina, Belliveau et al. 

(1998) and since this study involved rapid VPL, these findings do not reveal long-term plasticity 

mechanisms. More human research is warranted to clarify area MT’s role in motion VPL for both the 

global motion task (such as the RDK task where motion is embedded in noise) and the MDD task.  

Perhaps these differences found in the locus of plasticity involved in the RDK task are due to 

the limitations of animal neurophysiological single cell recording studies; for example, it could be the 

case that different cells are targeted over multiple sessions. It is possible that, using invasive cell 

recordings over different sessions, such as in Zohary, Celebrini et al. (1994), different cells were 
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recorded. Another reason why animal research needs human validation, other than to verify the 

involvement of sensory area MT and more parietal decisional areas in the global motion task is that 

although the parietal areas are more similar in humans and macaques than the frontal areas, the 

human homologue for area LIP currently remains unclear (Shikata, McNamara et al. 2008). Zohary, 

Celebrini et al. (1994) concluded that long-term plasticity could be an extended mechanism of short-

term plasticity which would be either (1) in line with the RM theory: an enhanced sensitivity of 

sensory neurons as a result of learning, or (2) in line with the SRW theory: a more efficient read out 

of information from sensory areas. I propose that the findings that show area MT is involved within a 

session but not across sessions (Zohary, Celebrini et al. 1994), is only one of many examples which 

show that VPL involves a combination of plasticity mechanisms; in other words, that a combination 

of RM, RHT and SRW mechanisms are in action in VPL.  

 

1.2.4. Current Opinion: RM, RHT, SRW 

Since Ball and Sekuler (1987) proposed sensory area MT to play a crucial role in the MDD task and 

the locus of the plasticity underlying improved performance on this task to be low-level, the 

question of whether low-level plasticity is involved in motion VPL remains an area of active research. 

Below are some examples of this. 

A more recent example lending support to the classical RM theory showed that learning on a 

global motion task was specific to area V3a (Shibata, Chang et al. 2012). In this study, the 

participants were trained for ten days on the global motion task and fMRI was used to measure 

visual cortex responses before and after training. The fMRI data were decoded to calculate tuning 

improvement functions for eight visual areas (V1, V2, V3, VP, V3A, V4v, V4d, and MT+). Out of these 

eight purely visual areas,, only area V3A demonstrated a significant decoded tuning improvement 

function which correlated highly with the behavioural tuning improvement function. From this 

finding they concluded that, for the global motion detection task, VPL involves sensory plasticity in a 

specific visual cortical area, namely area V3A. Thus, in line with the RM theory, this study 

demonstrates a specific purely early-level visual area to play a crucial role in VPL. However, they only 

explored eight visual areas, leaving the role of parietal areas unrevealed.  

An example in accordance with both the RM and SRW theory is the finding of Thompson, 

Tjan et al. (2013). In this study, with regard to the classical motion discrimination study, motion 

selective area MT was suppressed psychophysically and fMRI activity was measured before and after 

learning of a MDD task. In order to be able to suppress area MT psychophysically, pairs of dots were 
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used that moved in a motion opponent way so that the local motion information that area MT would 

normally be able to process was blocked. There were two conditions in this study, the counter-phase 

(motion opponent) condition, where pairs of dots move in opposite directions, and an in-phase 

condition where pairs of dots move in the same direction. It had been shown that the counter-phase 

or motion opponent dots task still allowed for learning when a coarse judgement of motion 

orientation was needed (rather than fine judgement for which there was no learning for the 

opponent motion task). Therefore, learning of counter-phase dots was only possible for an easy task 

(Lu, Qian et al. 2004). Thompson and Liu (2006) replicated this finding, by showing that perceptual 

learning was the same for counter-phase and in-phase dots for a coarse motion discrimination task. 

However, the underlying mechanisms (and MT’s role) remained unknown. Therefore, in their later 

studies, by using two groups (one group trained on the counter-phase stimuli and the other on the 

in-phase stimuli), Thompson, Tjan et al. (2013) were able to compare fMRI responses before and 

after learning of this task in order to study area MT’s role. They found that activity reduced in hMT+ 

with training. This is in line with the RM theory as learning related changes occurred within a sensory 

brain area. However, the decrease in area hMT+ response for the motion opponent stimuli could 

also be argued to be in line with the SRW theory, as it is possible that higher-level regions were 

responsible for the suppression of read-out signals from area hMT+. In addition, RHT proponents 

could argue this is in line with RHT as the difficulty-level plays a role in learning and not just the 

trained stimulus features. This study showed that neural changes depend on the type of task being 

learned as the reduction in MT activity did not occur following training on the in-phase dot task.  

The next two studies I will discuss show fMRI activity during training. These two studies indicate 

that there are different phases of learning (early versus late VPL). In these studies, RM seems to be 

involved in the initial learning session, whereas the SRW theory applies to the changes found after 

several days of training. This seems to be in line with the neurophysiological RDK task findings where 

area MT showed a change within a single session but not across sessions (Zohary, Celebrini et al. 

1994). The two studies did not use a motion VPL task, but instead employed a texture discrimination 

task and a visual search task. The first example is a texture discrimination task in which both RM and 

SRW theory plasticity mechanisms seem to apply. The long-term involvement of area V1 was 

assessed by measuring fMRI activity during learning on five occasions. The texture discrimination 

task is a standard VPL task known to involve area V1 (Karni and Sagi 1991). Yotsumoto, Watanabe et 

al. (2008) showed early changes in area V1 at the start of learning, which is in line with the RM 

theory, however during later learning sessions they showed a decrease in V1 activity with learning, 

which is in line with the SRW theory but against RHT (where learning is thought to progress to lower 

level areas). The second example is a study that used a visual search task that possibly involves both 
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early plasticity mechanisms in line with the RM theory, and later plasticity mechanisms in line with 

the SRW theory. In this study a visual search task was employed which involved the processing of 

colour and form (Ditye, Kanai et al. 2013). This study showed the following structural MRI changes 

from five days of training: an increase in white matter under the visual cortex, supporting the RM 

theory; and grey matter changes with learning (correlated with the amount of learning) in the right 

posterior superior temporal sulcus (STS), a relatively high-level multi-sensory brain area, supporting 

the SRW theory. 

These more recent examples suggest that there might be different plasticity mechanisms (and 

neural changes) involved depending on the task trained, and that the mechanisms that underlie VPL 

can differ for early and late phases of learning or VPL.  
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1.2.5. Visual Perceptual Learning Conclusion  

Prior to the 1980s, most studies on brain plasticity measured single neuronal or multiple unit 

neuronal measurements from invasive intracellular recordings in animals (Maunsell and Van Essen 

1983). Based on these findings, psychophysical studies in the 1980s were conducted and showed 

that motion VPL is stimulus-specific, which led to the Representation Modification (RM) theory (Ball 

and Sekuler 1987). This theory posits that learning occurs at the lowest brain region possible as the 

locus of stimulus-specificity, so that learning on the MDD task occurs in purely sensory areas such as 

V1 and MT. In the late 1990s, the RHT was proposed to explain the finding that the RM only holds 

true when the behavioural task demands are high. Finally, SRW theory proponents argued that the 

locus of plasticity lies in higher-level (parietal or more decisional) brain regions (Law and Gold 2008). 

For motion VPL, the involvement of low-level/sensory area MT is unclear. A 

neurophysiological study using global motion in the macaque showed that, although motion 

selective area MT plays a role in learning acquisition (within a session) a less prominent role of this 

region was found when performance improved across multiple training sessions (Zohary, Celebrini et 

al. 1994). A human psychophysical study, which used a modified MDD task, revealed that although 

area hMT+ is not crucial for coarse motion VPL, this area does show reduced blood oxygen level-

dependent (BOLD) activity after training on motion-opponent stimuli (which suppresses hMT+ 

psychophysically) (Thompson, Tjan et al. 2013). Despite more recent (non-invasive) techniques to 

probe low-level plasticity that allow the correlation of neural responses or neural tuning/firing rates 

to psychophysical measurements, low-level plasticity mechanisms remain under hot debate: it is as 

yet unresolved how long-term VPL is expressed. Just as neurophysiological animal studies have their 

limitations, such as the measurement of different cell populations when measuring on different 

sessions, the usage of non-invasive methods such as brain imaging studies also come with their 

challenges; such as a low temporal resolution and/or the testing of only a small number of brain 

regions. Both of these factors can make fMRI data challenging to interpret.  

Recent findings from studies using VPL as a plasticity model seem to suggest that different 

neuroplasticity mechanisms occur at different times during learning. Motion VPL is a well-

established plasticity model and provides a valid model to test early level plasticity and visual skill 

learning. For motion VPL, it seems that area MT’s role is different for fast learning (that shows within 

one session) from that in consolidated learning, as measured over multiple sessions. Systematic 

study is needed to unveil longer-term motion VPL plasticity, and it can be expected that depending 

on the task and the state of the system, a complex interplay of plasticity mechanisms are at work at 
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different levels; from low-level or sensory brain regions (such as sensory region area MT as proposed 

in the 80s), to higher-level (not purely visual) parietal regions (such as the human homologue of area 

LIP) in line with the SRW theory. 

To sum up, plasticity occurs at different levels and depends on the task used. Another way to 

test plasticity mechanisms and models - keeping in mind that different plasticity mechanisms might 

be occurring at different phases of learning - is by modulating plasticity or learning. When plasticity 

is modulated, one can then measure how much the rate, amount and transfer of learning are 

affected by this modulation. Ways to modulate learning or plasticity non-invasively, including non-

invasive brain stimulation (NIBS) techniques such as transcranial magnetic stimulation and/or the 

use of pharmacological interventions (see Section 1.4). The latter can help shine a light on the 

neuromodulatory systems that are known to play a crucial role in learning. In the next section, I will 

discuss non-invasive ways to modulate plasticity.  
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1.3. Modulation of Plasticity in Healthy Adults 

Plasticity is what underlies learning from experience in the healthy brain. One way to look at 

plasticity instead of focussing on where learning takes place is to look at how VPL (learning) can be 

enhanced. After discussing three models (or theories) of VPL in Section 1.2, here I discuss NIBS 

approaches that can be used to modulate visual perceptual learning, or adult visual plasticity. For 

example, by applying magnetic pulses, an electrical current can be induced in the brain; a technique 

known as transcranial magnetic stimulation, or TMS. NIBS techniques such as TMS are useful for 

modulation of the brain to test plasticity and also provide a method to measure cortical excitability. 

As a result, TMS has been mostly used over the motor cortex, and so in TMS studies the motor 

domain has been the dominant model for plasticity. Thus, I will touch upon TMS and motor plasticity 

before discussing visual plasticity. Another way to modulate plasticity is through a pharmacological 

intervention (Section 1.4); of which I focus on the group of drugs known as SSRIs. 

1.3.1. Electrical Stimulation: Transcranial Magnetic Stimulation 

Introduction 

Around 1985, the NIBS technique TMS was introduced (Stefan, Kunesch et al. 2002) which, according 

to Cheeran, Koch et al. (2010) instigated human neuroplasticity studies. Through NIBS methods, such 

as TMS, similar processes to those that are studied invasively in animals can be studied non-

invasively, and can therefore be employed to reveal healthy human brain plasticity (Nitsche, Müller-

Dahlhaus et al. 2012). 

Now, I will introduce the technique TMS as a way to modulate the motor cortex. After that I will 

discuss examples of visual plasticity modulation with TMS in relation to VPL, focussing on healthy 

adult plasticity.  

1.3.2. TMS: Motor Cortex  

In TMS, a coil is placed on the scalp through which a brief magnetic field induces a weak electrical 

current in the cortex. The strength of each pulse of TMS is expressed as a percentage of the 

maximum stimulator output (MSO). This stimulation uses the principles of electromagnetic induction 

(Wagner, Rushmore et al. 2009), and allows for nerve cells in superficial areas of the brain to be 
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stimulated (Fitzgerald, Fountain et al. 2006). TMS provides a way to objectively measure the 

excitability of the human motor cortex using motor evoked potentials (MEPs). For the visual cortex, 

a subjective measurement is possible by measuring phosphene thresholds (PT), which are described 

in Section 1.3.3. Both methods provide an indication of how excitable the underlying cortical area is 

(both are indexes of excitability). There are several ways to measure excitability or inhibitory 

processes using TMS, of which I focus on the resting motor Threshold (MT). 

1.3.2.1. Motor Evoked Potential (MEP) and Resting Motor Threshold (MT) 

The excitability of the motor cortex can be assessed by measuring the MEP. For this, the motor 

cortex area corresponding to the thumb is stimulated and the MEP output of the abductor pollicus 

brevis (APB) muscle is measured. In this paradigm, the first dorsal interosseous (FDI) muscle is 

typically used as a control. The TMS strength that produces a significant muscle response is the 

resting motor threshold (MT). The MT quantifies the pulse strength in units of MSO that activates 

motor neurons sufficiently to result in a significant response from the muscle. Specifically, the MT is 

the pulse strength that will produce a significant muscle response on four out of eight stimulations. 

The MT provides an indicator of motor cortex excitability; so that a low MT (less stimulation needed 

to elicit an MEP) indicates a more excitable motor cortex. 

1.3.2.2. Repetitive TMS (rTMS) 

Repeated pulses of TMS can be used to induce changes in the excitability of the stimulated area, a 

technique known as repetitive TMS (rTMS). rTMS is a train of pulses and is based on the LTP principle 

(Wolters, Sandbrink et al. 2003, Wassermann, Epstein et al. 2008). rTMS can be used to inhibit motor 

activity; by applying a low frequency train of rTMS pulses (1 Hz) shown by MEPs that show a robust 

and lasting decrease in amplitude (increase in MT). Alternatively, rTMS can be used to excite motor 

activity by applying a high frequency train of pulses (Chen, Classen et al. 1997). Like single pulse 

TMS, rTMS can be used in combination with an intervention so that excitability before and after the 

intervention can then be measured.  

1.3.3. TMS and Visual Cortex Modulation 

A way to measure visual cortex excitability in humans is through the subjective measurement of 

phosphenes induced by TMS. Phosphenes are subjective experiences, or the perception of “flashes 
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of light” when the occipital pole is stimulated by TMS (Ray, Meador et al. 1998, Cowey and Walsh 

2000, Deblieck, Thompson et al. 2008). The minimum amount of stimulation that is needed to 

perceive a phosphene reliably (4/8 times) is called the Phosphene Threshold (PT); so that the lower 

the threshold, the more excitable the (underlying) visual cortex is.  

The reliability of phosphene detection between participants, or how many participants are able 

to perceive phosphenes, seems to depend on the type of TMS used (single pulse or trains of pulses). 

When stimulated in short trains of magnetic stimuli, all participants seem to report phosphenes 

(Ray, Meador et al. 1998, Boroojerdi, Meister et al. 2002) whereas when stimulated with single pulse 

TMS, the success rate for inducing phosphenes is highly variable (ranges from almost zero to 100% 

of participants) (Kammer, Puls et al. 2005). Therefore, Kammer, Puls et al. (2005) argue that 

phosphene detection has to be learned in a similar way as gestalt processes; such as learning how to 

perceive a dog in the famous Dalmatian dog picture (Gregory 2005). 

It is still unclear what the underlying neural mechanisms of TMS are and which brain structures 

are involved. For example, debate is on-going as to which regions generate a phosphene percept. 

Area V1, extrastriate areas and the optic radiations have been suggested to be involved in the 

generation of phosphenes (Kammer, Puls et al. 2005), and a more recent study suggested that 

phosphenes may originate in areas V1 and V2 (Salminen-Vaparanta, Vanni et al. 2013). Both 

phosphene thresholds for the visual domain and motor thresholds for the motor domain have been 

successfully used to measure cortex excitability. However, comparing the excitability of the visual 

and motor cortices by using the phosphene threshold and the motor threshold is not 

straightforward. In order to compare motor and visual cortical excitability, rigorous methods are 

needed in order to genuinely compare the both TMS measurements (Deblieck, Thompson et al. 

2008). Despite the fact that the mechanisms through which TMS modulates perceptual functions 

requires further study (Silvanto 2013), the measurement of the phosphene threshold (PT) is 

regarded a stable index and can be successfully applied to probe the excitability of the visual cortex 

(Boroojerdi, Meister et al. 2002, Romei, Murray et al. 2007, Marzi, Mancini et al. 2009, Guzman-

Lopez, Silvanto et al. 2011). 

1.3.4. Examples of Brain Modulation and VPL 

Neurotransmitters such as norepinephrine, acetylcholine, dopamine and serotonin are strongly 

involved in the induction and maintenance of synaptic plasticity (Sale, Berardi et al. 2014). 
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Acetylcholine (ACh) has been suggested to regulate plasticity by enhancing the responses of 

behaviourally relevant stimuli (de Villers-Sidani and Merzenich 2011). In line with this reasoning, VPL 

was enhanced by cholinergic modulation for the MDD task (Rokem and Silver 2010), as learning was 

enhanced by the ACh agonist donepezil. The authors propose that cholinergic modulation enhances 

performance in this task through an increase in neuronal selectivity, and that perhaps ACh increases 

plasticity by directing activity to populations of neurons that are involved in the processing of 

behaviourally relevant stimulus features. In a later study, the same authors showed that this 

modulation was long-lasting (Rokem and Silver 2013). These findings showing that the 

neuromodulator ACh is involved in enhancing behaviourally relevant stimuli is in line with animal 

findings in the auditory domain. For example, adult rat auditory plasticity could be modulated by 

stimulation of the nucleus basalis of Meynert (NBM) (a region that is rich in ACh and projects widely 

to neocortex) when paired with an auditory stimulus. This enabled receptive field sizes to be 

narrowed, broadened or left unaltered, depending on the acoustic stimulus that was paired (Kilgard 

and Merzenich 1998). Another example showing modulation that involves both ACh modulation and  

invasive brain stimulation was a study showing that activation of the rat nucleus basalis improved 

visual cortical representation of natural stimuli (Goard and Dan 2009).  

The first human study to show that learning processes, such as those in skill learning, can be 

evoked non-invasively with NIBS came from the somatosensory domain (Seitz and Dinse 2007). In 

this study, after applying 5Hz TMS over primary sensory motor cortex area S1, BOLD fMRI signals in 

the finger-representation were enhanced (Tegenthoff, Ragert et al. 2005). The improvement in 

discrimination was linked to the expansion of the finger representation in area S1 (lasting over two 

hours after TMS), so a causal relationship was suggested for NIBS in the cortical reorganization. Seitz 

and Dinse (2007) argue that the learning that occurs through high-frequency protocols (for example 

through rTMS), is through Hebbian learning processes that are gated by neuromodulatory signals 

(for example those that involve ACh and dopamine). This is in line with the previously discussed 

finding from the auditory domain that showed that the NBM (which releases ACh) and the 

attentional system are involved in auditory plasticity (de Villers-Sidani and Merzenich 2011). Given 

these findings from the somatosensory and auditory domain, surprisingly little is known about brain 

stimulation and skill learning in the visual domain (VPL).  

The eureka effect is a term introduced by RHT proponents and involves priming of the visual 

system, which rapidly enables an observer to discriminate or identify a pattern in specific visual 

stimuli. An example of a study using TMS as a method to modulate learning in the visual domain was 

a study probing the eureka effect (Giovannelli, Silingardi et al. 2010). This study used online (during 
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the task) high frequency 10 Hz rTMS stimulation of the parietal cortex to test its role in the eureka 

effect. They tested the role of the intra-parietal sulcus (IPS) on rapid and long-lasting perceptual 

learning by using a task that involved the recognition of degraded pictures. This was done by focal 

stimulation of the parietal cortex (area IPS) using rTMS. This study clarified that this area plays a 

pivotal role in the eureka effect (fast and long-lasting VPL) as online parietal stimulation affected 

learning, but not the recognition of undegraded pictures. Furthermore, sham and non-parietal rTMS 

had no effect on learning (Giovannelli, Silingardi et al. 2010). This study demonstrates that parietal 

(not only purely visual) areas play a role in rapid perceptual learning, adding evidence that not only 

low-level or purely sensory regions play a role in VPL (as proposed by the RM theory). Interestingly, 

the IPS is a human candidate for macaque area LIP which is an area involved in learning of a global 

motion task (Law and Gold 2008), discussed in Section 1.2.3. 

1.3.5. Summary Non-Invasive Brain Stimulation (NIBS) and 

Plasticity 

As the technique TMS allows for objective measurement of motor cortex excitability, the motor 

domain has mostly been used as a human plasticity model. For the visual cortex, the subjective 

method of phosphene perception reports are used. By using stimulation that involves rapid pulses 

(repetitive, or rTMS) it is possible to modulate the underlying cortex; to either stimulate it by using a 

high frequency train of pulses, or to inhibit is by using a low frequency train. These methods 

measure LTP-like plasticity (Wolters, Sandbrink et al. 2003, Wassermann, Epstein et al. 2008). A few 

examples were given of how NIBS was successfully used as a tool to modulate this LTP-like plasticity 

and to probe visual perceptual learning (VPL) mechanisms (Section 1.2.4). As opposed to LTP-like 

plasticity that enhances or decreases excitability, VPL involves long-term plasticity over several days. 

For the latter plasticity, consolidation plays an important role. I now briefly discuss consolidation and 

some examples of how consolidation can be affected by NIBS modulation. 

1.3.6. Plasticity Modulation and Consolidation 

Memory consolidation is the stabilization that leads to reduced susceptibility to forgetting over time, 

as proposed by Müller and Pilzecker (1900) who used syllables to study memory. They proposed that 

information could be disrupted after encoding by learning other similar information. VPL is skill 

learning, or, a multistep process continuing beyond the actual training experience (Karni and Bertini 
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1997, Stickgold 2005). Karni and Bertini (1997) describe two stages in the acquisition of improved 

perception; the first is that of fast learning or a within session improvement that can be induced by a 

limited number of trials on a time scale of minutes. The second stage is a late consolidation phase 

that takes hours to become effective; a slowly evolving stage with incremental performance gains. 

This model might be able to fit in with the findings of gains in performance to not occur during 

training, but at a minimum of six to eight hours afterwards, as described by Karni and Bertini (1997) 

where they used a visual texture discrimination task. For visual PL, a time scale of a few hours has 

been suggested (Sagi 2011). For motor skill learning, an interference window of four to six hours has 

been proposed when encoding can be disrupted (Brashers-Krug and Bizzi 1996). Therefore, not only 

do neuronal (plastic) changes occur at the level of synaptic processing, as discussed in Section 1.1, 

VPL study findings show that the –perhaps longer term- plasticity that occurs in skill learning, occurs 

at different time windows or learning phases that are likely to have different underlying 

mechanisms. Censor, Sagi et al. (2012) explored common mechanisms in motor and visual 

perceptual learning and found, in line with the two stages model proposed by Karni and Bertini 

(1997), that perceptual learning usually involves an initial fast learning phase (with rapid 

improvements) at the start of training during which the initial encoding or the acquisition of a 

memory is formed, followed by potential stabilisation of a learnt memory. Consistent with the 

proposal that learning can be disrupted after encoding due to consolidation, are recent findings that 

show that overtraining of a task such as the motion RDK task reduces performance on the next day. 

As it was shown in an MDD task over two days, that participants who trained on two times half an 

hour sessions without a break, were worse off than participants who did have a break, and were 

strikingly also worse off than those who trained on one session only on the first day (Ashley and 

Pearson 2012). Since the reaction times were not deteriorated, the authors argue that overtraining 

inhibits PL due to lack of wakeful consolidation.  

What neural circuitry underlies consolidation? Stabilisation involves changes in synaptic 

intracellular signal transduction cascades and neuronal protein synthesis, and also reorganization of 

the neural networks that represent the memory (Dudai 2004). There is evidence that in both the 

motor and visual domain (motor sequence learning and texture discrimination task respectively), the 

primary motor and visual cortices (M1 and V1) play a crucial role in consolidation (offline learning) 

(Censor, Sagi et al. 2012). Censor, Sagi et al. (2012) argue that interactions between primary and 

higher-order brain regions may contribute to other aspects of learning, such as the ability to 

generalise the learnt information to different or more complex stimuli or movement sequences. 

Censor, Sagi et al. (2012) review skill learning phases, such as those found using a texture 

discrimination task for the visual domain, and using a sequential finger tapping task in the motor 
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domain. They suggest skill learning phases in the following order: training, memory formation and 

within-session fast learning (after which there is susceptibility to interference and/or performance 

deterioration), consolidation (offline learning/gains such as through passage of time and/or sleep), 

memory reactivation (which is during additional practice, re-testing and/or sleep), long-term 

memory retention (the ability to maintain trained performance levels weeks or months later without 

extra training), and all phases involve feedback into memory reactivation and modification.  

1.3.7. Consolidation Effects Modulated 

It has been found that consolidation effects in a VPL task can be studied by modulating the visual 

cortex by transcranial direct current stimulation, or tDCS (Peters, Thompson et al. 2013). tDCS is a 

mild form of direct current stimulation that depolarises membranes, through which anodal tDCS 

excites the underlying cells, whereas cathodal tDCS inhibits neural activity (Nitsche and Paulus 

2000). However, more recently it was found that anodal tDCS can block consolidation on a visual 

contrast detection task (Peters, Thompson et al. 2013). In this study they measured contrast 

detection thresholds on two consecutive days both before and while stimulating area V1: either 

through anodal, cathodal, or sham stimulation. Their findings showed that anodal tDCS (on day 1) 

blocked overnight consolidation of visual learning. Sham and cathodal tDCS did not influence 

consolidation. This is the first study to show that overnight consolidation is blocked by anodal tDCS 

in perceptual learning (Peters, Thompson et al. 2013). Therefore, primary visual areas are involved in 

consolidation and when modulated with NIBS, consolidation can be impaired.  

However, by contrast, in the motor domain, it was shown that anodal tDCS of M1 could improve 

offline learning (Reis, Schambra et al. 2009). In this study, the effects of tDCS on motor skill 

acquisition and retention were assessed, using a challenging motor skill task (sequential visual 

isometric pinch task from which a speed-accuracy trade-off function was derived). They stimulated 

the primary motor cortex (anodal or sham) during the training task on five consecutive days. Anodal 

tDCS showed a greater total learning than the sham group. There was no difference for the anodal 

tDCS effects for the online (within-day) effects, however offline learning (between-day effects) 

showed a significant improvement in the anodal tDCS group compared to the control groups (the 

sham group showed negative offline effects). These examples show that primary areas are involved 

in consolidation, and that NIBS techniques modulate these areas.  

That anodal tDCS can block consolidation of contrast detection (Peters, Thompson et al. 2013) is 

consistent with the notion that in VPL (or PL) one or more different phases of learning are involved 
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which are likely to include multiple plasticity mechanisms (such as suggested by RM, RHT and SRW 

theories). Hampered consolidation in the visual domain would be in line with the RM theory, as it 

can be proposed that anodal tDCS on the first day hampered overnight consolidation in the 

stimulated early visual areas. Anodal tDCS enhanced offline gains in the motor domain would be in 

line with the SRW theory; as learning is a general mechanism that consists of an interaction between 

primary and higher order brain regions, and offline learning would include decisional areas that read 

out information from primary regions. Perhaps the difference between the two modalities is the 

suggested window of interference (disrupted learning after encoding due to consolidation); as 

discussed above, for VPL an interference window of only a few hours and for the motor skill learning 

a window of four to six hours was suggested (Censor, Sagi et al. 2012). 

1.3.8. Modulation of Plasticity Summary 

There are promising ways to modulate the excitability of both the visual and motor cortices in a non-

invasive way; for example through NIBS techniques such as TMS (Wagner, Rushmore et al. 2009). 

NIBS can be applied to investigate learning, or to modulate the amount of perceptual learning. 

However, motor plasticity has been the main focus of NIBS studies and less is known about the 

effect of NIBS on visual plasticity. Furthermore, there is a gap in the literature regarding whether the 

LTP-like plasticity that is thought to underlie TMS (Wassermann, Epstein et al. 2008) underlies the 

plasticity mechanisms involved in perceptual learning (Aberg and Herzog 2012), which can consist of 

learning over several days at a challenging threshold. However, as a whole, the current literature 

suggests that the combination of different plasticity models such as VPL and NIBS can provide a 

powerful tool to both assess and modulate learning such as that involved in learning of a skill.  
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1.4. Modulating Plasticity Pharmacologically with SSRIs 

1.4.1. Introduction 

Another way to modulate plasticity than the previously discussed NIBS techniques such as TMS is by 

using a pharmacological intervention that targets a specific neurotransmitter involved in learning. 

Sensory plasticity and learning both depend on neurotransmitters that are widely distributed 

throughout the brain (Schultz 2000). One can study whether a pharmacological intervention can lead 

to an enhanced excitability (tendency of cells to fire) and perhaps even to enhanced learning on VPL 

or motor performance tasks.  

In the motor domain, there is evidence that the drug amphetamine (which acts on 

noradrenergic, dopaminergic and serotonergic neurotransmitter systems) can enhance motor 

performance through an increase in excitability: a behavioural improvement on a motor task after 

training of specific thumb movements was observed in combination with faster and longer lasting 

use-dependent plasticity or learning (Bütefisch, Davis et al. 2002). Others, however, using a different 

motor task, showed no change in motor performance. However, in this study, amphetamine was 

found to  enhance cortical plastic changes after one hour of training of repetitive synchronized 

movements (Tegenthoff, Cornelius et al. 2004). Other than learning in the motor domain, there is 

evidence that amphetamine can enhance plasticity in language learning (Breitenstein, Wailke et al. 

2004, Thiel 2007), and somatosensory PL (Dinse, Ragert et al. 2003).  

Another group of drugs known to have a strong effect on the neurotransmitter serotonin are 

selective serotonin reuptake inhibitors (SSRIs). It is important to divide the effects of SSRI 

administration up as: acute (1 day), sub-chronic (1 week), and chronic (3 weeks), because there is 

evidence that the underlying mechanisms of acute versus chronic SSRI administration are opposite 

(Serretti, Calati et al. 2010). Studies were conducted using pharmacological modulation with SSRIs in 

conjunction with behavioural therapy or rehabilitation because of serotonin’s known role in 

learning, memory and neurogenesis. For example, studies in stroke patients show the potential for 

chronic SSRIs to enhance the recovery of motor performance (Dam, Tonin et al. 1996, Chollet, Tardy 

et al. 2011, Mead, Hsieh et al. 2012). 

However, the chronic effects of SSRIs on motor functions or motor performance in healthy 

individuals have been studied scarcely. Also, in the visual domain, to my knowledge, there are no 

studies that study the effects of chronic SSRIs on skill learning, or VPL. Therefore, it remains an open 

question whether SSRIs can enhance VPL. Interestingly, human research has shown that visual 
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cortical excitability induced by a visual tetanus (stimulation in an LTP-like way, see Section 1.1.2) was 

enhanced by the chronic administration of SSRIs (Normann, Schmitz et al. 2007). It remains to be 

shown whether this enhanced LTP-like plasticity in the visual cortex by the administration of 

(chronic) SSRIs can in turn facilitate skill learning. Therefore, it needs to be determined whether 

modulation through SSRIs combined with visual training can lead to enhanced VPL.  

After discussing SSRI mechanisms, I discuss the effects of SSRIs on: motor cortex excitability, use-

dependent plasticity and motor performance in Section 1.4.3. Finally, the chronic effects of SSRIs on 

early visual plasticity (the only human study to date) are discussed in Section 1.4.4.  

1.4.2. SSRI Mechanisms 

SSRIs increase the amount of serotonin available in synapses through blocking the reuptake of 

serotonin into the presynaptic vesicle. Serotonin (5-hydroxytryptamine, or 5-HT) is a 

neurotransmitter that is widely and diffusely distributed through the brain, and serotonergic 

transmission plays an important role in various physiological functions, including learning, memory 

formation, pain perception, mood, and the sleep-wakefulness cycle (Geyer 1995, Hasbroucq, Rihet 

et al. 1997, Bert, Fink et al. 2008, Batsikadze, Paulus et al. 2013). 

Since neuromodulators are also involved in the release of other neurotransmitters, serotonin 

also affects other neurotransmitters that act as neuromodulators, such as cholinergic, dopaminergic, 

and GABAergic neuromodulator systems (Consolo, Arnaboldi et al. 1994, Gobert and Millan 1999, 

Zaniewska, McCreary et al. 2009). 

Although the group of drugs termed SSRIs are known as a treatment for depression, it remains 

poorly understood what the mechanisms of SSRIs are, in both the healthy and diseased brain. The 

psychotropic effects of SSRIs on healthy individuals are mixed (Serretti, Calati et al. 2010). Chronic 

modulation with SSRIs involves increased neurogenesis and synaptogenesis in the adult 

hippocampus (Malberg, Eisch et al. 2000), and increased brain-derived neurotropic factor (BDNF) 

expression and increased expression of the primary receptor of BDNF, Tropomyosin receptor kinase 

B (TrkB) (Nibuya, Morinobu et al. 1995). As these events and mechanisms are common in the 

developing brain and relate to neuronal plasticity, Maya-Vetencourt, Sale et al. (2008) investigated 

whether chronic SSRI administration might lead to an enhanced plasticity in the adult healthy brain 

that resembles the plasticity and learning that occurs in the developing brain. They tested this by 

using amblyopia as a model for visual plasticity (discussed in Section 1.5). Specifically, they 

investigated whether chronic SSRI administration enabled a reopening of the CP for binocular vision 

in the adult rodent brain. 
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1.4.3. SSRIs and Acute and Chronic Excitability and Plasticity  

1.4.3.1. Acute SSRIs  

1.4.3.1.1 Acute SSRIs increase Motor Excitability 

The acute effects of the SSRI citalopram were tested on motor cortex plasticity (Nitsche, Kuo et al. 

2009). For this, they modulated plasticity before and after SSRI administration using the technique 

tDCS. Thus, in this study, motor plasticity was modulated by a pharmacological intervention and also 

by tDCS delivered to the motor cortex. Motor cortex excitability was assessed before and after tDCS 

modulation by using single pulse TMS. As citalopram is a common SSRI with a short lead in period of 

two hours (Bezchlibnyk-Butler, Aleksic et al. 2000, Robol, Fiaschi et al. 2004), they administered the 

SSRI two hours before the experimental session. Excitability was measured at several time points 

after the acute citalopram administration, both after anodal excitability-enhancing and after 

cathodal excitability-diminishing tDCS. As expected, for the placebo medication group, anodal tDCS 

enhanced excitability and cathodal tDCS reduced excitability, for about one to two hours. For the 

citalopram group; the effects of the excitability-enhancing tDCS (anodal) were significantly enhanced 

and prolonged, and the tDCS-induced inhibition (cathodal) turned into facilitation. Thus, measured 

with single pulse TMS, acute citalopram significantly shifts brain modulation with tDCS towards a 

more excitable state.  

1.4.3.1.2 Acute SSRIs increase Motor Cortex Plasticity 

Increased plasticity by SSRIs has been shown in the motor domain. For example, the first study to 

demonstrate that both a single dose of the SSRI fluoxetine as well as the amphetamine-like drug 

fenozole are able to modulate healthy cerebral motor activity was conducted by Loubinoux, 

Boulanouar et al. (1999). This study was conducted during fMRI scanning while participants 

performed an auditory-paced (1Hz) hand movement task (fist closing and sequential touching of the 

thumb, using each of the four digits of one single hand) on two occasions with two scanning sessions 

on each day. The first occasion consisted of two sessions without pharmacological modulation, and 

on the second occasion the drug was given after the first scan (the second scan was five hours after 

drug administration). Testing with two sessions ensured that the effects of habituation and drugs 

were not correlated (by inversely correlating the effect of time). Using fMRI, they were able to show 

that the acute administration of both drugs (the SSRI fluoxetine and the amphetamine fenozole) 

showed a more focused activation in the contralateral sensorimotor area, a greater involvement of 
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the posterior supplementary motor area, and a widespread decrease of bilateral cerebellar 

activation. The fluoxetine group showed a large and significant increase of sensorimotor foci of 

hyperactivity, and a significant increase in activation of the contralateral thalamus. Thus, motor 

areas involved in motor control were modulated by a single low dose of fluoxetine: changes in the 

entire motor pathway occurred, including changes to the primary and secondary cortices, thalamus, 

and cerebellum. Since the drug affected cerebral motor activity, the authors argue that monoamines 

(including serotonin) are involved in the regulation of cerebral motor activity. 

 Loubinoux, Pariente et al. (2002) were interested in whether the acute administration of the 

SSRI paroxetine could enhance motor performance in a similar way to that found in fluoxetine 

earlier (discussed above), so they tested the acute effects of this drug (and its dose-dependency) on 

motor and dexterity performance (a peg-hole test, moede dexterity meter, and reaction tasks). They 

showed that after the first few trials, a single dose (20 mg) enhanced performance. They reasoned 

that the enhanced performance after a single dose of paroxetine would be the result of an enhanced 

brain motor output, as hyperactivation in the primary somatosensory (S1) and M1 was found by 

acute paroxetine administration (Loubinoux, Pariente et al. 2002). By using fMRI, the acute effects of 

the SSRI paroxetine showed an over activation of the motor cortex, a hyperactivation in 

contralateral S1/M1 and posterior SMA, and a hypoactivation of the basal ganglia and cerebellum 

(Loubinoux, Pariente et al. 2002).  

A study utilising fMRI imaging on post-stroke patients found that acute fluoxetine results in 

similar motor hyperactivation to acute paroxetine. A positive correlation between fluoxetine’s 

effects on contralateral M1 and motor function improvement was established by scanning stroke 

patients given either fluoxetine or a placebo two or three weeks after their stroke onset (Pariente, 

Loubinoux et al. 2001).Motor tests evaluated motor skills immediately prior to these examinations in 

order to investigate the effects of the SSRI on motor function. These tests consisted of the affected 

hand performing both an active motor controlled task and a passive task (in which the experimenter 

moved the hand). Under fluoxetine, in the active task, the ipsilesional primary cortex was 

hyperactivated, and motor skills were improved. Therefore, a single dose of fluoxetine was shown to 

be sufficient to modulate sensory-motor activation in patients, indicating that a shift in excitability of 

the motor cortex was associated with increased motor performance (Pariente, Loubinoux et al. 

2001). This is evidence that in the rehabilitating (post-stroke) system, a more excitable motor cortex, 

resulting from acute SSRI modulation, can enhance motor performance. 

Rigorous research and meticulous comparison are necessary to determine whether these 

differences in acute SSRI effects on motor performance are due to other factors, such as the 

different motor tasks used in the studies mentioned above.  



 
 

35 
 

Given the evidence for enhanced motor performance and the shift towards excitation as a 

result of acute SSRI administration described in this section, it would be interesting to explore 

whether it would be possible to enhance skill learning or motor (task) performance (the motor 

equivalent of VPL) with the chronic administration of SSRIs. This question is addressed below.  

 

1.4.3.2. Chronic Motor Cortex Excitability and Plasticity 

1.4.3.2.1 Do Chronic SSRIs enhance Motor Cortex Efficiency? 

A number of studies have investigated the effects of SSRIs on motor task performance using 

different tasks. For example, in a double blind crossover study, the chronic administration of the SSRI 

paroxetine (for 30 days at a dosage of 20 mg) was shown to improve motor performance (in simple 

motor tasks, strength, and dexterity). By correlating fMRI activity with changes in motor task 

performance, the conductors of the study demonstrated that the enhanced performance involved a 

change in brain activation intensity (rather than volume) and a hypo activation of the sensory motor 

cortex (Loubinoux, Tombari et al. 2005). Furthermore, from a parallel study, involving the same 

participants but using the technique TMS, Gerdelat-Mas, Loubinoux et al. (2005) argue that the 

change in intensity found by Loubinoux, Tombari et al. (2005), underlies a decrease in excitatory 

connections (synapses).  

1.4.3.2.2 Possible Mechanisms of Enhanced Plasticity by Chronic SSRI Administration 

The effects of chronic SSRIs on the motor cortex show that chronic administration of paroxetine for 

one month can modulate excitability (Gerdelat-Mas, Loubinoux et al. 2005) and that it modulates 

motor performance in a dose-dependent way (Loubinoux, Tombari et al. 2005). Using TMS, 

Gerdelat-Mas, Loubinoux et al. (2005) demonstrated in an indirect way (by using the MEP intensity 

curve as a measurement) that the acute administration of the SSRI paroxetine increased motor 

excitability (motor output strength), whereas chronic administration decreased it. Therefore, it 

seems that different pharmacological actions are involved in the administration of acute versus 

chronic paroxetine, which would suggest that the motor cortex can be modulated in opposite ways. 

The fMRI findings add support to this notion; acute administration showed a hyperactivation of area 

S1M1 (Loubinoux, Pariente et al. 2002) whereas for chronic administration, hypoactivation of this 

region was found (Loubinoux, Tombari et al. 2005). From their intracortical TMS stimulation protocol 

findings, Gerdelat-Mas, Loubinoux et al. (2005) reason that the modulation by chronic SSRIs in the 
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motor cortex involves changes in interneuronal excitatory interneurons, rather than in the 

excitability of inhibitory GABAergic interneurons.  

 

1.4.3.3. Summary SSRIs and Motor Plasticity 

Acute SSRIs have a hyper-excitability effect, so acute SSRIs have the potential to increase motor 

cortex excitability, as demonstrated by NIBS modulation (tDCS) (Nitsche, Kuo et al. 2009) and fMRI 

studies (Loubinoux, Boulanouar et al. 1999). Despite these findings of healthy motor cortex plasticity 

modulation by SSRIs, and the demonstrated potential in stroke rehabilitation (Dam, Tonin et al. 

1996, Chollet, Tardy et al. 2011, Mead, Hsieh et al. 2012), studies on the effects of chronic SSRI 

effects on learning in the healthy brain are scarce.  
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1.4.4. SSRIs and Visual Plasticity 

1.4.4.1. Chronic SSRIs Enhance Early Visual Plasticity  

As discussed in Section 1.1, the induction of LTP or LTD is a way of measuring plasticity, in which the 

strength between synapses is either strengthened (potentiated), or weakened (depressed) 

respectively (Bliss and Lømo 1973). LTP and LTD can be used to assess the effect of pharmaceutical 

manipulations on plasticity. For example, the enhanced levels of LTD that occur in the animal model 

of depression can be prevented by chronic administration of the antidepressant fluvoxamine 

(Holderbach, Clark et al. 2007). However, although chronic SSRIs have been shown to have an effect 

on LTD and LTP in animal research, it remains an open question whether SSRIs can enhance healthy 

human visual plasticity. There are no human studies that show how acute and/or chronic SSRI 

administration affects VPL. One human study demonstrated that early plasticity - induced by using a 

non-invasive LTP method - was enhanced by the chronic administration of the SSRI sertraline (50 mg 

once per day for three weeks) (Normann, Schmitz et al. 2007). This LTP method, described above, 

involves the presentation of contrast reversing visual stimuli (visual tetanus) which increase VEP 

amplitude (Clapp, Hamm et al. 2012). After chronic SSRI administration, the effect of visual tetanus 

on VEP amplitude was enhanced (the amplitude of the P1 and N1 components). Therefore, this 

study demonstrated that chronic SSRIs can increase early visual plasticity (Normann, Schmitz et al. 

2007). This seems to be the only human study on chronic SSRI administration and LTP-like plasticity. 

As a result, little is known about SSRIs and visual plasticity in the adult human brain (Aberg and 

Herzog 2012). And it remains to be shown whether the found increase in early LTP-like plasticity in 

the human visual cortex (Normann, Schmitz et al. 2007) in turn has an effect on skill learning such as 

that involved in VPL.  

To fill this gap in knowledge on both the acute and chronic SSRI effects on visual skill learning, or 

VPL in the healthy adult brain, studies on the effects on SSRIs and VPL are needed. In addition to 

investigation of the effects of chronic administration of SSRIs on VPL in the healthy brain, in the 

motor domain more studies on the effects of chronic SSRIs on skill learning are also warranted. The 

ample studies that have tested the chronic effects on motor plasticity have used a variety of motor 

tasks that involve motor sequence learning, rather than performance-based skill learning tailored to 

a participant’s skill level. That task simplicity might have an effect on the amount of motor plasticity 

modulation was suggested by a neuro-imaging study (using the method positron emission 

tomography) which showed that primary regions such as regions M1/S1 -thought to be crucial in skill 

learning- had increased cerebral blood flow with a simple task (Vida, Vingilis-Jaremko et al. 2012), 



 
 

38 
 

but it was only with a more complex task that the increase in blood flow occurred in combination 

with an increase in the SMA and ipsilateral S1/M1 (Shibasaki, Sadato et al. 1993). Since visual and 

motor perceptual learning share analogous properties related to skill learning and brain imaging 

results, there is a possibility that a common mechanism for learning exists (Censor, Sagi et al. 2012). 

It is likely that, similar to the previously discussed VPL mechanisms (Section 1.2), in motor learning 

the difficulty level of the task has an effect on the learning mechanisms that are involved. It is 

necessary to investigate the effects of both acute and chronic administration of SSRIs on learning in 

both domains, in a performance-based manner. 

1.4.5. Summary Pharmacological Modulation (SSRIs) of Healthy 

Plasticity 

Pharmacological interventions such as SSRIs can potentially play a role in increasing plasticity, 

but currently it remains poorly understood how SSRIs affect learning in the healthy brain. Healthy 

adult plasticity can be modulated by the chronic administration of SSRIs. This was demonstrated for 

the motor cortex by increased plasticity in the motor cortex using motor performance task (Section 

1.4.3). For the visual domain it was shown to be possible to modulate early visual plasticity by 

chronic SSRI modulation in an LTP-like (Hebbian) manner, as shown by electrophysiology 

measurements (Normann, Schmitz et al. 2007). However, it remains unknown whether SSRIs have a 

functional or behavioural effect on the healthy human brain. For this reason, more research 

investigating the functional effects of SSRIs on the healthy adult brain is needed. 

Next, in Section 1.5, the cortical developmental disorder amblyopia will be discussed as a visual 

cortex plasticity model, as well as the potential role of chronic SSRI administration in the treatment 

of amblyopia, which is currently considered untreatable in adults. 
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1.5. Amblyopia as a Plasticity Model 

Similar to how VPL is a plasticity model for learning in the visual domain, an ideal model for plasticity 

throughout development is the cortical disorder amblyopia. This developmental disorder results 

from a disruption of binocular vision during a critical time window when the visual system is rapidly 

developing. It is during this critical time in development when the visual system is most susceptible / 

sensitive to the environment. Due to this enhanced plasticity, artificially depriving vision from one 

eye (MD) during this time window can cause the visual system to alter its structure and function. In 

particular, by depriving vision from one eye within this critical window it is possible to induce 

amblyopia experimentally in animals. Amblyopia does not occur outside of the critical time window, 

which is the reason why it was traditionally assumed that after the closure of the plasticity peak, 

altering the neural representation of information from each eye within the visual cortex is no longer 

possible.  

When amblyopia as a plasticity model was discovered in the 1960s, the focus was on how visual 

development could be disrupted in juvenile animals (Hubel and Wiesel 1965), which led to increased 

knowledge of the underlying plasticity mechanisms. Again, by employing amblyopia as a plasticity 

model, recent animal research has indicated the possibility of reopening this critical time period 

(Sale, Berardi et al. 2010), and so now the focus has turned to the restoration of adult plasticity. This 

research is starting to reveal the cellular mechanisms underlying adult plasticity and its potential for 

restoration of vision. This is important, as only a treatment available for children with amblyopia 

(which is patching of the fellow eye) has been widely accepted clinically due to the traditional 

assumption that the adult brain lacks the plasticity to change in response to environmental input.  

First, in Section 1.5.1, I will discuss the traditional animal model of amblyopia and the 

critical/sensitive period for (binocular) vision. Then, in Section 1.5.2, I will discuss some of the 

findings that challenge the traditional view of the closure of the CP for binocular vision using 

experimentally induced animal amblyopia. Of these findings, most important for this thesis is the 

possibility of restoring neural function using a pharmacological intervention, specifically, chronic 

administration of SSRIs. After discussing animal amblyopia research, in Section 1.5.3 I will discuss 

human amblyopia, its neural basis, and its treatments. 
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1.5.1. Animal Plasticity: Experimentally-Induced Amblyopia 

Kuffler (1953) discovered the organisation of the cat retina. With the intention to study retinal 

organization and processes of excitation and inhibition, Kuffler measured ganglion cell discharges by 

activating single receptive fields using small spots of light. To his surprise, contrary to the previously-

studied frog ganglion cell fixed response (fixed discharge pattern: either an ‘on’ or ‘off’), the cat’s 

ganglion cells showed varying discharge patterns within one single receptive field. In that period, not 

much was known about the organisation of the visual cortex (Franklin 2004). Hubel and Wiesel 

started to map the visual cortex in the cat brain. By using Kuffler’s modified equipment, they started 

measuring hundreds of cells in the striate cortex (taking around nine hours per cell) and discovered 

that most cells in the visual cortex are binocular, but that cells have an eye preference (Hubel and 

Wiesel 1959, Hubel and Wiesel 1962). Furthermore, they discovered that, similar to Mountcastle’s 

discovery for the somatosensory cortex (Mountcastle 1957), the visual cortex is organised in a 

columnar fashion.  

Around that period in time, when the visual system was largely unexplored, Hubel and Wiesel 

sutured one eye so that the sutured eye could to serve as a no vision or control condition. This 

allowed for a comparison between cells connected to the sutured eye that had been deprived of 

visual input (MD) and cells connected to the open eye that had received normal visual input. These 

comparisons were made at the level of the lateral geniculate nucleus (LGN) and the visual cortex. 

However, contrary to their expectation, upon removal of the MD, it seemed that the eye had gone 

blind. When they measured the retinal response, this was normal, as shown in the 

electroretinogram and the receptive field response of the retinal ganglion cells (Wiesel and Hubel 

1965, Wiesel 1982). They continued their studies and subsequently showed that this cortical vision 

loss resulting from visual deprivation, only occurs during a certain time in development. By 

identifying this peak in visual cortex plasticity, Hubel and Wiesel had serendipitously discovered the 

now widely-used amblyopia model of brain plasticity (Kuhlman, Olivas et al. 2013).  

What mechanisms underlie the neurodevelopmental vision loss that occurs after juvenile MD 

and can the adult visual system that has been deprived during the sensitive period be restored? 
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1.5.1.1. Critical Period and Ocular Dominance Plasticity 

In healthy visual development, most cells are binocular but do show an eye preference. To 

measure how the visual inputs from each eye are represented, Hubel and Wiesel introduced the OD 

histogram in cats (Hubel and Wiesel 1962), and later replicated their findings in monkeys (Hubel and 

Wiesel 1969). By stimulating each cell’s receptive field, the neural response of a group of cells in the 

primary visual cortex could be measured and categorised into OD groups according to the 

contralateral versus ipsilateral eye responses. In the OD histogram, the response of cells is plotted 

against OD categories on the x axis along the Hubel-Wiesel seven-point scale. In this dominance 

scale, the categories range from one (cell responds exclusively to the contralateral eye), to seven 

(cell exclusively responds to the ipsilateral eye). In the centre is four, which is when the cell responds 

equally to the two eyes. In this way eye preference (and binocular response) was quantified. By 

using the OD histogram, Hubel and Wiesel showed that, in normal visual development with equal 

retinal images for both eyes, most cortical neurons in V1 become binocular (respond to both the left 

and right eye). Before birth, the inputs from LGN neurons already project to OD columns in V1 

(Hubel and Wiesel 1963) and, by using the OD histogram, they demonstrated that adult properties 

are already present in a kitten’s visual cortex (Hubel and Wiesel 1962). After Hubel and Wiesel’s 

research it was shown that infant primates also showed ocular dominance columns in the primary 

visual cortex so that already at birth the system is set up or pre-wired for binocular vision (Horton 

and Hocking 1996, Zhang, Bi et al. 2005). After birth, however, the system is plastic as it changes 

according to environmental input. Therefore, in the case of MD, the open non-deprived eye columns 

expand, whereas the deprived eye columns decrease in width. This is because the LGN axons and 

their synapses in layer four (the input-layer of the visual cortex) are highly dynamic (Maffei, Nelson 

et al. 2004). Before the closure of the CP, the visual system reaches a peak of susceptibility to 

sensory stimulation and/or deprivation, which in cats is at around four-five weeks of age. At this 

highly plastic stage, MD for only six to eight days in cats produces the same effects as MD from birth 

(Hubel and Wiesel 1970). The increased sensitivity to changes in sensory input induces an extreme 

decline in the number of cells that can be driven by the deprived eye. In cats this susceptibility 

declines after the age of 4-5 weeks and disappears at around three months of age (Hubel, Wiesel, 

1970). In other words, a peak in plasticity or sensitivity to sensory input is reached in development, 

which from then on decreases until the CP finally closes. According to Hubel and Wiesel (1965), in a 

developing, juvenile visual system, when the occlusion is switched to the other (previously deprived) 

non-amblyopic eye, the cortical cells shift their eye preference in order to receive and process input 

from the previously amblyopic eye, but without binocular responses (Hubel and Wiesel 1965). 

Therefore, for normal binocular visual development to occur, binocular visual experience is needed 
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during the CP when the system is at its plasticity peak, in order to preserve the visual neural 

pathways that enable binocular vision. After the closure of the CP, MD has no longer an effect on 

visual cortex structure and function.  Even if an eye is closed for over a year, the cells in the adult 

visual cortex continue to be driven normally by both eyes and continue to show a normal OD 

histogram (Le Vay, Wiesel et al. 1980, Wiesel 1982). Thus, since it is no longer possible to 

experimentally induce amblyopia in adult animals, the adult visual cortex seems to lack plasticity for 

an OD shift to occur due to the closure of the CP. 

Hubel and Wiesel showed that many cells in the primary visual cortex are sensitive to 

orientation. This raised the question of whether patterned information is needed for visual 

development. MD using a translucent occluder (an occluder that lets light through, but no contrast) 

had very similar effects to complete deprivation of an eye (Hubel and Wiesel 1964). This 

demonstrates that in addition to light, contrast and pattern information are required for normal 

visual development to occur. To test whether the loss of vision after deprivation is due to the activity 

of the other eye, Hubel and Wiesel compared the results of MD to that of binocular deprivation 

(Wiesel and Hubel 1965). In the binocularly deprived animals, cells could be driven by both eyes, 

however a large number of cells were unresponsive. In the LGN of the binocularly deprived kitten, 

there were no differences between the eye layers, but when compared to normal kittens, there was 

cell shrinkage in all layers. However, binocular deprivation had far less dramatic effects than MD. 

MD during the CP results in abnormal development of amblyopic eye VA and impaired binocular 

vision because visual cortical neurons are strongly dominated by the non-deprived eye (OD shift) and 

there is a decrease in the proportion of binocular neurons (Hubel and Wiesel 1970, Fagiolini, 

Pizzorusso et al. 1994). Thus, MD results in more detrimental effects than binocular deprivation due 

to neural plasticity. Hubel and Wiesel’s early work (mainly involving kittens) already indicated that 

rather than non-use of the deprived eye, it is an active neural process of neural competition 

between the two inputs or pathways during development that underlies amblyopia. Subsequent 

research supported the importance of neural competition in the effect of MD on visual cortex 

function in cats, whereby cortical inputs from the non-deprived eye were shown to actively inhibit 

inputs from the deprived eye (Crewther and Crewther 1993). 

1.5.1.2. Summary Animal Model of Plasticity: Amblyopia 

Amblyopia was experimentally induced in animals as a plasticity model in the early 1960s by Nobel 

Prize winners Hubel and Wiesel. From then on, Hubel and Wiesel continued to systematically study 

the effects on visually responsive areas of the thalamus (LGN) and cortex during different 
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developmental stages. They altered visual stimulation in cats and monkeys through MD or by 

producing an artificial strabismus (Hubel and Wiesel 1965), to clarify, artificial strabismus is an 

induced eye turn which results in equal illumination for each eye but misaligned visual axes. By 

inducing and reversing amblyopia in this early animal research, they showed that plasticity reaches a 

peak (the CP) which then declines with age (Hubel and Wiesel 1962, Hubel and Wiesel 1965, Hubel 

and Wiesel 1969). 

Hubel and Wiesel showed that monocular layers in the LGN and OD columns in V1 are already 

present at birth (Hubel and Wiesel 1962). The visual system seems prewired or set up at birth to be 

binocular. This shows that it is plasticity that enables the visual system to change by shifting the OD 

of visual cortical neurons towards the un-deprived eye after MD. However, it is during a peak of 

plasticity that the system is most susceptible to its environment and it is only before the closure of 

this period that MD leads to cortical vision loss and a reduction of binocular cell responses.  

That binocular deprivation does not merely lead to a lack of visual response (Wiesel and Hubel 

1965) suggests that, instead of cortical vision loss, it is more likely that active neural interactions 

between visual pathways underlie this effect. After the closure of the CP it is difficult to regain the 

same sensitivity to visual stimulation as during this plasticity peak, which suggests that the system 

becomes more stable over time, or perhaps that the active neural competition is stabilised. Where 

the discovery of amblyopia as a plasticity model in the 1960s led to studies into disrupting visual 

development (Hubel and Wiesel 1965), more recent animal studies induce and try to reverse adult 

amblyopia (Sale, Berardi et al. 2010). From these studies, it becomes clear that the CP for binocular 

vision is not closed completely and that visual plasticity can occur in the adult animal brain.  
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1.5.2. Animal Adult Plasticity and Amblyopia 

Around the time when Hubel and Wiesel started revealing the anatomy and physiology of the visual 

cortex, Rosenzweig, Bennett et al. (1964) studied experience-dependent brain plasticity processes 

and introduced the environmental enrichment (EE) paradigm. This research showed that adult 

plasticity can be enhanced by a more stimulating environment (such as with a variety of stimulating 

objects and a large social group). It was discovered that the cortex of adult rats showed an increase 

in cortical thickness and weight after 30 days of EE compared to that of standard reared rats 

(Rosenzweig, Bennett et al. 1964, Rosenzweig and Bennett 1996).  

Around 2005, by inducing amblyopia experimentally, animal research revealed juvenile-like 

cellular plasticity to be present after the closure of CP (Hensch 2005). This emerging evidence of 

plasticity in adulthood from animal research strongly suggests that an amblyopia treatment for 

adults would be feasible.  

Below I will first discuss some of these animal research findings that demonstrate adult 

plasticity. Most importantly for this thesis, SSRIs in combination with MD have been shown to allow 

for the reopening of the CP in the adult rat visual cortex (Maya-Vetencourt, Sale et al. 2008). Finally, 

after briefly discussing some of these ground-breaking animal findings in the following sections, in 

Section 1.5.3, human adult plasticity findings in amblyopia will be discussed.  

1.5.2.1. Past the Critical Period: Animal Research 

With development, GABAergic inhibition increases at the end of the CP and closes with maturation 

of intracortical inhibitory circuitries (Hensch 2005). Animal research provides convincing evidence 

that it is GABAergic circuitry that underlies both the starting and ending signals for the CP for vision 

(Sale, Berardi et al. 2010), so that intra-cortical inhibition (ICI) has been proposed as the crucial 

limiting factor in adult plasticity in amblyopia (Harauzov, Spolidoro et al. 2010).  

Well-documented interactions of reduced inhibition or GABAergic inhibition and increased 

plasticity, supporting the notion that reducing ICI can restore adult visual plasticity, have been found 

in a number of studies using different interventions (Spolidoro, Sale et al. 2009). One example of 

such an intervention is complete dark exposure (DE); deprivation amblyopia was reversed in 

adulthood if ten days of DE preceded removal of occlusion in the adult rat (He, Ray et al. 2007). 

Another example is EE, which was shown to improve vision in the adult amblyopic rat brain, as 

demonstrated by neurophysiological measurements (VEPs) and behavioural tests (water box task) 

(Maya-Vetencourt, Sale et al. 2008, Tognini, Manno et al. 2012). Food restriction (fasting every other 



 
 

45 
 

day) was shown to have effects on the OD shift of cortical neurons after MD, and after reverse 

suture, a complete recovery of amblyopia was shown by the recovery of visual functions 

(binocularity and VA) (Spolidoro, Baroncelli et al. 2011). Finally, and most importantly for this 

research, pharmacological modulation through the chronic administration of SSRIs enabled the 

induction and reversal of amblyopia in the adult rat visual system (Maya-Vetencourt, Sale et al. 

2008).  

1.5.2.2. SSRIs Reopen the Critical Period for Vision 

In a ground-breaking experiment, it was investigated whether chronic treatment with the SSRI 

(antidepressant) fluoxetine would restore adult plasticity in rats; by measuring the OD shift and the 

recovery of visual functions after MD and reverse MD (amblyopia induction and reversal) (Maya-

Vetencourt, Sale et al. 2008). To clarify; rats in the study were at postnatal day 100; a rodent’s CP for 

OD to occur closes by postnatal day 55. Control adult animals (P100) did not show a change after 

one week of MD, whereas the fluoxetine-treated adult rats showed a marked OD-shift in favour of 

the non-deprived eye. They tested the response in the binocular region of the primary visual cortex 

contralateral to the deprived eye. Visual stimuli were horizontal sinusoidal gratings, of various 

spatial frequencies and contrast, presented centred on the previously determined receptive visual 

fields. They determined VA by extrapolation (to zero amplitude) of the linear regression in a curve 

where VEP amplitude was plotted against log spatial frequency. 

Rather than using OD histograms that Hubel and Wiesel used to measure OD plasticity, 

Maya-Vetencourt et al (2008) measured binocularity by taking the ratio of VEP amplitude when 

stimulating the eye contralateral vs. ipsilateral to a recoding electrode embedded within the cortex 

(at a depth that resulted in the maximum VEP amplitude). Thus, to measure OD plasticity 

(binocularity), they calculated the contralateral to ipsilateral (C/I) VEP ratio, which in normal rats is 

around 2.5. To find out whether the changes found after chronic SSRIs and one week of MD were 

due to either an initial depression of the response to the deprived eye simulation or to an increase in 

the open eye’s strength, they compared the VEP amplitudes in response to stimulation of either eye. 

They found that there was no difference in the open eye’s strength; however, the activity in the 

deprived eye was reduced. In control rats only treated with SSRIs (no MD), there was no effect from 

the drug, and the drug had no effect on orientation selectivity of the cortical neurons. Thus, it was 

demonstrated that, contrary to the traditional belief, it was possible to induce amblyopia in adult 

animals after only one week of deprivation when combined with chronic SSRI administration.  
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Following this, they tested for the recovery of visual functions in adult amblyopic animals: 

whether is possible to reverse amblyopia. After chronic SSRI treatment, they reversed suturing after 

14 days of fluoxetine administration (the previously closed eye was opened while the open eye was 

closed). VA was determined by the measurement of VEP recordings from the contralateral visual 

cortex (to the long-term deprived eye). From this it was shown that VA had not improved (compared 

to the fellow eye) for the control group, and the OD was no different as shown by the VEP C/I ratio, 

so that there was no binocularity recovery. However, in the fluoxetine-treated rats group, there was 

complete VA recovery, and full recovery of binocularity as shown by the VEP C/I ratio (of around 

2.25). This electrophysiological finding was verified by behavioural data, which involved a visual 

water task. This task trained animals to first distinguish a low spatial frequency vertical grating from 

grey, and from there tested their detection limits at higher spatial frequencies. The task was to swim 

to one of the two maze arms, with the correct response being to swim to the arm with the grating 

(this one had an escape platform placed below the grating).  

What underlies this plasticity? Is it enhanced activity or a decrease in inhibition? Using in vivo 

brain micro dialysis they found a reduction in extracellular basal GABA levels in the fluoxetine 

compared to the control group. This shows that fluoxetine reduces GABAergic inhibition. What kind 

of functional effect does this reduction have? To examine the effect of a reduction in GABAergic 

inhibition at the functional level, they assessed LTP of layer 2-3 field potentials induced by theta 

burst stimulation in the white matter of the visual cortex. LTP plasticity is absent in the adult visual 

cortex due to the maturation of the intracortical inhibitory circuitries (Kirkwood and Bear 1994). 

While there was no white matter LTP present in the control group, LTP was fully restored in the 

fluoxetine-treated group. When they investigated synaptic plasticity further in the fluoxetine-treated 

group, by applying low frequency stimulation and measuring LTD, they found that LTD was 

saturated. This shows that a decrease in inhibition enables the modulation of plasticity by chronic 

SSRI administration, which enables LTP as a result of stimulation.  

BDNF is a neurotropic which has a role as a critical mediator of activity-dependent plasticity in 

both the developing and adult central nervous system (Thoenen 1995). BDNF is an important 

contributor to the development of synaptic organization in the cortex: an increase in BDNF in the 

developing visual cortex drives the termination of the CP through the maturation of inhibitory 

circuits (Hensch 2005). To measure the effects of BDNF expression by SSRI modulation, Maya-

Vetencourt, Sale et al. (2008) measured BDNF in the adult rat visual cortex and found an increase for 

the fluoxetine group. Because the expression of BDNF is known to be increased by chronic 

antidepressant administration in limbic structures (Schmidt and Duman 2010), they also assessed 
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the hippocampus, and this region showed a similar increase in BDNF protein. To test the causality of 

the increase in BDNF expression, they infused BDNF intracortically via mini-pump in parallel to one 

week of MD. They found that, compared to controls that were infused with a vehicle solution, only 

the BDNF infused group showed an OD shift in response to MD. To test directly whether it is the 

reduction of ICI in the adult visual cortex that is causal to the reopening of the CP, they tested OD 

plasticity in fluoxetine-treated rats intracortically infused with diazepam (a benzodiazepine and 

GABA agonist). They found that the benzodiazepine totally prevented an OD shift, whereas the 

control animals that were fluoxetine-treated but infused with vehicle solution (placebo instead of 

the GABA agonist) did not show an OD shift in favour of the non-deprived eye. Therefore, fluoxetine 

in combination with MD enabled an OD shift with MD in adulthood and recovery in visual function in 

adult animals. Maya-Vetencourt, Sale et al. (2008) argue that the maturation of the inhibitory 

circuitry, - a shift in the intracortical inhibitory-excitatory balance - is the crucial factor for reopening 

the CP in the adult system (Hensch, Fagiolini et al. 1998, Spolidoro, Sale et al. 2009, Castrén and 

Rantamäki 2010).  

However, the underlying mechanisms of the reopening of the CP for binocular vision are hotly 

debated. The underlying cellular and molecular factors that facilitate the reopening of the CP are not 

the topic of this thesis; however examples of other suggested possible critical factors for reopening 

the CP in vision have been suggested. Suggested factors include: the maturation of myelin (McGee, 

Yang et al. 2005). Another factor is the condensation of the extracellular matrix (ECM) (Hockfield, 

Kalb et al. 1990, Pizzorusso, Medini et al. 2006). At the end of the CP, various ECM proteins are put 

in place and perineural nets (PNN) are formed. When the ECM was dissolved by chondroitinase 

infused into visual cortex, the CP was restored (Spolidoro, Sale et al. 2009). Another factor is BDNF 

(Huang, Kirkwood et al. 1999), it was shown that transgenic mice with overexpressed BDNF 

interneurons developed at a faster rate with increased levels of cortical inhibition presented in 

advance when compared to wild-type controls.  

Inhibition has been proposed to be the central hub triggering plasticity in the adult visual cortex, 

which may be accompanied by reorganisation of the ECM and an enhancement of BDNF expression 

(Spolidoro, Sale et al. 2009). GABAergic interneurons act on both the opening and closure of the CP 

so that BDNF over-expression shifts a faster maturation at both the opening and closure of the CP 

(Sale, Berardi et al. 2010). By increasing GABAergic signalling (for example through a benzodiazepine 

treatment) a precocious onset of the CP takes place. Conversely, when inhibition is decreased (such 

as with dark rearing), the closure of the CP is delayed (Sale, Berardi et al. 2010). 
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In the adult visual cortex, an increased BDNF signalling, induced by antidepressants or EE, has 

shown the reappearance of CP like plasticity and a reduction of GABA-mediated inhibition (Maya-

Vetencourt, Sale et al. 2008). However, there is ongoing debate as to whether BDNF plays a crucial 

role in the plasticity shift that occurs with development (reopening of the CP in the adult visual 

system). In the SSRI study, infusion of a low dose of BDNF directly into the visual cortex mimicked 

the effects of fluoxetine, which would suggest that BDNF is a critical mediator of the antidepressant 

drug effect in the visual cortex (Maya-Vetencourt, Sale et al. 2008). However, in a later study it was 

shown that food restriction was able to cause an OD shift in the rat adult visual cortex which, as 

expected, was accompanied by a reduction in ICI, but the plasticity from food restriction was not 

positively correlated with the BDNF or ECM modulation (Spolidoro, Baroncelli et al. 2011). This 

underlines the notion of Spolidoro, Sale et al. (2009) that ICI is a crucial hub in the regulation of 

plasticity.  

However, others point out that the rodent model might not be an ideal model for human visual 

plasticity. This is because only a small proportion of primary visual neurons receive binocular input in 

rodents, whereas in cats and primates most primary cortical neurons are sensitive to binocular 

input. But, to my knowledge, no such finding exists for the adult cat model. Furthermore, eyelid 

suture in rodents only reduces VA in a very modest way, compared with near blindness resulting 

from deprivation due to cataracts in adult humans (Sengpiel, 2013). It has been argued that no 

invasive intervention has been able to reverse MD after the CP in another model than the rodent 

model (Sengpiel 2013).  

In young cats, DE was able to fully eliminate amblyopia (Duffy and Mitchell 2013), which is in line 

with the finding in rats that dark rearing causes a delayed closure of the CP. 

Thus, it is still unknown whether it is the mature level of ICI that limits adult cortical plasticity in 

amblyopia; or, which factors contribute to the decline in experience-dependent plasticity after CPs 

(Harauzov, Spolidoro, DiCristo, 2010). However, animal research findings on OD plasticity and its 

cellular mechanisms in the adult brain are accumulating. 

Important for this research is that the study of adult rodents shows the potential to reopen the 

CP for binocular vision, or, for plasticity to functionally modify the adult cortex by SSRI modulation: 

through a reduction in ICI (Maya-Vetencourt, Sale et al. 2008). 
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1.5.2.3. Neurotransmitters as Ocular Dominance Plasticity Neuromodulators  

From the finding that SSRIs allow adult OD plasticity, it would appear that serotonin plays a role in 

OD plasticity. However, even though SSRIs are known to increase serotonin levels, as drugs, SSRIs 

influence a range of neurotransmitters. More research is needed to show whether serotonin plays a 

crucial role in reducing ICI, or in other words, whether the interaction of serotonin and inhibitory 

circuitry leads to plasticity (Spolidoro, Sale et al. 2009). Due to the possible effects of SSRIs on other 

neurotransmitters, it is important to consider what the influence of other neurotransmitters might 

be. Several neurotransmitters are known to be involved in modulating the state of the nervous 

system, such as: ACh (coming from the basal forebrain), noradrenaline (coming from the locus 

coeruleus), dopamine (midbrain), glutamate (nuclei of the thalamus), and serotonin (raphe nuclei). A 

range of neurotransmitters have been suggested to play a role in juvenile OD plasticity. For example, 

ACh (Kasamatsu and Shirokawa 1985, Bear and Singer 1986, Gu and Singer 1993), noradrenalin (Bear 

and Singer 1986) and serotonin (Gu and Singer 1995) are highly likely to play a crucial or modulating 

role in juvenile OD plasticity. This was revealed by interruption of these pathways, or by the use of 

antagonists to their transmitters (Daw 2014). What is important for this research is that the 

neuromodulators serotonin, noradrenalin and ACh have been proposed to be crucial for juvenile OD 

plasticity (Daw 2014). 
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1.5.3. Human Adult Plasticity: Amblyopia in Humans 

Amblyopia is a developmental disorder in which there is a large difference in visual function 

between the two eyes, without any functional abnormality in the amblyopic eye from clinical ocular 

examination (Holmes and Clarke 2006). Amblyopia is thought to be caused by a difference in the 

images seen by each eye during the CP for binocular vision, which leads to abnormal development of 

visual brain processing (Barrett, Bradley et al. 2004). 

There are three kinds of amblyopia: deprivation, anisometropic and strabismic amblyopia 

(Barrett, Bradley et al. 2004). The first type involves deprivation of the visual system or a loss of 

pattern information of one eye, due to cataract or other impediment, and is rare in humans, as in 

most countries surgical removal of the occlusion prevents this maldevelopment from happening. 

Deprivation amblyopia corresponds to the experimentally induced amblyopia used in animal 

research employing amblyopia as a model to investigate visual plasticity. In the second type, 

anisometropic amblyopia, the difference between the two eyes is due to unequal refractive error 

between the two eyes, which results in a chronically blurred image in one eye. In the third type, 

strabismic amblyopia, the different input from the two eyes is due to the misalignment of the visual 

axes.  

In humans, amblyopia is the most common cause of monocular vision loss in children, 

estimated at 1-5%, depending on the study and population studied (Von Noorden and Campos 

2002), however, no positive diagnostic test for amblyopia exists, so that it is generally expressed in 

the clinic as a VA loss in a healthy eye despite optical correction (Levi and Li 2009). A common 

definition of amblyopia based on VA is a difference of two or more logMAR lines between the eyes 

in best-corrected VA (Holmes and Clarke 2006). For centuries, patching of the fellow eye has been 

the traditional treatment for children (Loudon and Simonsz 2005). This forces the brain to use the 

weaker eye input by penalising input from the good eye (fellow eye) (Barrett, Bradley et al. 2004). 

People with amblyopia are limited in career options and have a reduced quality of life 

(Carlton and Kaltenthaler 2011). For example, they may experience decreased social contact, 

distance and depth estimation deficits, problems orienting, and anxiety regarding losing vision in 

their fellow eye. Furthermore, when the amblyopia is associated with strabismus, cosmetic issues 

are involved (Van de Graaf, Van der Sterre et al. 2004).  
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1.5.3.1. Amblyopic Vision: Deficits 

Strabismic patients often exhibit crowding problems: they have a better VA when letters are 

presented in isolation than in lines (Levi 2008). Hess and Howell (1978) have shown that in 

anisometropic amblyopia, contrast sensitivity in the amblyopic eye is reduced for all spatial 

frequencies, but especially for the high spatial frequencies. For strabismic and mixed amblyopia, 

contrast sensitivity function is reduced overall. However, the results of a large study show that 

amblyopia represents a broad range of visual deficits and that caution is needed when dividing 

amblyopia into functional anomalies according to amblyopia type (McKee, Levi et al. 2003). 

Therefore, a division into strabismic and anisometropic vision losses, often used in small sample size 

studies, is too simplistic as amblyopia involves a broad range of visual deficits (McKee, Levi et al. 

2003). Visual losses in human amblyopia include: contrast sensitivity (Hess and Howell 1978), 

complex motion perception (Simmers, Ledgeway et al. 2003), position judgements (Levi, Klein et al. 

1987), and stereopsis; an important visual deficit in amblyopia (McKee, Levi et al. 2003). Losses in 

spatial resolution and contrast sensitivity are typically attributed to abnormal primary visual cortex 

activity. However, the following visual deficits are also involved, second-order motion detection 

(Wong, Levi et al. 2001, Mansouri, Allen et al. 2005, Wong and Levi 2005), perception of real-world 

scenes (Mirabella, Hay et al. 2011), higher order attentional component processing tasks (Sharma, 

Levi et al. 2000, Ho, Paul et al. 2006, Popple and Levi 2008), number processing (Mohr, Mues et al. 

2010) and reading (Kanonidou, Proudlock et al. 2010). Additionally, development of gross visually 

guided motor function is affected (Wong 2012). These examples show that amblyopia affects 

processing of information within primary visual cortex and beyond, such as in extra-striate visual 

areas.  

1.5.3.2. Neural Basis of Amblyopia 

Consistent with what was shown by Hubel and Wiesel’s experimentally induced animal amblyopia, 

there is no significant anatomical abnormality in the retina in humans with amblyopia (Cleland, 

Mitchell et al. 1980, Huynh, Samarawickrama et al. 2009, Al-Haddad, Mollayess et al. 2011). In line 

with this, the existing cell morphologies in the LGN do not lead to a substantial abnormal response 

(Derrington and Hawken 1981, Blakemore and Vital-Durand 1986, Zele, Wood et al. 2010). 

Furthermore, the cell morphology changes in LGN do not correspond to the behavioural deficit in 

animals and humans in amblyopia (Wong 2012).  
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One study addressed the question of whether feedback to the LGN might be crucially 

involved in amblyopia by looking at both effective and functional connectivity (Li, Mullen et al. 

2011). For the effective connectivity of geniculate-striate and striate-extrastriate networks, there 

was a reduction during amblyopic eye viewing; this reduction was the same with feedback and 

feedforward, so the reduced LGN activity in amblyopia is not necessarily determined by feedback 

from the cortex only. The effective connectivity loss did not correlate to the fMRI regional activity 

loss, but the fMRI regional activity loss was correlated with the severity of amblyopia. 

Since many stages of visual processing are involved, the deficiency of the reduced contrast 

sensitivity of V1 neurons would not be enough to explain the (broad) visual loss in amblyopia (Levi 

2013). Currently, it is clear that visual dysfunction in amblyopia occurs within V1 (Goodyear, Nicolle 

et al. 2000, Hess, Li et al. 2009), as well as beyond the primary cortex (Lerner, Pianka et al. 2003, 

Muckli, Kieß et al. 2006, Li, Dumoulin et al. 2007, Hess, Li et al. 2009). Thus, amblyopia is not 

specifically manifest in one particular low-level brain region, but involves other regions than primary 

visual cortex. Additionally, there are visual deficits when amblyopia patients use their good or fellow 

eye, compared to controls (Levi and Klein 1985, Hayward, Truong et al. 2011, Simmers, Ledgeway et 

al. 2011). Furthermore, there are visual deficits when amblyopic patients view with both their 

amblyopic and fellow eyes, supporting the idea that amblyopia results in abnormal processing at 

both low and high levels of visual processing (Kanonidou, Proudlock et al. 2010, Mirabella, Hay et al. 

2011, Thompson, Richard et al. 2011).  

How can we measure amblyopia physiologically in the cortex, and how can improvements in 

visual function be measured? The technique of VEP recording allows for measurement of the 

integrity of the visual pathways and it was shown that VEP responses differ between amblyopic and 

fellow (non-amblyopic) eyes (Holder 2010). For example, increased VEP latencies or an increased 

implicit time, and decreased P100 amplitudes as compared to controls have been observed in 

amblyopic observers (Sokol 1983, Oner, Coskun et al. 2004, Parisi, Scarale et al. 2010). The P100 

amplitude is argued to originate from the primary cortex (Brecelj, Kakigi et al. 1997). An increase in 

VEP P100 implicit times was only found for stimuli with a high spatial frequency in one of these 

studies, which was proposed to be attributable to a delay in post retinal neural conduction (Parisi, 

Scarale et al. 2010). By contrast, more recent studies show that the VEP is not always different in 

amblyopic vision. For example, the VEP P100 latency in amblyopia was only delayed in about half of 

a group of infant patients (Sokol 2012). This was followed by another study that showed that there 

was no significant difference between the amblyopic and fellow eye, for either the P100 amplitude 

or latency (Halfeld Furtado de Mendonça, Abbruzzese et al. 2013).  



 
 

53 
 

However, for some treatment or vision screening purposes, both VEP latency and amplitude 

might be useful in predicting treatment duration and outcome. This method has been shown in 

anisometropic children to be successful in predicting occlusion therapy outcomes in parallel with 

subjective measurements of VA in the amblyopic eye. Specifically, the P100 amplitude of the P-VEP 

significantly increased after treatment when compared with baseline values (Oner, Coskun et al. 

2004). Chung, Hong et al. (2008) tested whether VEP latency before treatment would predict success 

in occlusion therapy, and whether this differed depending on amblyopia type. The initial P100 VEP 

latency significantly related to visual improvement after occlusion or glasses therapy in different 

types of amblyopia, therefore, it is possible that patients with a delayed P100 latency might have 

less visual improvement after occlusion therapy or glasses (Chung, Hong et al. 2008). They did not 

find a linear correlation between P100 latency and vision improvement, but, in cases with a longer 

than 120 ms latency, a significant improvement in VA was found. Due to the fact that a longer 

latency is commonly found in amblyopia, the authors propose that more studies are needed in order 

to apply VEP as a predictor of amblyopia treatment. 

1.5.3.3. Suppression 

Hubel and Wiesel demonstrated that neural competition is the underlying mechanism in juvenile 

plasticity that results in an OD shift away from the deprived eye (Hubel and Wiesel 1965, Hubel and 

Wiesel 1970). However, recently it has been suggested that neural competition, in the form of 

suppression, renders a structurally intact binocular visual system functionally monocular in adults 

with amblyopia (Hess, Thompson et al. 2014).  

Binocular summation is the advantage of binocular vision that surpasses the addition of two 

monocular inputs, and so is due to neural processing. This can be seen with low contrast grating 

stimuli, whereby contrast sensitivity is increased 1.4-1.8 times under binocular viewing conditions 

compared to monocular viewing. Against the notion that amblyopic patients lack binocular 

summation, Baker, Meese et al. (2007) demonstrated that binocular summation was present and 

even normal, if contrast for the amblyopic eye was adjusted to its detection threshold. Therefore, 

instead of binocularity being present or not, binocularity lies on a continuum.  

To quantify how much suppression is present in human amblyopia, Mansouri, Thompson et al. 

(2008) calculated interocular contrast ratios for binocular vision, in patients with amblyopia. This 

was done by artificially reducing contrast for the fellow eye until a point was reached where the 

information of the two eyes was combined. The contrast difference between the two eyes required 

for normal binocular combination was called relative contrast. The relative contrast corresponds to 
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the strength of amblyopic eye suppression, also referred to as the balance point (Mansouri, 

Thompson et al. 2008, Hess, Mansouri et al. 2010, Li, Hess et al. 2013). Li, Thompson et al. (2011) 

showed that stronger suppression was associated with greater VA loss in the amblyopic eye 

indicating that suppression may play a key role in amblyopia. Additionally, studies have indicated 

that there is comparable degree of suppression in both anisometropia and strabismic amblyopia 

types (Li, Thompson et al. 2011, Li, Hess et al. 2013). Interocular suppression was also shown to 

correlate to visual loss in primates with induced amblyopia (Bi, Zhang et al. 2011). Due to the broad 

visual deficiencies in amblyopia (that involve primary and extra-striate areas, monocular and 

binocular vision), the extent of suppression and associated loss of binocular function has been 

argued to be a better quantification of amblyopia deficiency than amblyopia type. Additionally, 

recent evidence was found that instead of binocular function to be lost in adulthood, it might be 

actively suppressed. 

1.5.3.4. Amblyopia Treatments 

Interestingly, treatment of amblyopia has remained the same for many years: full optical correction 

and occlusion of the fellow (non-amblyopic) eye (Barrett, Bradley et al. 2004, Loudon and Simonsz 

2005). Thus, the historical patching of the fellow eye has been the traditional treatment for children, 

which forces the brain to use the weaker eye input by penalising input from the good eye. Patients 

with mild to moderate amblyopia are usually prescribed complete occlusion for between two and six 

waking hours per day, over a period of between several months to over a year (Pediatric Eye Disease 

Investigator Group 2003, Stewart, Stephens et al. 2007). For moderate to severe amblyopia more 

patching is prescribed, for severe amblyopia sometimes even full-time occlusion (Dorey, Adams et al. 

2001, Stankovic and Milenkovic 2007). In children of three to eight years a large-scale study showed 

that the dose-response rate for occlusion is approximately 0.1 log unit (one chart line) per 120 hours 

of occlusion, with the treatment efficacy of three to four logMAR lines (Stewart, Moseley et al. 

2004). The treatment outcome depends on several factors: occlusion dose, depth of amblyopia, 

binocular status, fixation pattern, the age at presentation, and patient compliance (Loudon and 

Simonsz 2005, Stewart, Fielder et al. 2005). 

Patching has also been shown also to be effective in some adults, although larger doses are 

required (522 hours of patching over 37.3 weeks) (Chen, Chen et al. 2008). However, patching 

treatment for adults has not been widely clinically accepted. 

 



 
 

55 
 

1.5.3.4.1 Pharmacological Interventions in Amblyopia 

The neurotransmitter dopamine has been considered as a potential pharmacological intervention in 

amblyopia (Campos and Fresina 2006). Gottlob, Stangler-Zuschrott, (1990) found a short-term effect 

of levodopa (the precursor of dopamine) on contrast sensitivity and fixation point scotomas in 

amblyopic eyes of adult patients. Gottlob, Weghaupt et al. (1989) found a shorter P-ERG latency 

than before Levodopa administration that did not depend on the spatial frequency of the visual 

target, which would suggest changes to occur even at the retinal level. However, for VEP latencies, 

there was only a clear reduction for the high spatial frequency targets. They suggested that, as the 

changes at the retina were not correlated with spatial frequencies while the VEP latencies were only 

reduced at high spatial frequencies, the levodopa effect on the retina was modified at the cortical 

level. This notion of the therapeutic effect being at the visual cortical level was confirmed in a more 

recent study using fMRI. This study showed that, when older children were treated with a 

combination of carbidopa and levodopa, the spatial extent of visual cortical activation (volume ratio 

between abnormal and sound eye stimulation) was significantly increased (Yang, Yang et al. 2003).  

Since 1992, the use of CDP-choline (cytidin-5’-diphosphocoline, or citicoline) in amblyopia has been 

investigated in combination with patching (Campos and Fresina 2012). Citicoline is a 

psychostimulant/nootropic and is a form of the essential nutrient choline. Supplementation with 

citicoline can increase choline availability for ACh synthesis. Citicoline does not have systemic side-

effects and enhances endogenous dopamine activity (Campos and Fresina 2012). CDP-choline has 

been shown to improve part-time occlusion in juvenile amblyopia, and was shown to stabilise VA 

improvements after 90 days compared to patching alone (Fresina, Dickmann et al. 2008). It was only 

possible to administer citicoline intramuscularly until recently (Campos and Fresina 2012) and the 

effectiveness in children has been supported (Pawar, Mumbare et al. 2014). What the effects of 

citicoline are on adult amblyopia is not yet clear and remains to be studied. 

As neurotransmitters are involved as neuromodulators in the juvenile system, and a recent 

animal study has demonstrated the potential of SSRIs to enhance adult OD plasticity when combined 

with patching (Maya-Vetencourt, Sale et al. 2008), a clinical trial is needed to translate these animal 

research findings to the treatment of human adults with amblyopia. 

1.5.3.4.2 Perceptual Learning as a Treatment for Adult Amblyopia 

Levi and Polat (1996) showed that even in adults with amblyopia, PL of a Vernier acuity task can lead 

to visual improvements but indicated that they are task-specific (as PL did not lead to improvement 

in a detection task). Furthermore, they found that there was transfer to the other eye. Therefore, 
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because the learning was task-specific and location-specific, but not eye-specific, they surmised that 

there is adult plasticity involving early neural processes located beyond binocular processing. 

The transfer of contrast detection training at a single spatial frequency to contrast sensitivity 

at other spatial frequencies (the bandwidth of learning) was investigated using PL in both the 

amblyopic and normal visual system (Huang, Zhou et al. 2008). This is important as it shows the 

specificity of training across a range of spatial frequencies; for amblyopic vision, this gives an 

indication of how much of the PL training will transfer to clinically relevant changes in visual 

function. This was done by training of a grating detection task at the cut-off spatial frequencies of 

participants. Sensitivity to sine-wave gratings of various spatial frequencies, or contrast sensitivity 

functions (CSFs), were measured before and after PL in teenagers and adults. For both 

anisometropic amblyopes and normal observers, contrast sensitivity training improved contrast 

sensitivity at the training frequency, and importantly, the bandwidth of learning was much greater 

for amblyopic observers than for normal observers. Huang, Zhou et al. (2008) showed that the 

bandwidth of learning for contrast sensitivity in amblyopia is 4 octaves of spatial frequency, 

compared to 1.4 octaves for the normal observer.  

These results show that training of spatial frequencies generalises more to other frequencies 

in anisometropic amblyopia and that those with amblyopic vision have more to gain from PL training 

targeting contrast sensitivity than observers with healthy vision. In this way, the amblyopic 

observer’s visual cortex can be seen as more plastic than that of the normal visual cortex. 

More evidence that the improvement in amblyopic vision from PL transfers to other 

clinically relevant measures, comes from a study that showed that low-level training, such as on 

contrast sensitivity, can lead to improvement in a higher-level task, such as a letter-recognition task. 

Reasoning that amblyopia patients show abnormal lateral cortical interactions with an extended 

range of inhibition, Polat, Ma-Naim et al. (2004) trained contrast sensitivity for Gabor stimuli in the 

presence of flankers. Training consisted of a total of 31-59 sessions (around 30 minutes per session 

daily for two to four weeks). The learning from the contrast sensitivity task generalised to an 

improvement in the letter-recognition task, and the improvement was long lasting.  

Together these findings show that PL is a valid treatment for amblyopia, and adds to the 

accumulating evidence against the traditional view that the adult visual cortex lacks plasticity. Levi 

and Li (2009) summarized PL findings in amblyopia and showed that, for severe amblyopia, a plateau 

in improvement is reached after approximately 50 hours of training (35000 trials), but that perhaps 
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even longer and extended learning is evident in adults with amblyopia. Levi and Li (2009) argue that 

in general, after 50 hours of treatment, PL training is eight times more effective that patching alone. 

Whether PL is a more effective treatment than a patching treatment is, however, still a hot 

topic of research today. Wong (2012) argues that even with the many studies that demonstrated PL 

is capable of improving amblyopic vision- there seem to be only three small studies that include 

appropriate control groups (Polat, Ma-Naim et al. 2004, Chen, Chen et al. 2008, Liu, Zhang et al. 

2011). In the first study, Polat, Ma-Naim et al. (2004) used two PL conditions: the first a single Gabor 

target and the second condition a Gabor target with collinear, high contrast flankers measuring 

contrast threshold. Their patients showed substantially more improvement in contrast sensitivity 

and letter-recognition tasks after PL than a patching-only group. Conversely, Chen, Chen et al. (2008) 

showed that, in anisometropic amblyopia, patching resulted in a larger improvement than PL 

treatment. This led the authors to suggest that PL is merely an alternative to patching treatment. 

However, in this study, the two groups differed in baseline characteristics such as age and treatment 

intensity. The last study was a preliminary pilot study, due to its small sample size, and involved both 

a no longer responsive to patching treatment and a never patched juvenile group. Both groups 

showed a small but significant improvement in VA after PL (grating acuity learning) (Liu, Zhang et al. 

2011).  

1.5.3.4.3 Binocular Training as a Treatment for Adult Amblyopia 

As discussed in Section 1.5.3.3, in amblyopic vision, binocular summation can still be possible when 

presenting higher contrast images to the amblyopic eye (Baker, Meese et al. 2007, Mansouri, 

Thompson et al. 2008). Hess, Mansouri et al. (2010) showed that prolonged viewing of stimuli that 

could be combined between the two eyes resulted in reduced intraocular suppression and 

strengthened binocular vision in three adults with amblyopia. From these findings, a binocular 

treatment was devised involving a game on an iPod so that patients could take the device home and 

train whenever possible, with, for example red and green anaglyph glasses  (Long, Thompson et al. 

2011, Hess, Thompson et al. 2012). In the Tetris game, some blocks are presented to the amblyopic 

eye in high contrast whereas other blocks are presented to the fellow eye at a low contrast, tailored 

to the patient’s suppression level. After repeated exposure with stimuli that enable binocular 

processing, suppression of the amblyopic eye was reduced until no contrast difference was 

necessary, which resulted in improved VA in the amblyopic eye, and restoration of stereoscopic 

depth perception (Hess, Mansouri et al. 2010, Hess, Mansouri et al. 2010, Hess, Mansouri et al. 

2011). With time, the contrast difference between the eyes is reduced until the game can be played 
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with equal contrast. From case studies, a duration of six weeks of this binocular treatment has been 

suggested to be sufficient for significant improvements (Hess, Mansouri et al. 2010, Hess, Mansouri 

et al. 2011, Long, Thompson et al. 2011, Knox, Simmers et al. 2012). 

This approach of binocular training is different from PL, which typically consists of monocular 

training (Levi and Polat 1996, Polat, Ma-Naim et al. 2004, Levi and Li 2009, Astle, Webb et al. 2011). 

The treatment is rapid (on the order of weeks) and visual improvements have been shown to last at 

least one month after treatment (Long, Thompson et al. 2011, Hess, Thompson et al. 2012). 

These findings in human amblyopia show that rather than a lack of binocular function, 

binocular function is suppressed (Hess, Mansouri et al. 2011, Hess, Thompson et al. 2014). These 

findings are underlined by neurophysiological animal findings (Sengpiel, Jirmann et al. 2006). The 

locus of plasticity involved in this binocular game is believed to be a binocular site (Hess and 

Thompson 2013). Animal research showed that, in the adult system, enhanced inhibitory 

interactions in the visual cortex impede OD plasticity, so that suppression of the amblyopic eye is 

reflected by enhanced GABAergic inhibition, or ICI (Maya-Vetencourt, Sale et al. 2008, Spolidoro, 

Sale et al. 2009). Now that human studies have quantified suppression objectively, as a next step, it 

would be interesting to investigate the relationship between the amount of suppression measured 

psychophysically and the suppression at the intracortical level in the visual cortex (as shown to 

underlie amblyopia in animal studies). 
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1.5.4. Summary Amblyopia as a Plasticity Model 

In the 1960s, when not much was known about the functional structure of visual brain areas, Hubel 

and Wiesel discovered experimental amblyopia as a plasticity model (Hubel and Wiesel 1965, Hubel 

and Wiesel 1968). From this ground-breaking research we now know that, in the young brain, MD 

leads to disruption of binocularity within V1. In particular, OD plasticity during the CP leads to a 

decrease in cortical response to the deprived eye and a strong increase in the number of neurons 

driven by the open eye. This, in turn, is accompanied by a poor development of VA and contrast 

sensitivity for the deprived eye (Hubel and Wiesel 1963). 

Whereas early studies explored the closure of the CP for binocular vision to investigate what 

underlies juvenile plasticity (Hubel and Wiesel 1965, Hubel and Wiesel 1970, Hensch, Fagiolini et al. 

1998), more recent animal studies employ experimentally induced amblyopia to investigate adult 

plasticity mechanisms and how plasticity in the adult system can be restored and/or enhanced 

(Maya-Vetencourt, Sale et al. 2008, Spolidoro, Sale et al. 2009). This more recent animal research 

challenges the traditional view that amblyopia is only treatable in children. These research findings 

showed that, by reducing ICI, the CP for binocular vision could be reopened in the adult visual cortex 

(Spolidoro, Sale et al. 2009, Sale, Berardi et al. 2010). In this way, adult OD plasticity has been shown 

with MD by: complete DE (He, Ray et al. 2007), EE (Sale, Maya-Vetencourt et al. 2007, Tognini, 

Manno et al. 2012), food restriction (Spolidoro, Baroncelli et al. 2011) and, most important for this 

research, the SSRI fluoxetine (Maya-Vetencourt, Sale et al. 2008). In the latter study, it was shown 

that amblyopia could be induced and reversed in adult animals when monocular deprivation and 

SSRIs were combined. This study showed that plasticity as a result of chronic SSRI administration can 

occur in parallel, but is not dependent on, BDNF or ECM modulation, as the SSRI fluoxetine directly 

modulated plasticity through the reduction of inhibition (Maya-Vetencourt, Sale et al. 2008, 

Spolidoro, Sale et al. 2009).  

In translating animal findings from the study by Maya-Vetencourt, Sale et al. (2008) to 

humans, or to the optometry clinic, there are some limiting factors. Human amblyopia could be 

argued to be less severe than that induced by eyelid suture in animal models. In addition, human 

patients are heterogeneous with different causes, durations and severities of amblyopia. This is in 

contrast to animal models where variability between animals is minimized. In this context, variability 

between human patients in the onset of amblyopia can be important. For example, human 

electrophysiological findings show that early vs. late onset adult strabismic amblyopia patients 

(onset before or after 18 months of age) differ in VEP magnitude and latency whereby only early 
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onset patients showed an abnormal C2 response in their fellow eye (Davis, Sloper et al. 2003). 

Additionally, a study by Zhang and Zhao (2005), used multifocal VEP measurement and found 

abnormally long latencies and reduced amplitudes only for late-onset strabismic amblyopes in the 

central region of visual field in the amblyopic eye.  

The traditional treatment for amblyopia is patching of the amblyopic eye. However, this is 

only considered a treatment for children, not adults, due to the lack of plasticity in the adult visual 

system. However, even in children treated for amblyopia, only 50% of children achieve normal vision 

in their amblyopic eye (Pediatric Eye Disease Investigator Group 2005). This was traditionally 

thought to be the result of late treatment, but more recent findings show an absence of an age 

effect in children treated with patching (Holmes and Clarke 2006). Holmes and Clarke (2006) 

therefore suggest that factors to be considered in treatment failure in children are: subtle ocular and 

cerebral pathology, inaccurate refractive correction and lack of compliance.  

As discussed in Section 1.5.4.3, VPL was shown to be effective in improving adult amblyopic 

vision (Levi and Polat 1996, Polat, Ma-Naim et al. 2004, Chen, Chen et al. 2008, Liu, Zhang et al. 

2011), and there is evidence that the transfer of PL to untrained stimuli is more general in amblyopic 

vision than in healthy vision (Huang, Zhou et al. 2008). Furthermore, binocular treatments have been 

shown to improve VA in adult amblyopia (Baker, Meese et al. 2007, Mansouri, Thompson et al. 2008, 

Hess, Mansouri et al. 2010, Hess, Thompson et al. 2012, Hess, Thompson et al. 2014). These recent 

findings suggest that, rather than a closure of the CP for binocular vision, interocular suppression 

underlies amblyopia in both juvenile and adult amblyopia; which raises important issues for 

treatment of this disorder. In addition to a reducing suppression in adults with amblyopia, it is 

possible that binocular training resembles EE effects. For example, EE effects in the adult brain range 

from the molecular to the anatomical and functional level (Van Praag, Kempermann et al. 2000). 

Currently, it remains an open question what the ideal behavioural treatment for amblyopia would be 

(monocular training, binocular training, or both). 

This research translates the findings of animal research (Maya-Vetencourt, Sale et al. 2008) to 

humans by testing the effects of SSRIs on brain plasticity. These effects are assessed in participants 

with normal vision (Study 1) and in adults with amblyopia (Study 2 and 3).  
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Chapter 2. Study 1: SSRIs and Plasticity in the Healthy 

Visual Cortex 

In this first study, 20 healthy male participants with normal vision were randomized to a three-week 

course of twenty tablets of a placebo (methylcellulose), or of fluoxetine (20mg per day) and on the 

first day of tablets a citalopram tablet (20 mg). Citalopram was administered on the first day so that 

the acute effect of SSRIs could be measured, as this SSRI has a more rapid effect than fluoxetine.  

Participants were tested on 14 occasions of which the first two sessions were familiarisation 

sessions. Every session included the MDD task introduced by Ball and Sekuler (1982) that could be 

presented at two different orientations. After two weeks of taking a daily tablet (SSRIs or placebo), 

participants trained on the MDD task at one orientation for five consecutive days. Task difficulty was 

set at the angular difference corresponding to 75% correct, which was estimated according to their 

pre-training psychometric function measurements. After the training, all participants were 

administered a benzodiazepine so that the amount of learning could be assessed for the trained 

motion direction and an untrained direction with and without a single dose of the benzodiazepine 

triazolam (0.0625 mg). With the exception of the five training days, visual and motor cortical 

excitability was measured using TMS at every session. 
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2.1. Method Study 1: Plasticity in the Healthy Visual Cortex 

2.1.1. Recruitment 

In order to recruit participants, flyers were placed on notice boards around the university campus, a 

newspaper advertisement was placed (see the Appendix), and an advertisement was posted through 

a webpage designed for participant recruitment (getparticipants.com). Also, sometimes participants 

made contact via email after hearing about the study through word of mouth.  

 

Figure 3. Flowchart showing the recruitment process for experiment 1. 
The different stages were initial recruitment (left column), the first meeting with the participant 
(middle column) - note that data were only collected if the participant consented, and final screening 
prior to enrolment (right column). 

 

After initial email contact (briefly informing about the study and its eligibility criteria), a meeting 

was arranged to discuss the study, using the participant information sheet (PIS) as a guide (see 

Appendix). Eligibility and time commitment requirements were fully explained and discussed. If the 

person was interested in participating, a consent form was filled out, as well as the screening forms 

(additional checklist, TMS checklist, described below). Each participant took home an example of a 

calendar schedule, including contact details of the involved researchers and the PIS.  

2.1.2. Screening 

Inclusion criteria were: male, right-handed, aged between 18 and 40 years old, normal or corrected-

to-normal vision. Exclusion criteria were: personal or family history of a mood disorder such as 

depression or bipolar disorder, smoker, diabetes, history of: drug, alcohol or nicotine addiction, use 
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of medications or supplements known to alter mood; such as St John’s Wort, history of seizures, 

postgraduate students supervised by one of the researchers involved in the study. This final 

exclusion criterion was adopted on the advice of the Northern X ethics committee. Right handed 

males were recruited to reduce variability in the measurement of motor cortex excitability due to 

handedness or hormonal changes during the menstrual cycle.  

Screening for whether using SSRI medications was safe was conducted using a medication 

screening checklist which checked for key exclusion criteria combined with information on mood 

state and stability from two mood questionnaires; The Profile of Mood State – Short Form 

questionnaire (POMS-SF), and the Depression, Anxiety and Stress Scale (DASS-21), see the Appendix 

for the forms used for screening. These forms were anonymously sent out to the collaborating 

psychiatrist who decided whether the participant should be enrolled. Only after participants were 

about to begin in the study were participant details emailed back for the writing of prescriptions and 

the dispensing of the medications. Screening for eligibility for TMS was carried out by a consultant 

neurologist using a TMS checklist that included all known contraindications for TMS. The Edinburgh 

Handedness Inventory was filled out to ensure all participants were right-handed as this was 

important to reduce variability. Finally, after the first week of taking the drugs, a second set of POMS 

questionnaires were completed and scored to check whether there had been any sudden changes in 

mood.  

2.1.3. Ethics Approval 

The study was approved by the Northern X Ethics committee on the 1st February 2009, under 

approval reference number: NTX 09/02/007. All participants gave full written informed consent. 

2.1.4. Compensation  

Participants were compensated for their time through $600 of vouchers (groceries, petrol or a 

combination) after participating.  
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2.1.5. Compliance  

A urine sample was required on day 18, or session 12 (which was on a Wednesday) to ensure that no 

recreational drugs aside from alcohol had been consumed during the course of the study.  

2.1.6. Drug prescription  

The medications were dispensed by a registered pharmacist following a prescription written by a 

senior consultant psychiatrist who was a collaborator on this study. For dispensing, full details were 

emailed to the psychiatrist (full name, date of birth, address, and contact phone number). The blister 

packs were stored in a locked cabinet at Grafton Medical building or at the Auckland City hospital, 

until required by the participant. Participants were told to take one tablet daily and were instructed 

to contact the psychiatrist if they felt worried or concerned they were having any side effects from 

the medications. Half the participants received the drug (the active group) and half the placebo (the 

placebo group). Group membership was randomized by computer and only the drug dispenser was 

unmasked, not the experimenter or the participant. At the start of the study, on the very first 

session, the participant was given a small copy of the calendar (which explains testing locations, 

drugs etc.) and a very small pocket contact list (also including contact details of the investigators 

involved). The participant received a call (or a reminder through a text message) on the first day of 

taking tablets to ensure procedural accuracy. The first pill day and the last had to be taken strictly 

two hours before testing whereas for the other tablets it was okay to have them during breakfast. 

The medications were handed over to the participants on a week-by-week basis.  
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2.1.7. General Flowchart of the Study 

 

Figure 4. Flowchart of the study. 
Flowchart of the study showing the schedule per week, and day of week, medication and 
measurements, where “S” stands for session, and “Pl” for placebo tablet, cital: citalopram, fluox: 
fluoxetine, MT: motor threshold, PT: phosphene threshold, Washout: final or follow-up session. 
Participants participated during fixed timeslots throughout the entire study, except for the first two 
familiarisation sessions (either from 12-2, 1.15-3.15, 2-4, or 3.15-5.15 PM). 

 

The first SSRI/placebo tablet was administered on a session taking place on the Thursday of the 

week after the first two familiarisation sessions. The times of the first two familiarisation sessions 

were flexible. For the active group, the first SSRI drug dose was citalopram (20mg) to allow for the 

measurement of acute SSRIs effects, followed by 20 daily doses of fluoxetine (20 mg). On the last 

day of medications (day 26), a tablet containing the benzodiazepine triazolam (0.0625 mg) was 

administered to all participants to assess the effect of enhanced GABA function on learning. On this 

day participants were instructed not to drive or operate machinery, and were taxied to/from 

University. The final follow up session took place a week after the triazolam session.  
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2.1.8. Experimental Sessions 

There were 14 experimental sessions of which the first two sessions were familiarisation sessions. 

On each session the POMS questionnaire was filled out to assess mood. On nine sessions (including 

the first two familiarisation sessions), psychometric functions for the MDD task were measured and 

transcranial magnetic stimulation (TMS) methods were used. After two weeks of placebo/fluoxetine 

administration, five sessions of VPL training took place, and after this the remaining two 

experimental sessions.  

There were two different types of sessions. In the majority of sessions psychometric functions 

were measured for the MDD task for each of two motion orientations (255˚ and 315˚). For these 

measurements, the angular threshold giving rise to 75% correct performance was the outcome. In 

addition, TMS was used to measure motor and visual cortex excitability. During the five consecutive 

VPL sessions (in which the difficulty level of the MDD task was set to 75% correct for each 

individual), participants completed blocks of the MDD task with feedback so that the amount, rate 

and transfer of learning could be compared between the two groups. No other measurements were 

made and percent correct accuracy was the outcome variable. Together, these perceptual learning 

and training sessions allowed for a comparison of the amount and rate of learning and the stimulus-

specificity of the learning (i.e. the amount of transfer to the untrained motion orientation) between 

the placebo and active groups.  

2.1.8.1. Psychophysical/Behavioural Testing: VPL Training 

The psychophysical / behavioural task and training sessions consisted of a MDD task which required 

participants to determine whether two consecutively presented fields of moving dots moved in the 

same direction to each other or different directions. Participants were seated in dimmed light, 65 cm 

from the computer screen with the keyboard on their lap or on the table. Instructions were given to 

the participants. The task was not a reaction time task and so they were told to have a break 

whenever they wanted by delaying a button press. They were instructed to focus on the centre dot, 

pay attention to the two consecutive fields of moving dots and to press either the left or right arrow 

key to indicate whether the two motion directions were the same or different. 
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2.1.8.2. Stimulus 

The stimulus was constructed from 400 dots distributed within an 8° circular aperture. The stimuli 

moved coherently above or below a fixed motion orientation which was either towards the top right 

hand corner (315˚ orientation) or the top left hand corner of the screen (225˚ orientation). The two 

consecutive stimuli could either move in the same or in different directions. If the stimuli moved in 

different directions, one direction was always above the fixed motion orientation and one was 

below. In other words, the fixed motion orientation bisected the two motion directions. See Figure 1 

in the introductory chapter on VPL showing a simplified example of the task. Task difficulty was 

manipulated by varying the angular difference between the two directions shown in a trial. For 

example at a 30 degree angular difference one stimulus moved in a direction 15° above the motion 

orientation and the other moved in a direction 15° below the motion orientation.  

The use of two motion orientations allowed for participants to be trained on one orientation 

and then tested on the other orientation to assess the extent of transfer of learning to an untrained 

stimulus. Psychometric functions were measured for each of the two motion orientations separately 

using the method of constant stimuli. Participants completed 700 trials; the motion threshold 

measurement consisted of 140 trials for each of 5 angular differences (12°, 10°, 8°, 6°, and 4°) that 

were presented in a random order. A Weibull function was fitted to the resulting data to provide an 

estimate of the 75% correct threshold angular difference. Following the two familiarization sessions 

(explained below), the participant’s official start was on a Monday (see Figure 4). 

At each experimental session, except for the five consecutive VPL sessions, the participant 

completed two psychometric function measurements (one at each motion orientation), which 

provided 75% correct angular threshold estimates.  

Participants performed five consecutive days of VPL training with visual feedback (described 

below), during which only one motion orientation was presented. The motion orientation trained 

(either 225˚ or 315˚) was counterbalanced across participants. Each of the five VPL training sessions 

involved 700 trials at a fixed angular difference that corresponded to the participant’s 75% correct 

angular difference threshold provided by the psychometric function measurements and resulted in a 

percentage correct as the outcome measure.  
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2.1.8.3. Familiarisation Sessions 

Prior to the participant’s official start in the study they attended two familiarization sessions (see 

general flowchart). In session one, the participant was familiarized with the visual task, by 

performing 40 trials at an angular difference of 15°. Participants received more training if needed, 

until the percentage correct reached 90% accuracy. On these initial practice blocks, participants 

were provided with feedback: the fixation point (see Figure 1) turned red if participants had given 

the incorrect answer or green if the response was correct. There was one block of training for each 

orientation: a practice block for the top left corner (225°) orientation, and a practice block for the 

top right corner (315°) orientation. These two orientations were 90 degrees away from each other.  

After these initial training blocks, participants then completed two psychometric function 

measurements with feedback, one for each motion orientation. After these practice blocks, the 

psychometric function measurements were conducted without feedback. The five consecutive days 

of VPL training included feedback in the same way as in the familiarisation sessions. 

2.1.8.4. Transcranial Magnetic Stimulation 

As an index of cortical excitability, TMS was used. For the visual cortex, the subjective perception of 

phosphenes (the sensation of a brief flash of light) was induced using occipital lobe TMS. For the 

motor cortex, an objective measurement of the cortical response to TMS is possible by measuring 

the muscle response of the thumb using electrodes when stimulating the motor cortex hand area 

with TMS.  

2.1.8.4.1 Visual Cortical Excitability 

Visual cortex excitability was assessed nine times over the course of the study (including during the 

two practice/familiarization sessions): prior to drug commencement, when participants were taking 

the antidepressant/placebo, and a week following drug cessation (wash out session). Two different 

ways of measuring phosphene perception were used: the phosphene threshold, and the new 

method of measuring suprathreshold phosphene perception. 

2.1.8.4.1.1 Phosphene Threshold (PT) 

The participant was seated in a dark room, wearing black glasses and instructed to keep their eyes 

open, while gazing straight ahead.  
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Single-pulse TMS was delivered using a flat figure of eight coil, held with the handle pointing 

up. Initially the centre of the coil was positioned 2cm above the inion, and the coil position was 

altered in 1cm steps in a grid pattern until the optimal position for eliciting a phosphene was 

determined. A low stimulus intensity was used initially of 30% maximum stimulator output (MSO), 

which was increased gradually until a phosphene was observed reliably. Phosphenes were verified 

by ensuring that they occurred in the hemifield contralateral to the stimulated hemisphere. If at 

100% MSO no phosphene was observed, participants were asked to remove the dark glasses and 

relax for a few minutes, before trying again. If after a number of coil positions no visible phosphenes 

were perceived, visual cortex stimulation was stopped. If the participant was able to report the 

presence of a phosphene, the threshold for eliciting a phosphene was determined, which was 

defined as the minimum intensity producing a visible phosphene on four out of eight consecutive 

TMS pulses. Thus, the phosphene threshold was determined using the descending method of limits. 

This procedure was followed on every experimental session.  

2.1.8.4.1.2 Phosphene Intensity Curve used for Suprathreshold Phosphene Perception 

Additional to the phosphene threshold, visual cortex excitability was also measured by using a 

measure of suprathreshold phosphene perception. For this, the participant was first given a strong 

TMS pulse to induce a clear suprathreshold phosphene that provided a reference for maximal 

phosphene intensity. The strength of the pulses used to generate the reference phosphene and the 

other phosphenes that made up the suprathreshold measurement were calibrated to the phosphene 

threshold measured on that day. Stimulation strength was always in the range of 40-100 MSO, and 

there were five stimulations for each of five stimulation strengths, with the minimum pulse strength 

set to be above the participant’s phosphene threshold for that session. The ranges of pulse strengths 

that could be chosen were 40-80% MSO, 50-90% MSO, or 60-100% MSO. As an example, if the 

phosphene threshold measure on the testing day as 55% MSO then the 60-100% MSO stimulation 

range would be chosen. This range consisted of five stimulation strengths: 60, 70, 80, 90 and 100% 

MSO. After each TMS pulse (which was delivered over the optimal phosphene induction site 

identified during the phosphene thresholding procedure), the participant removed the black glasses 

(in dimmed light) and bisected a line on an intensity rating scale to indicate how intense the 

phosphene was compared to the reference phosphene (a phosphene induced by the strongest 

stimulation strength provided in the range).  

The visual analogue or intensity rating scale consisted of a line of 100 mm in length for each 

trial. The position of the tick mark used by the participant to bisect the line was measured (in mm) 
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from the “not at all” mark; see Figure 5 for the rating scale used for suprathreshold perception 

measurement. The position of the tick mark determined the perceived phosphene intensity relative 

to the strong reference phosphene, which fell at the “very strong” mark on the scale. The average 

intensity rating for the five trials conducted at each stimulation strength was calculated and the 

resulting data were fit with a logistic function. This allowed for the strength of TMS stimulation (% 

MSO) to be calculated that corresponded to a perceived suprathreshold phosphene intensity that 

fell half way between the two ends of the intensity rating scale.  

                        

 
Figure 5. Phosphene suprathreshold measurement. 
On the left: phosphene threshold coil orientation (for demonstration in bright light and without the 
goggles). On the right: visual analogue / intensity rating scale used for the participant to score the 
intensity rating of every pulse.  
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2.1.8.4.2 Motor Cortex Excitability  

Participants were seated comfortably with their hands resting on a pillow on their laps, see Figure 6. 

Electromyography (EMG) was recorded by using electrodes placed on the abductor pollicis brevis 

(APB) muscle and the first dorsal interosseous (FDI) muscle, of the right hand. The hotspot (the area 

on the skull that gives most response in the APB electrodes) was determined using a single pulse 

magstim200 unit (a TMS stimulator). A flat figure of eight coil was used for this and positioned over 

the left motor cortex to induce posterior to anterior (PA) current. The excitability of the motor 

cortex was determined by the Rest Motor threshold or Motor Threshold (MT), which is the lowest 

intensity that gives a response greater than 50 μV, on four out of eight consecutive stimulations. 

                                         

Figure 6. Illustration of the set up for motor threshold measurement. 
Participants were seated comfortably (illustrated on the left). Electrodes were used to measure the 
muscle response (right).  
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2.2. Results Study 1: Plasticity in the Healthy Visual Cortex 

2.2.1.1. Participants 

20 healthy right-handed males completed the study. The mean age was 24.5 years old, standard 

deviation: 5.7 (range 19 to 38). 10 participants were randomized to the placebo group and 10 to the 

drug group. The age range was similar between the two groups (placebo: mean 24.5, standard 

deviation: 5.52, active: mean 24.5, standard deviation: 6.11).  

Four participants were withdrawn from the study after being recruited and eligible. Three 

participants decided to withdraw due to the time commitment required and one participant became 

ineligible after showing large mood fluctuations during the familiarization sessions. These 

participants were not randomized. 

Table 1 illustrates the number of participants included in every analysis described below. 

 

Table 1. Overview of the group sizes used in the analyses. 
Not all participants completed all study measurements. Only 13/20 participants perceived 
phosphenes, three participants were unable to attend the acute citalopram session due to mild 
illnesses such as colds (although they still took the drug dose). Two subjects, one from each group, 
did not exhibit learning over the course of the five training sessions, as evidenced by lower task 
performance on the first training session than the fifth and linear fits to their learning data revealing 
negative slopes. These two participants were only excluded from the analysis exploring the effects of 
benzodiazepine on learning as this analysis assumed that learning had taken place. Finally a number 
of participants did not correctly complete their POMS questionnaires on a subset of sessions.  

 

Number of participants: Placebo: Active:

trained on the Visual Perceptual Learning task 10 10

baseline and acute VPL consolidation analysis 9 8

meeting learning criteria (showed learning) 9 9

perceived phosphenes and suprathreshold phosphenes on baseline 6 4

perceived phosphenes and suprathreshold phosphenes for the 5 sessions 8 5

perceived phosphene, suprathreshold phosphene and motor thresholds on baseline 6 4

POMS questionnaire weekly 9 6

POMS questionnaire on sessions 3 (baseline) and 4 (acute) 8 6
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2.2.2. Visual Perceptual Learning (VPL) and SSRIs  

2.2.2.1. The Amount and Rate of Learning 

The average percent correct performance on the first perceptual learning training session (session 7 

of the whole study) was 76% SE 1.5% demonstrating that the pre-training threshold measurements 

were accurate. To compare between the two treatment groups, a repeated measures ANOVA with 

factors of training session (five levels; sessions 7 to 11), and treatment group (active vs. placebo) was 

conducted on the % correct scores. Because sphericity could not be assumed in this analysis, the 

Huynh-feldt correction was applied. There was a significant main effect of training session on task 

performance whereby percent correct performance improved across sessions for both groups (F3,47 

= 11.4, p < 0.001), see Figure 7. This result established that perceptual learning occurred across the 

five training sessions. There was no interaction between session and treatment group (F3,47 = .51, 

p= 0.652). Therefore, the percent correct for the five training sessions, or, the amount and rate of 

learning did not differ between the placebo and the active group.  The possibility that the study was 

underpowered to detect a difference between the two groups was considered, however the data 

shown in Figure 7 shows no indication of group differences in learning rate or magnitude and 

therefore it is unlikely that a larger sample size would have revealed a significant effect.  

 

Figure 7. The amount and rate of learning. 
The amount and rate of learning during five consecutive days of training for the two treatment 
groups (active and placebo). There was no difference in the rate and amount of learning between the 
placebo and active groups. In this figure and all subsequent figures, error bars show standard error of 
the mean.  
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2.2.2.2. Transfer of Learning 

To determine whether there was a difference between post training performance for the trained 

motion orientation and the untrained motion orientation which was 90 degrees away from the 

trained orientation, psychometric functions before and after training were compared. In other 

words, this analysis assessed how specific learning was for the trained stimulus. A repeated 

measures ANOVA with factors of session (pre-training, post-training) and motion orientation 

(trained, untrained) was conducted on the angular threshold data. There was a significant main 

effect of session (F1,18=22.6, p < 0.001), no significant main effect of motion orientation (F1, 18 = 1, 

p= 0.287), and no between subjects main effect of group (F1,18 = 0.585, p= 0.454), and no significant 

interactions between any of the variables, (p > 0.05). As shown in Figure 8, these results 

demonstrate a full transfer of learning from the trained motion orientation to the untrained motion 

orientation that did not differ between the two drug groups.  

 

Figure 8. Transfer of Visual Perceptual Learning (VPL). 
Transfer of learning to the untrained stimulus (threshold task performance for the 225 and 315 
degree motion orientations). There was full transfer, as there were no differences in the amount of 
learning for the trained and untrained motion orientation. There were also no differences between 
the active and placebo groups. Asterisks show significant differences representing the main effect of 
training (p < 0.05).  

 

  



 
 

75 
 

2.2.2.3. The Acute Effects of the SSRI Citalopram on Consolidation 

To investigate the effects of an acute dose of citalopram on performance of the MDD task, angular 

thresholds derived from psychometric function measurements were compared between the 

baseline session (Session 3) and the acute citalopram session (Session 4). The data were collapsed 

across motion orientation as training had not yet taken place, see Figure 9. A repeated measures 

ANOVA with factors of session (baseline and acute citalopram) and group (placebo vs. active) 

showed that there was no main effect of session (F1,32 =1.4, p = 0.252) and no between-subjects 

effects of group (F1,18 = 195.580, p= 0.343). However, the interaction between session and group 

approached significance (F1,15 = -2.101, p=0.053). 

To explore this trend towards an interaction, an independent samples-t test was conducted 

to compare the angular thresholds for the placebo and active group for the acute citalopram 

session. The thresholds were significantly different between the groups (t32 = -2.881, p = 0.007). The 

active group needed a larger angle to discriminate motion, and so performed poorer than the 

placebo group on this session. As shown in Figure 9, while the placebo group improved across the 

two measurement sessions, consistent with normal task consolidation, the active group showed no 

consolidation.  

 

Figure 9. Motion direction discrimination thresholds and acute SSRI modulation. 
MDD thresholds at baseline and following a single dose of citalopram or placebo. Threshold task 
performance on the MDD task for the baseline session and the acute citalopram/placebo session, per 
treatment group. Acute SSRI administration tended to hamper VPL consolidation. The acute effect of 
citalopram is indicated with a dotted pattern. 
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2.2.3. Benzodiazepine and Learning 

To investigate the effect of benzodiazepine on task performance after training for both the trained 

and untrained stimulus orientations, thresholds were compared, the day before, during and the day 

after benzodiazepine administration. Two participants were excluded from this analysis (one from 

each group) as they did not demonstrate learning over the 5-day training period. These two 

participants showed no improvement in task performance between the first and last training session 

and a linear function fitted to their training data was negative. A mixed ANOVA with factors of 

session (post-training, benzodiazepine, and washout) and training orientation (untrained and 

trained) and a between subjects factor of group (active and placebo) was conducted on the angular 

difference thresholds. There were no main effects of training orientation (F1,32 = 3.323, p=.087), 

session (F2,32 =2.245, p= .122) or group (F1,16 = .587, p= .455). However there was a significant 

interaction between training orientation and session (F2,32 =3.308, p=.044). The interactions 

between training orientation and group (F1,32 = 2.994, p =.103) and session and group (F2,32 = 3.76, 

p = .689) were non-significant and there was no significant 3-way interaction (F2,32= .845, p= .439).  

Regarding the relationship between training orientation and session, Figure 10 shows that 

the untrained stimulus orientation was affected by the benzodiazepine whereas the trained stimulus 

orientation was not. Therefore the benzodiazepine differentially influenced learning due to training 

and learning due to transfer.  

 

Figure 10. Benzodiazepine and VPL. 
Benzodiazepine affects post-training task performance differently for the untrained and trained 
motion orientation. Only transfer of learning to the untrained orientation stimulus was affected by 
benzodiazepine. 
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After having established a significant interaction between training orientation and session, paired 

samples t-tests were conducted on the angular threshold data for the post-training, benzodiazepine 

and washout testing sessions. Data were collapsed across the placebo and active drug groups as the 

effect of benzodiazepine did not vary across drug groups. The following differences were revealed.  

The benzodiazepine significantly impaired MDD for the untrained orientation relative to the post 

training measurement (made the day before the benzodiazepine session, t17= -2.177, p=.044), and 

relative to the washout measurement (t17=2.642, p =.017). Under benzodiazepine the performance 

on the untrained angle was significantly worse than the trained orientation (t17=2.15965, p= .025). 

No significant differences were found for the trained stimulus orientation. This showed that only the 

untrained motion orientation was susceptible to the benzodiazepine administration. 

2.2.4. Cortical Excitability 

Phosphene thresholds and the novel method of suprathreshold phosphene perception were both 

used to quantify visual cortical excitability. To compare these methods, thresholds from each 

technique measured during the baseline session (session 3) were correlated. There was a significant 

correlation between phosphene suprathreshold and phosphene threshold measurements, indicating 

that they were measuring related aspects of visual cortex excitability Pearson’s r = .644, p= .045, see 

Figure 11.  

 

Figure 11. Suprathreshold and phosphene threshold. 
The relationship between the traditional phosphene threshold and suprathreshold phosphene 
perception, at the baseline session.  
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2.2.4.1. Phosphene Threshold 

To test whether visual cortical excitability changed over the course of the study and whether this 

was different between the treatment groups, phosphene thresholds were compared across the 

sessions of the study. Because the Mauchly Sphericity test showed significance (p= .009), the Huynh-

feldt correction was used in the following analysis. A repeated measures ANOVA was conducted with 

factors of session (7 sessions: baseline, acute SSRI/citalopram, 1wk, 2wk pre-training, 3wk post 

training, benzodiazepine, washout) and group (placebo and active). There was a significant main 

effect of session (F4.42 =6.861,p< .0001) indicating a systematic reduction in phosphene threshold 

over time (Figure 12). There was no main effect of group (F1,10= 3.569,p .= 088) and there was no 

session and group interaction (F4,42 =1.464, p = .229). 

 

Figure 12. The change in phosphene threshold over time. 
Lower values on the Y axis indicate greater visual cortex excitability, as less TMS stimulation strength 
(%MSO) is required to induce a phosphene. * = a significant difference between groups for an 
independent samples t-test.  

 

However, when inspecting the final sessions shown on Figure 12, there seemed to be a stronger 

decrease in PT for the SSRI group. This implied that the chronic administration of SSRIs (three weeks) 

may have increased visual cortical excitability.  

To further explore this possibility, independent samples t-tests were conducted between the 

two groups for the final three sessions. These showed that phosphene thresholds were significantly 

lower in the active group than the placebo group for the benzodiazepine session (t11= 2.715, p= 
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.020) and the final washout session (t8=3.262, p= .011). Strong conclusions cannot be drawn from 

these differences as they were not reflected in the main ANOVA and only a subset of patients had 

measureable phosphene thresholds. However the general trend is consistent with a reduction of 

visual cortex excitability induced at the end of a three week course of fluoxetine.  

2.2.4.2. Phosphene Suprathreshold 

In addition to PT, a novel method to assess the excitability of the visual cortex was also used; namely 

supra-threshold phosphene perception. An example of a suprathreshold dataset is shown in Figure 

13. The method provides a threshold %MSO estimate that corresponds to a phosphene that is half 

as intense as the maximum intensity phosphene induced at the start of the thresholding session.  

 

Figure 13. Example of a suprathreshold dataset. 
Representative suprathreshold phosphene perception results from one participant. The dashed line 
indicates the mid-point of the intensity ratings. 

 

The suprathreshold measurements were also used to assess the effects of chronic SSRIs on 

excitability, see Figure 13. To measure the change in phosphene suprathreshold over time, a mixed 

ANOVA with factors of session (7 sessions: Baseline, Acute, 1wk, pre-training, post-training, 

benzodiazepam, washout) and group (placebo and active) was conducted. Mauchly’s test of 

sphericity was significant (p < .001) so Huynh-feldt corrections were applied. There was no main 

effect of session (F3,26 =1.043, p= .382), no between subjects effect of group (F1,10 = 2.236, p= 

.166) and no interaction between group and session (F3,26=.156, p= .902). However, when 

comparing the final sessions there seemed to be a stronger decrease in threshold over time for the 

SSRI group than the placebo group for the final sessions (Figure 14). This shows a similar but slightly 

weaker trend than that shown for the phosphene threshold method.  
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Figure 14. Phosphene suprathreshold. 
Phosphene suprathreshold measurements across sessions for the placebo and active groups. Lower 
%MSO indicates higher visual cortex excitability. * = a significant difference between groups for an 
independent measures t-test. 

 

To further explore this relationship, independent t-tests were conducted between the two 

groups. From the t-tests the following differences were significant. The phosphene suprathresholds 

for the benzodiazepine session was different between groups (t11= 2.338, p= .039), and on the final 

washout session there was a difference between the two groups (t9 =2.382, p= .041). This data hints 

at a greater decrease of suprathreshold over sessions for the active group, but statistical significance 

was not reached in the main ANOVA.  
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2.2.5. The Relationship between Visual Excitability and VPL 

To assess whether changes in visual cortical excitability correlated with the amount of visual 

perceptual learning, the change in phosphene thresholds and phosphene suprathresholds were 

correlated with the change in learning on the motion task.  

2.2.5.1. Phosphene Threshold and VPL Change 

This analysis was conducted for the whole group of participants that perceived phosphenes. 

Separate analyses were then carried out for each drug group separately. For these analyses, the 

angular thresholds for the trained motion orientation before (session 6) and after (session 12) the 

five days of training were subtracted (angular threshold S6 minus angular threshold S12) to provide 

a measure of the change in threshold due to learning. The same difference score was calculated for 

the phosphene thresholds. Pearson’s r correlation analysis showed that there was no significant 

relationship between the differences before and after learning for the phosphene thresholds and 

angular threshold for the trained motion orientation (Pearson’s r = -.013, p= .966). The relationships 

between the change in phosphene threshold and the change in angular threshold (VPL) are shown in 

Figure 15 for the two drug groups separately. 

 

Figure 15. Phosphene threshold and VPL. 
The relationship between the change in phosphene threshold before and after VPL and the change in 
angular threshold. There were no significant correlations.  

From inspecting Figure 15, a negative trend for the placebo group is shown. This indicates that 

participants who improved a lot on the MDD task, showed a decrease in excitability. However, the 

placebo group phosphene thresholds are very similar pre- and post-training. Figure 15, also shows a 

positive trend for the active group which indicates that the more participants improved on the VPL 
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task, the lower their phosphene threshold. This indicates an increase in excitability with learning. But 

since this correlation is not significant, there is no relationship between the change in amount of 

learning and threshold phosphene perception. 

2.2.5.2. Supra-Threshold Phosphenes and VPL Change  

The analysis described in the section above was repeated for the suprathreshold phosphene 

measure. There was no significant relationship for the whole group (Pearson’s r =.339, p= .257) or 

for the two drug groups when analysed separately (Figure 16). 

 

Figure 16. Suprathreshold and VPL change. 
The relationship between suprathreshold measures of visual cortex excitability and the change in 
angular threshold on the MDD task due to learning. No reliable relationships were found.  

 

From inspecting Figure 16, the suprathreshold phosphene measures showed a trend to increase 

from before training to after training (most participants show a negative change on the x-axis 

indicating larger thresholds post training). This indicates that suprathreshold cortical excitability 

tended to decrease after training. However, since the correlation is not significant there is no 

reliable relationship between the amount of learning and suprathreshold phosphene perception. 

The scatterplot below shows, that, similar to the phosphene thresholds, there is no effect of 

treatment group in the amount of change in suprathreshold phosphene thresholds and learning of 

the MDD task. 
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2.2.6. The Relationship between Motor and Visual Cortex 

Excitability  

The phosphene thresholds and motor thresholds did not show a correlation on the baseline session, 

or on session 3 (Pearson’s r = .354, p=.315), see Figure 17. 

 

Figure 17. Motor and phosphene threshold. 
The relationship between motor threshold and phosphene threshold, as an index of excitability for 
motor and visual cortices respectively. 

 

Additionally, suprathreshold phosphene perception and motor threshold did not show a 

relationship (Pearson’s r = .074, p=.839.), see Figure 18. Since both visual excitability measurements 

did not correlate with the motor threshold, there was no relationship between visual and motor 

cortical excitability. 

 

Figure 18. Motor and phosphene suprathreshold. 
The relationship between motor threshold and phosphene suprathreshold, as an index of excitability 
for motor and visual cortices respectively.   
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2.2.7. The Effect of SSRIs on Mood in Healthy Participants 

To assess the effect of SSRI administration on mood, POMS total scores were compared between the 

groups across sessions. The higher the total POMS score the more negative affect experienced. For 

analysis, the total Score or, the Total Mood Disturbance (TMD = (Tension + Depression + Anger + 

Fatigue + Confusion) – Vigour) was used (McNair, Lorr et al. 1971). 

2.2.7.1. The Effect of Chronic SSRIs on Mood 

To assess the effect of chronic fluoxetine administration on mood, the weekly POMS total scores 

were compared between the groups across sessions. Mauchly’s test reached significance: (p = .002). 

Therefore, the Huynh-feldt correction was applied. A mixed ANOVA with factors of session (five 

sessions: baseline, one-week, two-weeks, three-weeks, four-weeks) and group (placebo vs. active) 

was conducted on the TMD scores. This showed that chronic administration of fluoxetine had no 

effect on mood, see Figure 19. There was no main effect of session (F2= 2.416, p= .794), and no main 

effect for group (F1,15 = .012, p= .913) and there was no interaction between session and group 

(F2=2.416, p= .515). 

2.2.7.2. The Effect of Acute Citalopram Administration on Mood 

A repeated measures ANOVA (with Huynh-feldt correction) on Session 3 and Session 4 (the baseline 

and citalopram sessions, see Figure 19) conducted on the TMD scores revealed no main effect of 

session, F(1)=1.439, p=.253, and no main effect of group (F1,12= .021, p= .886). However, there was 

a significant interaction between session and group, (F1 =7.979, p= .015).  
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Figure 19. Average Profile of Mood State score (POMS) per session. 
Average total POMS score per session per treatment group (a larger score means a higher mood 
disturbance). There was a small effect of acute SSRI administration on mood.  

 

However, when further exploring this session and group interaction, t-tests (equal variances not 

assumed) showed that mood scores were not significantly different between groups on Session 3, 

(t13 =.997,p= .337) and Session 4 (t8= -1.474, p= .179). Therefore the effect of a single dose of 

citalopram on mood was small. 

2.2.7.3. The Relationship between Mood Changes and VPL Task 

Consolidation  

To investigate whether any mood disturbance or mood change was correlated with the change in 

VPL consolidation that was found for acute citalopram administration, the changes in angular 

difference thresholds for the motion task from Session 3 to Session 4 were correlated with the same 

changes for the mood scores. For this, the angular thresholds from Session 3 were subtracted from 

those measured in Session 4, and these change scores were correlated with the change in mood 

(Session 3 subtracted from Session 4). The mood change on the acute session did not correlate with 

the change in angular threshold, Pearson’s r = .022, p= .941. To inspect the differences per 

treatment group, separate correlations were calculated. There was no relationship between mood 

change and angular threshold change for the placebo group (Pearson’s r = .398, p= .289), or the 

active group (Pearson’s r = -.008, p= .985), see Figure 20.  
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Figure 20. Change in mood and VPL. 
Change in Mood and angular threshold for the motion task between Session 3 (S3; baseline) and 
Session 4 (S4; acute citalopram dose) for the placebo (closed symbols) and active (open symbols) 
groups.  
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Study 2: SSRIs and Patching in Amblyopia 

The aim of this double-blind cross-over study was to translate to humans the animal study that 

showed that in the rodent model, adult visual plasticity could be enhanced by chronic SSRI 

administration when combined with occlusion of the non-amblyopic eye (Maya-Vetencourt, Sale et 

al. 2008). Furthermore, a previous non-invasive human study showed that early visual plasticity was 

enhanced with chronic SSRI administration (Normann, Schmitz et al. 2007). This second study of this 

research translated Maya-Vetencourt et al.’s (2008) study to human amblyopia and tested whether 

two weeks of the SSRI citalopram (20 mg) would enable an increase in visual cortex plasticity in 

adults when combined with patching. Citalopram was used instead of the SSRI fluoxetine because it 

has a short lead in period of two hours (Bezchlibnyk-Butler, Aleksic et al. 2000, Robol, Fiaschi et al. 

2004). Moreover, this drug has a shorter half-life than fluoxetine; the distribution phase lasts about 

ten hours and the terminal half-life (T1/2) is 30-35 hours for citalopram (Baumann 1996, 

Bezchlibnyk-Butler, Aleksic et al. 2000) in contrast to two to four days half-life for fluoxetine (Gury 

and Cousin 1998). This allowed for a cross over design to be implemented. Between every treatment 

(and testing session) a two week break occurred to ensure the drugs was completely washed out 

before the start of the second treatment or before the final test day, see calendar, see Figure 21 in 

Section 2.4.3.  
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2.3. Method Study 2: Visual Plasticity in Adult Amblyopia 

2.3.1. Patients 

Of 55 patients screened, a total of 7 participants met the inclusion criteria and took part in the 

double-blind crossover study (mean age on the first testing session was 33 years, standard error: 

4.4). Tables 2, 3 and 4 show the clinical details per participant. A daily tablet containing either a 

placebo or citalopram (20mg per day) for two weeks was combined with occlusion therapy (two 

hours per day).  

 

Table 2. Characteristics of the participants with amblyopia 1. 
Age, gender, VA in logMAR on Session 1, and amblyopia type. AE = amblyopic eye, FE = fellow eye,  
F = female, M = male. 

 

Table 3. Characteristics of the participants with amblyopia 2. 
Characteristics of the participants with amblyopia: refractive error, strabismus, stereo acuity and 
suppression. 

KW 43/F 1 0 Anisometropic

JB 32/M 1.2 -0.04 Mixed

SG 47/M 0.64 -0.1 Mixed

JaB 19/F 0.34 -0.04 Anisometropic

JA 19/M 1 0 Strabismic

PH 30/M 0.1 -0.08 Strabismic

MN 44/M 0.34 0 Mixed

Amblyopia typeParticipant Age/Gender

AE Visual Acuity 

S1                            

(logMAR)

FE Visual Acuity 

S1                            

(logMAR)

KW -0.25 +6.00/-2.25x180 None not measurable full suppression

JB +9.75 -0.25 Esotr 12Δ, Hypertr 11Δ not measurable full suppression

SG Plano/-0.25x160 +1.75ds Esotropia 10Δ not measurable full suppression

JaB +3.75/-1.75x180 +0.50/-0.25x180 None 60 arc sec intermittent

JA +4.50/-1.50x104 +3.50/-0.25x170 Esotropia 6Δ not measurable full suppression

PH Plano/-1.00x20 -2.00 Exotropa 20Δ not measurable full suppression

MN +5.25/-1.25x90 +1.75/0.50x75 Esotropia 12Δ not measurable full suppression

SuppressionPtp
AE Refractive Error 

(dioptres)

FE Refractive Error 

(dioptres)

Strabismus                     

(prism dioptres)
Stereoacuity
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Table 4. Characteristics of the participants with amblyopia: amblyopia history. 

2.3.2. Recruitment  

The study was advertised in newspapers and through the Centre for Brain Research Volunteer 

Register (see Appendix), and through word-of-mouth. After receiving an expression of interest in the 

study, a phone call or an email followed briefly describing the study and the eligibility criteria. In the 

initial contact: a consent form, participant information sheet and amblyopia questionnaire were sent 

out, however, in the email they were invited to visit the University to discuss the study where they 

could decide to fill out the forms together with a study researcher, or if they prefer, to send the 

forms through email. If they were interested and eligible at this stage, they were invited for a free 

full vision exam at the University of Auckland Optometry clinic. If participants had not already done 

this before this stage, the study was discussed during the visit to the university, using the participant 

information sheet as a reference. If needed, glasses were fitted to fully correct amblyopic eye vision 

prior to the start of the study. If this was necessary an appropriate period of refractive adaptation 

was provided (maximum 16 weeks). 

2.3.3. Screening 

The following screening forms were completed: consent form, amblyopia checklist (visual history), 

and an additional procedure for safety for using medication. This involved a checklist, and mood 

questionnaires: The Profile of Mood State – Short Form questionnaire (POMS-SF) and The 

Depression, Anxiety and Stress Scale (DASS-21). This information was reviewed by a psychiatrist. 

Data were anonymised before being provided to the psychiatrist.  

KW Patching at age 7

JB Strabismus surgery at age 14 years. Patching and spectacles between the ages of 10 and 12 years

SG Strabismus surgery at 7 years of age

JaB Detected at 11 years of age, vision training and patching 

JA Spectacles until age 7, patching therapy in childhood

PH Strabismus surgery at 2 years of age followed by patching

MN Strabismus surgery at 2 and 10 years of age, spectale wear  until 15 years of age

Ptp Amblyopia history
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The inclusion criteria were: an interocular acuity difference of 0.2 Log MAR and the presence of 

a strabismus and/or anisometropia defined as a difference in spherical equivalent refractive error of 

1.5 dioptres or greater between the eyes.  

The exclusion criteria were: the presence of any ocular pathology, any explanation for the VA 

loss in the amblyopic eye that was not amblyopia, a personal or family history of mood disorder such 

as depression or bipolar disorder, diabetes, a history of drug, alcohol or nicotine addiction, current 

use of medications or supplements known to alter mood, such as St John’s Wort, taking medications 

which affect SSRIs; such as codeine (coughing, pain killer medication) and abnormal mood states 

reflected on the mood questionnaires.  

2.3.4. Ethics 

The study was approved by Northern X regional ethics committee, Ethics reference: NTX/11/06/044. 

Furthermore, the study was registered as a clinical trial: ACTRN: ACTRN12611000669998. Study 

Title: Combining selective serotonin reuptake inhibitors and patching to improve visual function in 

adult amblyopia (‘Lazy Eye’). http://www.ANZCTR.org.au/ACTRN12611000669998.aspx 

2.4. Drug Prescription 

If patients were eligible, once a starting date had been determined, medications were dispensed by 

a registered pharmacist following a prescription written by a senior consultant psychiatrist who was 

a collaborator on this study. For dispensing, full details were emailed to the psychiatrist (full name, 

date of birth, address, and contact phone number). The blister packs (14 tablets containing 20 mg 

Celapram® (citalopram) or 14 placebo tablets) were stored in a locked cabinet within the University 

of Auckland Optometry Department or at Auckland City Hospital until required by the participant. 

Participants were told to take one tablet daily. Participants were instructed to contact the 

psychiatrist if they felt worried or concerned that they were having any side effects from the 

medications.  
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2.4.1. Compensation  

Participants compensated for their time through $400 in vouchers (groceries, petrol or a 

combination) after participating. Furthermore, due to dilation of the pupils, on each testing session a 

taxi was provided from transportation to and from the University.  

2.4.2. Withdrawal 

All participants completed the study. 

2.4.3. Procedure 

This study was a double blind cross-over design study. There were two treatment periods of two 

weeks each when participants took a tablet daily and patched their fellow eye for two hours per day 

(or as much as they could safely comply with this). The two treatment periods were separated by a 

two-week washout period. A final washout measurement was made two weeks after the second 

treatment period. Outcome measures were made before and after the first treatment period (of two 

weeks), before and after the second treatment period and at the final washout session. Therefore, 

there were five testing sessions fortnightly during the testing period, so that a testing session took 

place every two weeks (see Figure 21). The final wash out session took place 58 days after the first 

study session.  

On the first testing session, participants were handed out: the medication (tablets), a 

patching diary to keep track of minutes of patching and activities, a patch, and a calendar (with 

relevant contact numbers). The POMS mood questionnaire was filled out the before each testing 

session. On their first testing session participants were told to bring their glasses if needed (best 

corrected vision). They started taking tablets and patching the day after session one (the start of the 

first treatment period) and session three (the start of the second treatment period).  

The sequence of treatment periods (active vs. placebo) was randomised by computer. As a 

result of this randomization, two participants received a placebo daily during the first two weeks, 

followed by the SSRI (citalopram), whereas five participants received the SSRI (citalopram) first, 

during the first two weeks, then followed by placebo on the last two weeks of patching. The 

experimenters and patients were masked to the sequence of treatment periods.  
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Figure 21. An example study calendar. 
An example study calendar showing the sequence of testing sessions and periods of patching 
(indicated by the patch icon) and tablet taking (tablet icons). 
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2.4.4. Visual assessments 

Every testing session involved: filling out mood questionnaires, a vision/optometry examination by a 

registered optometrist at the Optometry Clinic, Grafton campus, University of Auckland, where a 

clinical chart was filled out with corrected vision (this took around one hour), see appendix for the 

clinical chart. This vision examination included VA, binocular vision and suppression tests, described 

below. 

 

2.4.4.1. Visual Acuity 

VA was measured using the Medmont computerized VA testing system which displayed standard 

ETDRS style Log MAR letter acuity charts. It has been shown that visual acuity measurements made 

using the Medmont system are almost identical to those made using a gold-standard ETDRS chart 

(Black, Jacobs et al. 2013). Furthermore, the test-retest validity of aided and unaided VA is high  

using the Medmont system (Siderov and Tiu 1999). 

 

The chart was viewed on a computer screen from a distance of 6m. First, the left eye was 

occluded to measure the right eye. Participants were asked to read the first of last letter of each line 

starting from the largest letter. When the participant began to struggle with the letters, they were 

asked to read horizontal lines of letters starting about two lines above the letter that was difficult to 

see.  VA was recorded as the size of the smallest line read most completely correctly and then the 

number of extra letters identified or missed was also recorded. This was repeated for the left eye by 

occluding the right eye. 

2.4.4.2. Binocular Vision 

The binocular vision assessment included a unilateral cover test, alternating cover test and the prism 

cover test. These tests allowed for the detection and measurement of strabismus. In the unilateral 

cover test, the patient observes a finely detailed test object, then the left eye is covered and 

uncovered with a cover paddle so that the movement (if there is any) in the right eye can be 

observed. If the eye moves nasally, this indicates an exotropia and if the eye moves temporally, this 

indicates an esotropia. Then this is repeated for the other eye. To look for latent strabismus, the 

alternating cover test is used. The eyes are alternatively covered to see if there is any movement 

consistent with esotropia or exotropia. Lastly, to quantify any of the found movements from the 
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unilateral or alternating cover tests, the prism bar is used in the prism cover test. This procedure 

provides a measurement of strabismus in prism dioptres.  

2.4.4.3. Suppression Tests 

It is common in patients with amblyopia for all or part of the amblyopic eye to be suppressed. The 

Worth 4-Dot and the Bagolini Striated Lens tests were conducted to measure suppression (Travers 

1938, Joosse, Simonsz et al. 1999, Li, Thompson et al. 2011). The Worth 4-Dot test was performed at 

near (33 cm) and far (6 m) test distances. For this test, the patient was asked to wear red-green 

glasses with the red filter over the right eye and a green filter over the left eye. For the distance test, 

the worth four-dot torch was placed at six meters, with the four lights in a diamond configuration 

and the red light at the 12 o’clock position. At near, the torch was placed at 33cm. The participant 

was asked to state the number of dots they saw and the colour of the dots. With no suppression, 

there should be four dots seen. The dot at 12 o’clock position is red, the two dots at 3 and 9 o’clock 

positions are green, and the dot at 6 o’clock position is red, green or a combination of the two 

colours depending on dominancy of the eyes. With suppression, there may be three dots (right eye 

suppressed) or two dots (left eye suppressed). If five dots are seen, there is diplopia (double vision) 

and the position of the dots suggests an outward or inward turn of the eyes. 

Another suppression test, the Bagolini test, was used. For this test, the participant was asked to 

wear the Bagolini glasses which have cylindrical lenses that are designed to form lines. When fixating 

on a bright light at either 33cm (near) or 1m (distance), an observer with binocular vision should see 

a cross, representing the combination of one of the lines in the cross by one eye and the second line 

in the cross by the other eye. However, for participants with suppression, only one line in the cross is 

perceived within the region affected by suppression. The participant was asked to draw what they 

saw. If there was suppression at the fovea, there will be a gap in one of the lines of the cross. If there 

was total suppression, only one line of the cross would be seen. In normal binocular vision, the two 

lines of the cross should intersect in the centre of each other. 

2.4.4.4. Stereopsis 

To test for stereopsis -the ability to judge relative distances of objects from the observer using only 

binocular information- the TNO test for stereoscopic vision was conducted (Walraven 1972). The 

participant was asked to wear red-green glasses with the red lens over the right eye. The TNO test 

uses random-dot stereograms to show slightly different images of dots to each eye to create a 
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stereoscopic view when the images are fused together. There are no monocular cues with this test 

as the images are formed from disparity between the eyes and not a vectogram or overlay. There 

are three screening plates with some objects that can be seen with both binocular and monocular 

vision, and these can be used to establish whether there is an absence of stereopsis as the 

participant was asked to name the objects that are seen on each plate. To reveal the presence of 

suppression (according to Plate IV of this test), if three circles are seen, there is no suppression but if 

two circles are seen suppression is noted depending on which of the three circles are seen. All the 

screening plates have a disparity of 33 minutes of arc. There are three test plates that were used to 

quantify stereopsis and were used to measure the smallest disparity that can be seen (tests from 15 

to 480 seconds of arc). There are four boxes on each of the test plates and each box has a circle with 

one sector missing at one of four possible orientations (3, 6, 9 and 12 o’clock). The participant is 

asked to indicate the direction of the missing sector and the last correct answer is the disparity 

recorded. 

After the visual examination at the Optometric Clinic, a standardized electrophysiological 

function assessment of the visual system took place at Retina Specialists, Auckland, which took 

around two hours to complete. 
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2.4.5. Standardised Electrophysiological Assessment 

To test whether there were any changes in retinal and/or cortical processing, standardised 

electrophysiological measurements were made on each of the five measurement sessions. See the 

appendix for raw data from electrophysiological measurements made before the start of both 

treatments (Session 1), and measurements after both interventions (Session 5). 

Retinal function (electroretinograms) and the integrity of the visual pathway from the retina 

to the primary visual cortex (evoked potentials) was measured in a standardised way at Retina 

Specialists, Auckland, according to standard protocol provided by The International Society for 

Clinical Electrophysiology of Vision (ISCEV); see for multifocal retinograms (mfERG) (Hood, Bach et al. 

2012), for Pattern ERG (PERG) (Bach, Brigell et al. 2013) and for visual evoked potentials (VEP) 

(Odom, Bach et al. 2010). See the Appendix for sessions 1 and 5 for each participant. 

These measurements provide a way to localise abnormal function in the visual system 

(Holder 2006), and were used in this study to determine if there were any changes in retinal, optic 

nerve, or primary visual cortex response and whether these changes were due to drug modulation. 

The primary goal was to measure whether any changes found due to drug modulation were due to 

cortical effects (increased brain plasticity as a result of SSRI modulation). VEPs were used for this 

purpose. Multifocal and pattern ERGs were conducted to rule out the possibility that the drug was 

modulating retinal activity. Multifocal ERG (MF-ERG) provides measures of various retinal locations, 

whereas the PERG provides a single ERG from the retina as a whole. Therefore, the MF-ERG is more 

likely to show any localized retinal abnormalities. The retinal to cortical response was measured with 

VEP under monocular viewing with an adhesive eye patch placed over the non-viewing eye using 

two electrodes (active electrode over the visual cortex at Oz with the reference electrode at Fz) 

(Odom, Bach et al. 2010), whereas MF-ERG (Hood, Bach et al. 2012) and PERG (Bach, Brigell et al. 

2013)measurements were recorded under binocular viewing conditions (with one electrode for each 

eye). 

These neurophysiological measurements were carried out in the following order: monocular P-

ERGs, (contrast reversing checkerboards, check size 1 degree of visual angle), monocularly measured 

VEPs (contrast reversing checkerboards, check size 1 degree followed by check size 0.3 degrees of 

visual angle), binocular MF-ERGs viewing contrast reversing hexagons. 
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2.4.5.1. Multi-focal Electroretinograms 

MF-ERGs were used to test if any retinal changes would occur and if they were drug-related. For this, 

MF-ERG measurements were made according to the ISCEV standards described by (Hood, Bach et al. 

2012). Gold foil electrodes were used and pupils were dilated (this assessment was done last). 

Participants viewed hexagons binocularly and the retina was stimulated in positions that varied from 

central viewing to 27 degrees in the periphery.  

The measurement output provides amplitudes and latencies for five concentric regions of the 

retina covering the fovea to the most peripheral measurements. The normative range for the P1 

amplitudes and latencies is provided by the site specific software which is the only reliable way for 

classifying normal and abnormal results (Hood, Bach et al. 2011). The software used was Retiscan 

Roland 4.13.1.8. The resolution was 61 segments, with a viewing angle of 27 degrees. The amplitude 

range was +/- 200 µV and the frequency cut offs were 10.000Hz-100000Hz. There were 8 averages 

per retinal location.  

2.4.5.2. Pattern Electroretinograms 

The PERG shows an electrical signal measured from the cornea when a participant views a reversing 

checkerboard. For this, the participant viewed alternating checkerboards (so the luminance is always 

the same) with a DTL thread electrode placed next to each eye with non-dilated pupils. 

The PERG primarily shows the activity of the retinal ganglion cells (Bach, Hawlina et al. 2000). 

The ISCEV standards were used for measuring the PERGs as described by Bach, Brigell et al. (2013). 

The PERG standard checkerboard check size is .80 degrees, however, after consulting with Retina 

Specialists, larger (1 degree) check sizes were used in this study to allow for a direct comparison with 

the large check size stimulus used for VEPs. 100 blocks of measurements were repeated three times 

and the mean response was used to produce average latencies and amplitudes for each eye. The 

software used was Roland Consult RETIport.  

2.4.5.3. Visual Evoked Potentials 

To assess cortical function, visual evoked potentials were measured according to ISCEV standards as 

described by Odom, Bach et al. (2010). Participants viewed a contrast reversing checkerboard with 

either small (1 degree) or large (0.3 degree) check sizes while surface electrodes recorded cortical 

responses. The average of six full measurements (100 stimulus reversals per block) for each of the 
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two spatial frequencies (check sizes of the checkerboard stimuli) was used to determine the average 

latency and amplitude components for each eye. For the VEPs, the RETIport Roland consult software 

was used.   
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2.5. Results Study 2: Visual Plasticity in Adult Amblyopia 

2.5.1. Visual Acuity  

Visual function of the seven participants was tested before and after two blocks of two weeks of 

patching. One of the two (two-week) treatment periods consisted of a placebo tablet and patching 

the eye daily (ideally for two hours per day), while the other (two-week) treatment consisted of 

taking the SSRI citalopram (20 mg) daily while patching every day. The treatment order was 

randomized over the participants.  

VA and neurophysiological measurements were made to assess: retinal function (MF-ERG), 

ganglion cells and post-retinal function (PERG) and retinal to cortical function including feedback 

from higher areas (VEP). Below, first the baseline measurements will be compared to inspect the 

differences in amblyopic and fellow eye for each participant. Then a repeated measures ANOVA 

analysis for each measurement was carried out to measure if there were any main effects of testing 

session and treatment (drug vs. placebo) or an interaction between treatment and session, which 

would imply that there was a difference due to pharmacological modulation. 

Baseline Visual Acuity 

The average baseline VA on the first test session (Session 1), showed an average amblyopic eye VA 

of .7 Log MAR standard error 0.16, and fellow eye acuity of 0.0 Log MAR, standard error 0.04. Figure 

22 shows the VA of each participant. The error bars show the standard error variation (+/- 1 

standard error of the mean). 

 

Figure 22. Baseline visual acuity (VA). 
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Baseline visual acuity in Log MAR units for each participant for each eye on (session 1) and the mean 
acuity. Error bars show +/- 1 standard error of the mean. 

 

Treatment Effects on Visual Acuity 

To determine whether citalopram combined with patching produced changes in amblyopic eye VA 

compared to placebo, VA of the amblyopic eye was compared between the placebo and the active 

treatment sessions. A repeated measures ANOVA was conducted on amblyopic eye VA scores with 

factors of session (pre-placebo, post-placebo, pre-active, post-active) and treatment group (placebo, 

active). This showed no significant main effects of session (F1,6 = 1.639, p= .248) or drug (F1,6 = 

.124, p =.737), and did not show an interaction between session and drug (F1,6 = 1.991, p= .208).  

From an inspection of the VA change for each treatment session for each participant, it is 

apparent that there are three participants who showed a larger change in amblyopic eye VA for the 

active treatment than the placebo treatment, namely KW, SG and JA, see Figure 23. The VA 

improvement in each of these three participants exceeded 0.1 Log MAR for the active treatment 

period. 

Due to the challenges associated with recruitment, this study was underpowered. A post-

hoc power analysis conducted on the means for each treatment condition indicated that 28 

participants would be required to detect a significant difference in VA between the drug and placebo 

conditions at a significance level of 0.05 with a power of 0.08. 

  

Figure 23. The change in visual acuity in LOG MAR units. 
The change in visual acuity in LOG MAR units for the amblyopic eye (left) and the fellow eye (right) 
for the placebo and active treatment sessions. Larger Y-axis values indicate a greater improvement in 
VA. Negative values indicate a reduction in VA. Mean VAs and associated standard errors are shown 
on the far right of each X-axis. Error bars show +/- 1 standard error of the mean. 
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From the VA change in the amblyopic eye it is possible to tentatively divide the participants into 

responders: KW, SG, JA (dotted texture in Figure 23) and non-responders: JB, JaB, PH, MN.  

To further inspect the VA scores of the responders and to inspect their washout scores to 

see whether their improvement was long-lasting, all five VA scores of the participants that 

responded are shown in Figure 24.  

 

Figure 24. Visual acuity for three responders. 
Visual acuity in chronological testing order for the three responders. Two ‘responding’ participants 
started with placebo followed by the active treatment (top panel). ‘Responder’ JA started with the 
active treatment, followed by placebo (bottom). 

 

Out of the responders, KW and SG started with the placebo treatment, whereas JA started with 

the active treatment. On the washout session, KW and SG did not regress completely, as their VA on 

this last session shows a better score than the scores on the session after the first placebo 

treatment. However it is apparent that the improvement shown by participant SG was due, in part to 

a poor baseline VA score for the active treatment period. Participant JA started with the active 

treatment. His placebo treatment acuities are both worse than the active post-treatment VA. His 

washout session showed a better VA score than both his VA scores for the placebo treatment. This 
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pattern of results is unexpected and may reflect a lasting improvement from the active treatment 

session and/or measurement variability.  

2.5.1.1. Compliance 

Participants recorded their compliance in a patching diary and the average patching minutes per day 

were calculated. There was considerable variability in compliance ranging from 29 to 116 minutes 

daily patching for each patching treatment period. 

There was no difference in compliance between the placebo and active sessions, paired 

samples t-test t6= -.299, p= .775. Group mean for the placebo period was 86 minutes (standard error 

11.3) and the mean for the active period was 87 minutes (standard error 13). 

However, inspection of VA data and the compliance data (see Figure 25) reveals that the 

responders were the three participants who out of the four participants with the poorest amblyopic 

eye VA (most severe amblyopia on baseline Session 1, namely: KW, JB, SG and JA), had the greatest 

compliance. In other words, the three responders had poor amblyopic eye acuity at the start of 

treatment relative to other participants in the group and also patched for 60 minutes or more per 

day.  

 

Figure 25. Compliance. 
Mean patching minutes per day per treatment condition. The three responders are filled in with a 
pattern. Error bars show +/- 1 standard error of the mean. 
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2.5.2. Electrophysiological Measurements 

2.5.2.1. Retinal Function: Multifocal Electroretinograms 

Baseline Measurements 

The baseline measurements for each eye were compared to test for any differences prior to 

treatment. Paired t-tests showed that the MF-ERG ring one amplitude (foveal responses) for the 

amblyopic eye differed significantly from that of the fellow eye on the baseline session (t6= -6.149, 

p= .001). This effect is shown in Figure 26. 

 

Figure 26. Baseline (Session 1) MF-ERG centre-ring. 
Baseline MF-ERG Centre ring amplitude plotted for the amblyopic eye and fellow eye for each 
participant. The three ‘responders’ are filled in with a pattern. Error bars show +/- 1 standard error of 
the mean. 

 

All baseline MF-ERG amplitudes are shown below for each participant for each eye. Only one 

patient showed a measurement that was outside the normal range. This was participant JA for ring 

one (fovea function). It is unclear why there was an abnormal response as there was no retinal 

disease or abnormality during screening. It is possible that as testing was binocular; JA’s strabismus 

resulted in an abnormal view of the visual stimulus. An alternative explanation is that the amblyopic 

eye had poorer fixation stability. This was not measured as part of the study.  
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Figure 27. Baseline (Session 1) MF-ERG amplitudes 5 rings. 
Baseline (Session 1) MF-ERG amplitudes of all 5 rings for each participant, for the amblyopic (top), 
and fellow eye (bottom). Numbers next to participant are centre ring amplitudes. Amplitude is 
plotted on the radius of the polar plot and each participant is depicted along a different polar angle. 
Data points with smaller amplitudes represent more peripheral locations in the visual field.  

 

To quantify the difference in centre ring amplitude between the two eyes a percent 

difference was calculated (Figure 28). Participant JA had the largest amplitude difference between 

the two eyes; however, as shown in Figure 27, the amplitudes for the more peripheral MF-ERG 

measurements were normal. Interestingly, the data in Figure 28 show that the three responders had 

the largest differences in MF-ERG amplitude between their two eyes.  
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Figure 28. Percentage difference in MF-ERG centre ring amplitude. 
% difference in MF-ERG centre ring amplitude between the fellow eye and the amblyopic eye for each 
participant at baseline. This shows how much lower the amplitude for the amblyopic eye was in 
comparison to that of the fellow eye. ‘Responders’ are patterned. Larger values on the y-axes 
indicate a larger difference between the two eyes, whereby the fellow eye has a stronger response 
than the amblyopic eye. Error bars show +/- 1 standard error of the mean. 

 

MF-ERG Changes 

To test whether the SSRIs had an effect on retinal function as measured by the MF-ERG ring one 

amplitude, the percentage difference in amplitude between the two eyes was compared between 

the start and end of each treatment session. Percentage difference was calculated as (fellow eye – 

amblyopic eye) / fellow eye *100. A repeated measures ANOVA was conducted on the percent 

difference scores with factors of session (pre-placebo, post-placebo, pre-active, post-active) and 

treatment group (placebo, active). This analysis revealed no main effects of time (F1,6 =1.515, p = 

.264) or drug (F1,6= .057, p = .819), and no time by drug interaction (F1,6 =.321, p = .592). Therefore, 

this analysis revealed that there was no difference in MF-ERG change due to the SSRI modulation. 

The change in percent difference scores from pre to post treatment is shown in Figure 29. 
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Figure 29. The effect of treatment. 
The effect of treatment on the percent difference scores between the two eyes for the MF-ERG centre 
ring amplitude. The Y-axis shows the change in the percent difference between the eyes from pre to 
post treatment for each treatment period. A larger value means an increased amblyopic eye 
contribution in comparison to the fellow eye contribution. Therefore large values indicate an 
improvement. Error bars show +/- 1 standard error of the mean. 

 

2.5.2.2. Central and Post Retinal Function: PERG Latency 

Baseline PERG Amplitude 

At baseline, the PERG N35-P50 amplitude (N35 amplitude) was lower for the amblyopic eye than 

that of the fellow eye, t6 = -2.451, p = .050. There was no significant difference between the 

amblyopic and fellow eye P50-N95 amplitude (P50 amplitude), t6 = -2.228, p = .067. Data are shown 

in Figure 30.  

 

Figure 30. PERG baseline amplitudes. 
PERG baseline amplitudes for each participant: N35-P50 (left), and P50-N95 (right). Error bars show 
+/- 1 standard error of the mean. 
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 Baseline PERG Latencies 

Although the baseline N35 amplitude was significantly different between the two eyes, for diagnosis 

of abnormal macular function the latency is commonly used for the PERG (Holder 2010). Paired t-

tests revealed that there were no differences between the amblyopic eye and the fellow eye PERG 

latencies on the baseline session; P50  t6=-.791, p=.459; N95, t6= -.201, p=.847. 

PERG Changes as a Result of Treatment 

A repeated measure ANOVA was conducted on the percentage difference scores between the two 

eyes for the PERG N35 amplitude scores (Figure 31, top) with factors of session (pre-placebo, post-

placebo, pre-active, post-active) and treatment group (placebo, active). There were no main effects 

of session (F1,6= .204, p= .667) or drug (F1,6= 1.362, p= .287), and there was no interaction between 

session and drug (F1,6= .091, p= .773). 

The same analysis conducted for the P50 PERG amplitude percentage differences (Figure 31, 

bottom) showed no main effect of session (F1,6= .726, p= .427), or drug (F1,6= .059, p= .816) and 

there was no interaction between session and drug (F1,6 = .049, p= .832).  
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Figure 31. PERG amplitudes. 
PERG amplitudes for the N35-P50 component (top), and the P50-N95 component (bottom). The y-axis 
shows the change in percent difference between the eyes from pre to post treatment. Large values 
indicate a relative strengthening of the amblyopic eye response. Data are shown separately for each 
participant and each treatment session. There were no systematic changes in PERG amplitude as a 
result of treatment. Error bars show +/- 1 standard error of the mean. 
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2.5.2.3. Cortical Response: Visual Evoked Potentials  

Visual evoked potentials (VEPs) measure the integrity of visual processing from the retina to the 

visual cortex. Both latency and amplitude measures are provided by VEP measurements. 

2.5.2.3.1 The VEP Baseline: Latency: N75 and P100  

2.5.3.1.1 Latency at Baseline: VEP N75 

At baseline (session 1) there were no differences in latency between the amblyopic and fellow eye 

VEP N75 latencies, for the large checkerboard (paired t-test: t6=.618, p= .559) or the small 

checkerboard (t6= .724, p= .497).  

2.5.3.1.2 Latency at Baseline: VEP P100 

A paired t-test showed there were no differences between the fellow and amblyopic eyes at baseline 

for the P100 latency, for both the large (t7= .399, p= .376) and small (t7=.393, p= .384) checkerboard 

stimuli.  

 

Figure 32. VEP N75 Latency. 
VEP N75 (left column) and P100 (right column) latencies for the low spatial frequency (top) and high 
spatial frequency (bottom) checkerboard stimuli. There were no significant differences between the 
two eyes. Error bars show +/- 1 standard error of the mean. 
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2.5.3.2 The VEP Latency Changes with Treatment  

A repeated measure ANOVA was conducted on the percentage difference between the two eyes for 

the N75 latency component for the large checkerboard (low spatial frequency) stimulus with factors 

of session (pre-placebo, post-placebo, pre-active, post-active) and treatment group (placebo, active). 

This showed no differences. There was no main effect of session (F1,6= 4.302, p= .083), or drug (F6,1 

= .018, p= . 898), and there was no interaction between session and drug (F= 1,6= 3.067, p= .130), 

see Figure 33.  

 

 

Figure 33. N75 Latency percentage differences. 
N75 Latency percentage differences between before and after treatment (post-pre), low spatial 
frequency stimulus (the large checkerboard). Negative values indicate that amblyopic latency 
became shorter relative to the fellow eye latency. .Positive values indicate the opposite. Error bars 
show +/- 1 standard error of the mean.  

 

This analysis was repeated for the high spatial frequency stimulus and showed no main 

effect of session (F1,6= .021, p= .916), drug (F=1,6 = .051, p= .828), and no interaction between 

session and drug (F1,6= .007, p= .938), see Figure 34.  
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Figure 34. N75 Latency differences between pre and post treatment. 
N75 Latency differences between pre and post treatment, illustrated for the high spatial frequency 
stimulus (the small checkerboard). Negative values indicate that amblyopic latency became shorter 
relative to the fellow eye latency. Positive values indicate the opposite. Error bars show +/- 1 
standard error of the mean.  

 

The same analysis was conducted for the P100 latencies for the low spatial frequency 

checkerboard which revealed no main effect of session (F1,6= 4.520, p= .078) or drug (F6,1 = 5.81, 

p= . 475), and no interaction between session and drug (F= 1,6 = 2.669, p= .153), Figure 35. Similar 

results were found for the high spatial frequency checkerboard, session: (F1,6 = 5.220, p= .062), drug 

(F6,1 = .105, p= . 756), and there was no interaction between session and drug (F= 1,6= .114, p= 

.748), Figure 36.  

 

 

Figure 35. P100 Latency differences between post and pre-treatment. 
P100 Latency differences between post and pre-treatment, for the low spatial frequency 
checkerboard. Negative values indicate that amblyopic latency became shorter relative to the fellow 
eye latency. Positive values indicate the opposite. Error bars show +/- 1 standard error of the mean. 
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Figure 36. P100 Latency differences between post and pre-treatment. 
P100 Latency differences between post and pre-treatment, for the high spatial frequency 
checkerboard. Negative values indicate that amblyopic latency became shorter relative to the fellow 
eye latency. Positive values indicate the opposite. Error bars show +/- 1 standard error of the mean. 

 

2.5.3.3 The VEP Baseline Amplitudes N75 and P100 

2.5.3.3.1 The VEP Baseline Amplitude: N75 

The N75 (N75-P100) VEP amplitude differed between the amblyopic eye and the fellow eye at 

baseline for the low spatial frequency (t7= -3.619, p= .011), but did not differ significantly for the 

high spatial frequency checkerboard stimuli (t6= -1.839, p= .116) (Figure 37, top left and bottom left 

respectively). Participant JA did not seem to show a difference for either the large or small checks at 

baseline and for the N75 component he showed a trend in the opposite direction to what was 

expected.  His amplitudes were within the normal range for both eyes. The P100 (P100-N135) VEP 

amplitude differed between the amblyopic eye and the fellow eye at baseline for both the low 

spatial frequency (t6= -5.229, p= .002), and high spatial frequency stimuli (t6= -3.8, p= .009) (Figure 

37, top right and bottom right respectively). 
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Figure 37. Baseline VEP amplitudes. 
Baseline VEP amplitudes for the low spatial frequency checkerboard (top row) and high spatial 
frequency checkerboard (bottom row) for both the N75 component (N75-P100) (left column) and the 
P100 component (P100-N135)  (right column). Amblyopic eyes showed significantly lower amplitudes 
for all but the high spatial frequency, N75 component condition. Error bars show +/- 1 standard error 
of the mean. 

 

2.5.3.3.2 The VEP Amplitude Changes with Treatment: N75 and P100 

2.5.3.3.2.1 The VEP Amplitude Changes with Treatment: N75 

Since the amplitudes for both small and large checkerboard stimuli differed between amblyopic and 

fellow eye at baseline, the effect of treatment on VEP amplitudes was investigated. For this, a 

percent difference between the two eyes was calculated in the same way as for the MF-ERG analysis 

described above. A repeated measure ANOVA was conducted on the percentage difference N75-

P100 amplitude scores with factors of session (pre-placebo, post-placebo, pre-active, post-active) 

and treatment group (placebo, active). This showed no main effect for both large checkerboard 

stimulus (session F1, 6 = .268, p =.623), treatment group, F=6,1= 1.174, p = .320), time and 

treatment group interaction (F1,6 = 2.887, p= .140), and no effects for the small checkerboard 

stimuli (session F1,6 = 1.662, p= .245), drug (F1,6 = .435, p= .534) and no session by drug interaction 

(F1,6 = .189, p= .679) see Figure 38.  
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Figure 38. VEP N75 (N75-P100) amplitude percentage difference. 
VEP N75 (N75-P100) amplitude percentage difference changes for the low spatial frequency (top) 
and high spatial frequency (bottom) checkerboards. Negative values indicate a relative strengthening 
of the amblyopic eye response after treatment. Positive values indicate the opposite effect. Error bars 
show +/- 1 standard error of the mean. 

 

2.5.3.3.2.2 The VEP Amplitude Changes with Treatment: P100 

Repeated measures ANOVA was conducted on the percentage difference VEP P100 (P100-N135) 

amplitude scores with factors of session (pre-placebo, post-placebo, pre-active, post-active) and 

treatment group (placebo, active). For the large checkerboard stimulus there was no difference 

between session (F1,6 = .677, p= .442), drug (F1,6= .000, p= .987), and there was no interaction 

between session and drug (F1,6= .226, p= .651). For the small checkerboard stimulus, there were no 

main effects (session: F1,6 = .883, p= .389, drug: F1,6=.325, p= .589), and there was no interaction 

between session and drug (F1,6= .262, p= .627), see Figure 39. 
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Figure 39. VEP P100 amplitude (P100-N135) percentage difference. 
VEP P100 Amplitude (P100-N135) percentage difference changes for low spatial frequency (top) and 
high spatial frequency (bottom).  . Negative values indicate a relative strengthening of the amblyopic 
eye response after treatment. Positive values indicate the opposite effect. Error bars show +/- 1 
standard error of the mean. 

2.5.3. Mood 

To assess whether there were any changes in mood due to the use of citalopram, repeated 

measures ANOVA was carried out on the total POMS scores that were measured on every session. 

There were no main effects of session (F1,6 = 2.317, p= 1.79), drug (F1,6= 1.791, p= .229), and there 

was no interaction between session and drug (F1,6= .317, p= .594). When pharmacological 

intervention order was used as a covariate, there were still no effects of citalopram on mood.  
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Chapter 3. Case Study Combining Citalopram with 

Binocular Training in an Adult with Amblyopia 

This case study was conducted to explore whether SSRI modulation could potentially enhance 

binocular training.  As discussed in Section 1.5.3.3, binocular summation was found to be present 

and even normal in amblyopic observers (Baker, Meese et al. 2007). Therefore, for both children and 

adults with amblyopia, binocularity is more likely to lie on a continuum rather than to be absent 

according to suppression levels. Following from these findings, as discussed in Section 1.5.4.3.3, 

contradictory to the traditional view, visual improvements for adults with amblyopia were proven to 

be possible and long-lasting (at least for one month) by reducing suppression via binocular training 

(Hess, Mansouri et al. 2011, Hess, Thompson et al. 2014). In binocular training, different stimuli are 

presented to the amblyopic and fellow eye, for example by using anaglyph glasses (glasses with a red 

filer for one eye and a green filter for the other). One type of binocular training involves playing a 

dichoptic version of the videogame Tetris. By presenting some blocks in the Tetris game to the 

amblyopic eye at a high contrast, and presenting other blocks to the fellow eye at a low contrast, 

one can adjust the training to the patient’s suppression level. In this way, binocular training can be 

delivered in the form of playing a Tetris game on an Apple iPod (Long, Thompson et al. 2011, Hess, 

Thompson et al. 2012). To ensure that the amblyopic eye is engaged in this training and to reduce 

suppression, the contrast (based on the relationship between the block and the background 

luminance) of the Tetris blocks is varied in three different ways: 1. high contrast blocks are visible to 

the amblyopic eye only and fall down the screen; 2. low contrast blocks are visible through the 

fellow eye only and form the ground plane that the falling blocks are fitted into; 3. blocks that are 

below the ground plane are visible through both eyes to aid fusion (Long, Thompson et al. 2011). 

Therefore, both eyes must be used to play the game. 

Before starting the training, to align the eyes, a black half cross is presented in each eye 

against a white screen, and the patient is asked to move the half cross screen seen by the amblyopic 

eye until it lines up with the fellow eye’s view of the other half (Long, Thompson et al. 2011). To find 

out how low the contrast for the fellow eye needs to be set for the amblyopic eye to function 

equally well when playing the game, the contrast ratio is measured with a binocular signal to noise 

task (Long, Thompson et al. 2011). In this task the participant determines the direction of signal dots 

that are presented moving horizontally (left or right) amongst randomly moving dots (noise dots). 

The total number of dots is kept constant while the proportion of signal to noise dots if varied using 

a staircase algorithm. The motion coherence threshold is the number of signal dots required to 
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identify the signal direction (Newsome and Pare 1988). By presenting this stimulus binocularly, one 

can first determine the binocular threshold, which is the threshold number of signal dots required 

for 75% correct performance when both signal and noise dots are presented to both eyes at high 

contrast.  Then, by presenting the noise dots to the fellow eye and signal dots to the amblyopic eye 

using the previously measured binocular threshold, the balance point contrast can be measured, 

which is a measurement of suppression of the amblyopic eye (Black, Thompson et al. 2011). This is 

achieved by varying the contrast of the noise dots in the fellow eye using a staircase algorithm until 

the patient can perform the direction discrimination task at 75% correct indicating normal 

combination of information between the fellow eye and the amblyopic eye (Black, Thompson et al. 

2011). The balance point contrast is used to set the contrast difference between the amblyopic eye 

and fellow blocks in the Tetris game. Successful game play results in a gradual reduction in the 

contrast difference between the two eyes in order to reduce suppression and promote binocular 

function. Specifically, a score of over 1000 points on the game triggers a 15% proportional increase 

in contrast for the fellow eye blocks when the game is played the next day. Amblyopic eye blocks are 

always presented at 100% contrast.  

The aim of this case study was to provide preliminary evidence relating to whether the effect of 

anaglyphic binocular training delivered using an iPod touch device could be enhanced by SSRIs. 

Furthermore, because the patient had also taken part in Study 2, a preliminary comparison between 

the effects of the SSRI citalopram on patching vs. binocular training was possible.  
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3.1. Method: Binocular Training Case Study 

The patient who took part in this case study had already participated in the SSRI and patching study 

(Study 2). The cases study followed the same procedure as Study 2, however instead of combining 

patching with the pharmacological intervention, binocular training was combined with the 

pharmacological intervention (either placebo or the SSRI citalopram). Like in Study 2, the drugs were 

administered using a double-blind procedure. By coincidence, for both Study 2 and the case study, 

the pharmacological intervention for the patient was placebo followed by active. As in previous 

studies (Hess, Mansouri et al. 2010, Hess, Mansouri et al. 2011, Long, Thompson et al. 2011, Knox, 

Simmers et al. 2012), compliance with the binocular training (minutes of game play per day) was 

recorded directly on the iPod device (Table 5). Methodology relating to the Tetris video-game based 

treatment for amblyopia is provided in the introductory section to this chapter with further details 

provided by Long, Thompson et al. (2011). 
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3.2. Results: Binocular Training Case Study 

3.2.1. Baseline Information 

VA in Log MAR for this participant (SG) before the start of both the patching study (Study 2) and 

binocular training in this case study was 0.64 for his amblyopic eye (left eye) and -0.1 for his fellow 

eye (right eye). Further clinical details are provided (see Table 3 ). For the patching treatment (Study 

2), SG patched for around 55 minutes daily, and his daily average time spent on the binocular 

treatment was 46 minutes (Table 5).  

 

Table 5. Compliance. 
Average minutes per week for participant SG for two behavioural interventions: patching (study 2) 
and binocular training. 

 

To examine whether chronic SSRI modulation had an effect on the binocular training for this 

participant, his VA scores before and after each treatment (active and placebo) were compared for 

each eye. 

 

Figure 40. Visual acuity (log MAR) differences. 
Visual acuity (log MAR) differences for each treatment for the amblyopic eye (left) and the fellow eye 
(right). The higher the log MAR difference on the y-axis, the greater the improvement in visual acuity.  

 

Treatment Mean patching or training

duration in minutes (daily)

SG patching treatment 47/M 55

SG binocular training 48/M 46

Age/gender
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As shown in Figure 40 (left), on the patching treatment SG improved his VA score for his 

amblyopic eye by a little over 1 Log MAR line after citalopram but not placebo. However, there was 

no difference in VA outcome for the placebo and SSRI blocks for the binocular training (Figure 40, 

left). The changes in fellow eye VA were very small for both treatments (Figure 40, right). 

 

Figure 41. Visual acuity (log MAR) per session. 
Visual acuity (log MAR) per session for both the patching treatment intervention, and the binocular 
training intervention. For both treatments, the order was: placebo followed by active treatment. 

 

For the visual evoked potentials, there were no consistent differences between binocular 

and monocular treatment with or without citalopram, for both the latencies and amplitudes. There 

were no changes in stereo. 
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Chapter 4. Discussion  

The research described in this thesis was designed to test the hypothesis that the chronic 

administration of SSRIs would enhance adult human visual cortex plasticity, as demonstrated in the 

rat model (Maya-Vetencourt, Sale et al. 2008). Two main studies were conducted as well as a case 

study. The first major study assessed the effect of the SSRI fluoxetine on VPL in healthy participants. 

The second study investigated whether the SSRI citalopram could allow for recovery of VA in adults 

with amblyopia; a neurodevelopmental disorder of the visual cortex that is also a well-established 

model of adult cortical plasticity (Spolidoro, Sale et al. 2009). All participants were treated using 

patching of the fellow eye and one participant was also treated with an emerging therapeutic 

technique that is designed to promote binocularity (Long, Thompson et al. 2011, Hess, Thompson et 

al. 2012). The combination of citalopram with this new binocular treatment formed the basis of the 

final case study.  

First, the major results of each study will be summarized, followed by a discussion of the 

main findings. In the first study on healthy plasticity and perceptual learning, chronic SSRI 

administration did not appear to affect visual cortex plasticity in normal observers; as the rate and 

amount of learning in the group given fluoxetine did not differ from the placebo group. This study 

was, to my knowledge, one of the first to investigate the role of chronic SSRI modulation in 

enhancing VPL. Because this type of research is still in its infancy, when designing this study the drug 

dosage and duration were chosen after consulting with a psychiatrist in a way so that mood effects 

would be minimal (for both ethical reasons and to prevent mood effects influencing VPL 

performance though changes in attention or motivation). Therefore it is possible that we failed to 

find an effect due to the dosage and duration of treatment used in this study. However, 

neuromodulation using a pharmaceutical intervention did provide a new insight into the mechanisms 

that support perceptual learning. The benzodiazepine triazolam significantly impaired thresholds for 

the untrained stimulus configuration but had no effect on the trained stimulus configuration. This 

was the first time that the neural mechanisms underlying learning due to training and learning due 

to transfer to an untrained stimulus have been separated using a pharmacological intervention.  

The second study, is one of the first clinical trials to translate ground-breaking animal 

research on adult amblyopia and SSRI modulation (Maya-Vetencourt, Sale et al. 2008) to human 

amblyopia. Maya-Vetencourt, Sale et al. (2008) showed that when combined with occlusion of the 

fellow eye, chronic SSRI administration enabled a shift in binocularity and a significant VA 

improvement in adult amblyopic eyes. The results of this second translational study did not reveal a 
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significant VA improvement for the group. In a similar vein as for our perceptual learning study, 

because this study is –to my knowledge- the first to translate the animal findings of SSRI modulation 

of the visual cortex to humans, drug dosage and duration might play a role in not finding an effect on 

visual plasticity for the group. Furthermore, as described in Chapter 3, the study was underpowered 

due to the difficulty in recruiting the target number of participants. However, the finding that a 

subset of patients did improve their VA as a result of the drug is important; as short periods of 

patching such as those used in this study do not have any effect on VA when administered alone, and 

patching is often only considered an effective treatment in children before 12 years of age 

(Epelbaum, Milleret et al. 1993). Furthermore, even in children, six months of daily patching for two 

hours or more per day is commonly required for significant visual acuity improvements to occur 

(Pediatric Eye Disease Investigator Group 2005). Interestingly the three patients, who showed an 

improvement in VA in this study, were among the four patients with the most severe amblyopic 

vision, and of these four most severe amblyopia patients, these three showed the highest 

compliance (they each patched for more than an hour per day). Unlike in the animal study (Maya-

Vetencourt, Sale et al. 2008), where physiological measures demonstrated ocular dominance (OD) 

plasticity as a result of the drug, in our human study there were no reliable measurable 

electrophysiological changes resulting from chronic SSRI modulation for this group of patients.  

In the case study, a single participant who showed an improvement with patching and 

citalopram administration, repeated the amblyopia study protocol for a second time whereby rather 

than patching, the use of a novel binocular treatment for amblyopia (Long, Thompson et al. 2011) 

was combined with placebo and citalopram. VA improved in both the placebo and citalopram blocks 

for this participant, suggesting that citalopram did not enhance the effects of the binocular therapy 

for this particular individual. 
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4.1. Study 1: SSRIs and Plasticity in the Healthy Visual Cortex  

In this double blind study, the effect of SSRI administration on learning and cortical excitability was 

tested in healthy adult male participants. Previous studies have shown that chronic SSRI 

administration can enhance visual plasticity in the healthy adult visual cortex (Normann, Schmitz et 

al. 2007, Maya-Vetencourt, Sale et al. 2008). However, there is a gap in knowledge regarding whether 

this enhanced plasticity by chronic SSRI administration would also involve learning, such as the skill 

learning that occurs in VPL. For this study, 20 healthy adult male participants were trained for five 

consecutive days on a MDD task. This task is a classical perceptual learning paradigm which, due to 

its location specificity over a relatively large area, involves a range of visual areas likely including V1 

and area MT. The task also allows for the measurement of transfer of learning to an untrained 

stimulus configuration (Ball & Sekuler, 1982, 1987; Liu & Weinshall, 2000). The training sessions were 

set individually at 75% accuracy which was challenging but allowed for improvement over time (five 

days), so that a change in the rate and amount of learning under the pharmacological intervention 

could be compared to the placebo group. In the animal study, the enhanced adult visual plasticity 

was blocked by a benzodiazepine (Maya-Vetencourt, Sale et al. 2008). Therefore, at the end of the 

SSRI modulation, all participants received a benzodiazepine to test whether this would interfere with 

any plasticity effects. 

4.1.1. Do SSRIs affect Learning? 

Chronic SSRI (fluoxetine) administration had no effect on plasticity, in either the rate or level of 

learning, as measured by VPL on the motion discrimination task. This was contrary to the hypothesis 

that had motivated the study (Normann, Schmitz et al. 2007, Maya-Vetencourt, Sale et al. 2008). 

Therefore, it appears that the previously reported effects of SSRIs on visual cortex plasticity 

do not translate to improved VPL performance, which involves lasting changes in visual task 

performance. The possibility remains that LTP-like plasticity was enhanced in the visual cortex by 

SSRI modulation, as found by Normann, Schmitz et al. (2007) which possibly involves direct LTP-

plasticity at the synaptic level as shown by Maya-Vetencourt, Sale et al. (2008). It is an important 

finding that any such enhanced plasticity did not lead to enhanced learning in our study. It is likely 

that complex interactions between early and late stages of visual processing play a role in VPL and 

these processes may not be enhanced in the same way as the mechanisms involved in LTP or LTP-like 

plasticity.  
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With regard to translating the animal study showing adult OD plasticity by SSRI modulation 

(Maya-Vetencourt, Sale et al. 2008) to humans, factors other than differences in the type of plasticity 

measured can play a role. For example, difficulties exist in determining whether the drug dose and 

duration used in our study was similar to that used in the rodent plasticity model (Maya-Vetencourt, 

Sale et al. 2008). In our study we chose a duration that would be safe (liaising with the Ethics 

Committee and a psychiatrist) and would not involve mood changes as a confounding variable on 

learning. Therefore, it remains possible that, in order to enhance VPL, a higher dosage and/or a 

longer duration of drug modulation is necessary. In addition, although no effect on learning was 

found to result from chronic SSRI modulation on healthy young men in the current study, this does 

not rule out the possibility of enhanced learning in a different population. It has been demonstrated 

that patients with anisometropic amblyopia exhibit enhanced plasticity in response to VPL (Huang, 

Zhou, & Lu, 2008), whereby learning generalised more in anisometropic observers than in control 

participants with normal vision (for the amblyopic observers, learning transferred to a wider range of 

untrained stimuli). Therefore, it is possible that another population sample such as amblyopia 

patients would show enhanced VPL when given fluoxetine. 

An unexpected finding from the perceptual learning study was that learning transferred to 

an untrained stimulus configuration. The classical MDD VPL studies showed stimulus specificity when 

the stimulus was 90 degrees away from the trained stimulus (Ball & Sekuler, 1987). In other words, 

learning did not transfer to stimuli that contained motion directions 90 degrees away from those 

present in the stimulus used for training. This is in line with the RM theory, which proposes that the 

neural changes associated with VPL occur at an early stage of visual processing during which cells are 

tuned to specific motion directions. In contrast, our results showed full or general transfer of learning 

to the untrained stimulus orientation that was 90 degrees away from the trained orientation. One 

important difference between the classical experiments and this study was the task difficulty that 

was used for training. The training was set at 75% correct in our study, while in the classical studies it 

was set at 70% correct. Varying the difficulty of the training task in units of 5% correct has previously 

been shown to influence the resulting learning (Thompson and Liu 2006) and a 75% starting 

threshold was used in the current study to ensure that learning could take place over a five session 

training period, which is a relatively short period according to perceptual learning standards. Our 

finding of full transfer is in line with Liu (1999), who argues that higher-level processing plays an 

important role in less demanding perceptual learning tasks which can lead to a lack of specificity to 

the trained location. Additionally, it was demonstrated that learning could transfer to untrained 

directions for perceptual learning of motion discrimination tasks, with the main difference being that 

learning for the trained direction occurred at a faster rate than learning for untrained directions (Liu 
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& Weinshall, 2000). This was explained in the context of the SRW theory which proposes that 

learning involves a single generalised mechanism (Liu and Weinshall 2000). The RHT, can also help 

explain VPL findings, such as those reported by Liu (1995), and this model incorporates elements of 

both the RM theory and the SRW theory, which I propose would fit well with our results. This is 

because, according to the RHT, the RM theory holds true in highly demanding tasks with stimulus 

specificity as shown the classical studies, whereas for less stringent tasks higher level processing 

changes occur which have less specificity for the trained stimulus (Ahissar and Hochstein 1997). 

Given the less stringent behavioural demands in our training task than used in the classical studies 

(Ball and Sekuler 1982, Ball and Sekuler 1987), it is likely that in our study, learning progressed from 

higher-to lower brain regions, thereby allowing for a high level of transfer of learning to the 

untrained stimulus.  

However, in our study the representation of the transferred learning must have remained 

distinct from the untrained learning. This is because accuracy on the untrained stimulus was 

significantly affected by the benzodiazepine triazolam, which caused an increase in GABA due to 

allosteric modulation of the GABA binding site, whereas accuracy on the trained stimulus was 

unaffected. Notably, this study was the first to demonstrate differential effects of a pharmacological 

agent on task performance for trained and untrained stimuli. The RHT claims that with learning, 

plasticity progresses from high- to low-level areas and may unify both the finding of full transfer and 

the finding that triazolam affected the untrained but not the trained stimulus. If the RHT holds true, 

then perhaps learning for the trained stimulus involved changes to both high- and low-level 

networks, whereas transfer of learning to the untrained stimulus involved only higher-level 

networks. This combined with the possibility that the network supporting transfer of learning to the 

untrained stimulus was less established than the network supporting learning for the trained 

stimulus, may have made the untrained stimulus more susceptible to drug modulation.  

However, the brain regions involved in perceptual learning, and the question of whether 

different brain regions become involved at different stages of learning is hotly debated in the VPL 

literature. Similarly, progression of learning from high- to low-level areas is yet to be empirically 

confirmed. In this context, the applicability of more than one VPL model to the results of this study is 

not surprising, as it has often been found that the various VPL models such as the RM, RHT and RWT 

are not mutually exclusive (Karni and Bertini 1997, Sagi 2011). Both pharmacological and brain 

stimulation modulation, together with connectivity measurements using techniques such as diffusion 

tensor imaging and resting state MRI, will help in our understanding of the functional structures that 

are involved in learning and consolidation, such as in the MDD task. 
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An interesting and unexpected finding from the VPL experiment was a trend for impaired 

visual learning consolidation under acute SSRI administration (the interaction that tested for 

differential effects of citalopram and placebo on consolidation approached significance with p= .054). 

This suggests that SSRIs can influence learning, however contrary to the main hypothesis of this 

study, learning was impaired. Specifically, consolidation of the MDD task over two consecutive days 

of psychometric function measurements appeared to be hampered by an acute dose of the SSRI 

citalopram. Potential explanations for this trend in the data include the possibility that acute SSRI 

administration impairs the second or slow stabilising phase in perceptual learning (Censor, Sagi et al. 

2012). This is also consistent a tDCS study whereby anodal tDCS of the primary visual cortex blocked 

consolidation of a simple contrast detection task over two consecutive daily sessions of psychometric 

function measurements (Peters, Thompson, et al., 2013). It was proposed that this impaired 

consolidation was due to a reduction of inhibition within the stimulated brain areas, which 

decreased the signal-to-noise ratio within the visual cortex (Peters, Thompson et al. 2013). A 

comparable effect may have occurred in response to citalopram in the current study, although as 

citalopram would have had a systemic effect, the changes in inhibition may have been more 

widespread than those induced by tDCS. 

One possible explanation for the lack of an effect of fluoxetine on perceptual learning is that 

the perceptual learning paradigm that was chosen was not sufficiently sensitive to detect any drug-

mediated effects. However, a previous study using an almost identical paradigm shows that this is 

unlikely to be the case (Rokem and Silver 2010). Rokem and Silver (2010) demonstrated that 

increasing ACh using donepezil (trade name: Aricept) enhanced the amount and specificity of 

learning on a MDD task. In this study, five days of training resulted in stimulus-specific learning (i.e. 

no transfer to untrained stimuli) and this specificity was enhanced by daily cholinergic modulation 

during the training. Their follow up study showed that these effects are not only specific to the 

trained stimulus, but also long lasting (5-15 months after end of training without any drug 

modulation) (Rokem and Silver 2013). An important difference between the aforementioned study 

and our study is that in the Rokem and Silver (2010) study, the training difficulty was set at a 70% 

correct training level, compared to the less demanding start of 75% correct for the VPL training in our 

study. Thus, the training in the former study was more behaviourally demanding. According to the 

RHT, only learning that occurs on highly demanding tasks is stimulus-specific and involves low-level 

visual regions from the start of training in line with the RM theory, whereas for lower behaviourally 

demanding tasks, learning progresses from higher- to lower-level brain areas.  
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 Rokem and Silver (2010) propose that cholinergic modulation enhanced performance of their 

task through an increase in neuronal selectivity, and that ACh increases plasticity by directing activity 

to populations of neurons involved in the processing of behaviourally relevant stimulus features. 

Whatever the mechanism of the enhanced learning might be, the results indicate that the perceptual 

learning task used in the current study was sensitive to changes in learning induced by a 

pharmacological intervention. The enhanced plasticity by ACh modulation in these two studies 

would suggest the modulation of cholinergic transmission to be more effective at enhancing learning 

in healthy adult humans than modulation of serotonergic pathways. It would be interesting to assess 

whether cholinergic modulation can also enhance visual cortex plasticity in human amblyopia.  

Although we did not find enhanced plasticity as a result of chronic SSRI modulation in the 

healthy visual cortex, effects may still occur in populations with abnormal cortical function, for whom 

greater improvements or learning might be possible. In particular, stronger effects may be found in 

populations who have an imbalance of excitation and inhibition within the visual cortex as is thought 

to occur in amblyopia (Mower, Christen et al. 1984). For example, in amblyopia there was more 

improvement on a perceptual learning task than for normal observers, indicating a greater level of 

plasticity or capacity for improvement (Huang, Zhou et al. 2008). This question was addressed, in 

part, by the second experiment. 

4.1.2. Mood Effects 

Mood was measured throughout the study, as SSRIs may influence mood, which in turn may 

influence performance on perceptual learning tasks due to changes in attention or motivation. In our 

study acute SSRI administration in normal healthy participants had a small effect on mood. Therefore 

the effect of the acute SSRI dose on task consolidation described above (in Section 2.2.7.2) has to be 

interpreted in the context of this change in mood. While an effect of mood disturbance on 

consolidation cannot be totally ruled out, the changes in mood were not correlated with the 

impairment in consolidation, suggesting that the two effects were relatively independent of one 

another. As no consistent changes in mood were found to result from chronic SSRI administration, it 

is unlikely that mood influenced the perceptual learning results reported above.  
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4.1.3. Cortical Excitability 

The acute administration of the SSRI citalopram has been shown using tDCS, to shift the excitability 

of the motor cortex to a more excitable state (Nitsche, Kuo et al. 2009). In addition, a hyper-

activation of motor areas was shown using fMRI when participants were given either fluoxetine 

(Loubinoux, Boulanouar et al. 1999), or paroxetine (Loubinoux, Pariente et al. 2002). Therefore it was 

hypothesised that both visual and motor cortex excitability would increase for the drug group in the 

perceptual learning study. 

To test this hypothesis, the technique TMS was used to provide an index for excitability. 

These measurements did not show any acute effects of citalopram on excitability for either the visual 

or motor cortices. This finding, inconsistent with previous studies (Nitsche, Kuo et al. 2009), might 

possibly be due to the differences in methodology. An important difference between the study 

conducted by Nitsche, Kuo et al. (2009) and this study is that in our study, excitability was not 

compared on the same day before and after drug modulation. Due to time constraints, excitability 

effects of the drug were compared by using excitability measurements made the day before and two-

and-a-half to three hours after the drug had been ingested (the perceptual learning task started two 

hours after drug administration and when this task was finished TMS measurements were made). 

Perhaps this protocol of measuring excitability might have been too noisy to detect acute excitability 

changes as a result of drug modulation. Furthermore, as not all participants reliably perceived 

phosphenes, our findings rely on a small group size (n = 13), compared to the group size for the VPL 

measurements (n = 20). 

There was a non-significant trend for chronic SSRI modulation to enhance visual excitability, 

as seen for the last sessions for the active group. This is in line with the previous finding that visual 

excitability was enhanced by chronic SSRI modulation (Normann, Schmitz et al. 2007). Regarding 

chronic SSRI modulation and excitability and learning, there was no relationship between the 

amount of learning (the change in accuracy for the trained stimulus as a result of learning) and the 

change in visual excitability from pre to post training, assessed with both the threshold and 

suprathreshold phosphene measures. For motor cortex excitability, assessed by rest motor threshold, 

there were also no changes due to SSRI administration. Finally, our findings did not show a 

correlation between baseline measures of visual and motor cortical excitability in agreement with 

previous studies (Stewart, Walsh et al. 2001, Boroojerdi, Meister et al. 2002). However, it has been 

argued that in order to directly compare the excitability of the different cortices using TMS, stringent 
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protocols are needed, such as extended periods of dark adaptation that were beyond the scope of 

this study (Deblieck, Thompson et al. 2008).  

Overall it remains uncertain whether the acute drug had an effect on excitability of both 

visual and motor cortices, and whether excitability measurements on the same day would have 

revealed changes in excitability that would have been consistent with the increased motor cortex 

excitability induced by acute SSRI administration that has been reported by previous studies 

(Loubinoux, Boulanouar et al. 1999, Loubinoux, Pariente et al. 2002, Nitsche, Kuo et al. 2009). It has 

been argued that perceptual learning and motor learning rely on similar mechanisms (Censor, Sagi et 

al. 2012). Therefore, to investigate this further, future studies are needed on visual and motor 

excitability in combination with skill learning. 

To conclude, chronic SSRI modulation did not enhance plasticity in VPL in healthy adult humans. 

Therefore, although SSRIs can enhance LTP-like mechanisms in the adult human visual cortex 

resulting from a visual tetanus (Normann, Schmitz et al. 2007), and can reinstate OD plasticity in 

adult rats (Maya-Vetencourt, Sale et al. 2008), in our study chronic SSRI modulation did not increase 

VPL performance in healthy humans. However, this study is the first to reveal two distinct 

mechanisms of learning for training and transfer. Specifically, trizolam impaired task performance for 

the untrained orientation only, indicating that only learning due to transfer was susceptible to the 

effects of a benzodiazepine. As a VPL model, the RHT fits well with our findings. The RHT can explain 

the extensive transfer of learning to the untrained stimulus that was found in the current study, as 

well as the effect of triazolam on task performance for the untrained stimulus. Other 

neuromodulators, such as ACh, have been shown to be effective in enhancing perceptual learning in 

a more behaviourally demanding motion discrimination task in a specific way, which is in line with 

the RM theory and the RHT, and the effects have been shown to be long-lasting (Rokem and Silver 

2010, Rokem and Silver 2013). These studies also demonstrate that the MDD task is a valid and 

useful VPL task to test plasticity that relates to skill learning.  

In the developmental disorder amblyopia, which involves an imbalance in ICI (Mower, Christen et 

al. 1984), VPL has showed greater transfer to untrained stimuli than in normal observers (Huang, 

Zhou et al. 2008). Although chronic SSRI modulation on the healthy brain did not enhance the 

amount or rate of learning, it is possible that SSRI modulation has a different effect on the non-

healthy brain or when combined with a therapeutic intervention, as has been shown in stroke 

rehabilitation (Chollet, Tardy et al. 2011, Mead, Hsieh et al. 2012). This question was addressed in 

the second study.  
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4.2. Study 2: Visual Plasticity in Adult Amblyopia 

The main objective of the second study was to translate animal research to humans, which implied 

that a patching treatment for adults with amblyopia would be possible when combined with chronic 

administration of an SSRI (Maya-Vetencourt, Sale et al. 2008). In other words, it was tested whether 

SSRIs could reopen the CP. Our study was one of the first studies to translate this finding to a human 

clinical study and tested whether the SSRI citalopram would enable patching treatment to be 

effective in adults with amblyopia. This crossover study involved a very short treatment of two weeks 

of two hours of daily patching in combination with a daily dose of citalopram (20 mg) or placebo. In 

between these two treatments was a two-week break to ensure washout of the drug and there was 

a washout testing session at the end of the experiment. Patients were asked to patch for two hours 

per day but were told that if they were unable to achieve two hours to patch for as long as was 

possible and safe (for example, not while driving). 

The effect of chronic administration of the SSRI citalopram was tested on seven adult 

amblyopic participants. It was challenging to recruit eligible participants due to the inclusion criteria 

for amblyopia and the safety criteria for the use of citalopram. However, this study is important for a 

future large-scale clinical trial of SSRIs for treating amblyopia (or perhaps the use of an alternative 

pharmacological modulator). The difficulty in recruiting eligible participants, however, will have to be 

accounted for in future large-scale trials. As this was the first clinical trial of its kind, the treatment 

duration and drug dose were not tailored for amblyopia severity but were the same for every 

patient. This is another aspect of the trial design that could be revised in a subsequent study. 

The group of seven participants did not, overall, show a significant improvement in VA. 

However, for a subset –three of the seven- there was an improvement of over 0.1 Log MAR or one 

line of letters. Although this improvement is marginal from a clinical perspective, the improvement 

only took place for the drug treatment, not on the placebo treatment. Therefore citalopram did 

seem to allow for VA improvements in a subset of patients. These three patients were among the 

four patients with the most severe amblyopia. Of these four severe patients, the three patients who 

showed a VA improvement due to SSRI administration also showed the highest compliance, as they 

each patched for one hour per day or longer. The participant who improved the most (JA) had an 

abnormal fovea response on MF-ERG. However, this did not change with treatment and therefore 

the improvement was not due to a resolution of the abnormal retinal response but was instead most 

likely due to a change in cortical processing. 
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A number of other studies have found responders and non-responders to amblyopia 

treatment interventions such as rTMS (Thompson, Mansouri et al. 2008). Other applications of SSRIs 

than amblyopia, such as depression, also show a mixture of responders and non-responders to the 

effects of these drugs (Castrén and Rantamäki 2010). One factor that may influence the response to 

neuromodulation techniques is how specific genes are expressed and translated in experience-

dependent plasticity (Castrén, Elgersma et al. 2012). For example BDNF is a critical mediator of 

neuronal activity (Thoenen 1995) and different BDNF polymorphisms are thought to influence 

individual's responses to SSRIs and NIBS techniques (Ridding and Ziemann 2010).  

This was the first study to translate to humans the animal findings showing a reopening of 

the CP with chronic SSRI modulation. It involved short treatment duration, with a low dose 

administered, and included a variety of patients of differing ages and amblyopia severities. Two 

weeks of patching in adults has no effect (Epelbaum, Milleret et al. 1993) and this was confirmed in 

our placebo treatment outcome. However, a mere two weeks of SSRI modulation showed an effect 

for three participants. This is an important finding, as even when treating children, patching 

durations of six months or more are often required for clinically significant improvements in vision 

(Pediatric Eye Disease Investigator Group 2005). It is possible that SSRIs may speed up this process in 

some patients; however larger studies would be needed to confirm this effect. We did not find any 

stereovision effects. This was expected, however, as the treatment involved patching, which does not 

directly target binocular visual function. 

The animal study upon which the second study from this thesis was based used 

electrophysiological recordings to assess changes within the visual cortex in response to SSRIs. To 

obtain measures of cortical function in humans we employed standardised pattern-reversal VEPs, 

which provided an average measure of the responses of many thousands of neurons. The percentage 

difference between the amplitudes of the evoked potentials, measured for fellow and amblyopic eye 

viewing, were calculated to allow for comparisons between cortical responses to each eye to be 

made across multiple sessions. 

To determine any differences at baseline, cortical responses were compared between the 

amblyopic and fellow eye. As expected (Sokol 1983, Shawkat, Kriss et al. 1998, Holder and Robson 

2006), our physiological measurements of the cortical response showed differences at baseline 

between the eyes for VEP amplitude: for the N75-P100 only the low spatial frequency stimuli 

reached significance, while for the later amplitude, N100-P135, both low and high spatial frequency 

stimuli differed significantly. The purpose of the VEP measurements was to determine if any changes 

in cortical function could be found resulting from SSRI modulation. No reliable changes were found, 
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either for the whole group or for the small group of responders who exhibited VA improvements. 

This may have been due to the short treatment duration combined with the inherent variability of 

VEP measurements made across multiple sessions, which could have masked any SSRI-mediated 

effects. Furthermore, the use of clearly visible suprathreshold stimuli for VEP measurements may 

have been insensitive to any changes in cortical function that were associated with acuity thresholds. 

Caution has been advised regarding extrapolation of VEP data to threshold psychophysics or vice 

versa (Levi 1982). It is important to note, however, that suprathreshold stimuli are part of the clinical 

standard for VEP measurement. Alternatively, SSRIs may have had no effect on the cortical processes 

underlying the VEP for the patients who took part in this study.  

The possibility remains open that perhaps a longer treatment tailored to amblyopia severity, 

or the use of different visual stimuli would reveal a change in cortical response such as increased VEP 

P100 amplitude. This would be consistent with previous studies of children with amblyopia, which 

have found that extensive patching therapy can lead to increases in VEP amplitude in a subset of 

children. For example, (Weiss and Kelly 2004) found patching induced increases in VEP amplitudes 

across a wide range of different stimuli. This increase was particularly evident for the late negative 

peak in the VEP waveform (N2) which might indicate the involvement of extrastriate visual areas in 

the recovery of VA (Weiss and Kelly 2004). Another interesting finding was that some children 

showed a reduction in the fellow eye amplitude after patching. This is perhaps in line with Hebb’s 

notion that learning consists of neural competition. Another study on children showed that patching 

produced an increase in the P100 amplitude improvement, with the latency changes not showing 

any significance (Oner, Coskun et al. 2004). Therefore, it would appear that extensive patching can 

influence VEP amplitudes in at least a subset of children. Whether similar effects occur in adults after 

long treatment periods is currently unknown. 

The finding that SSRIs did not influence VEPs in our human participants is a particular point 

of difference between this study and the study on rats conducted by (Maya-Vetencourt, Sale et al. 

2008). A possible explanation is that the rodent visual system and the techniques used to measure its 

response are too different from human studies to allow for a meaningful comparison. In the rodent 

visual system, only a small proportion of primary visual neurons receive binocular input, whereas in 

cats, primates, and presumably humans, most neurons are binocular (Sengpiel 2013). Thus, rodents’ 

binocular synaptic activity may occur at too low a level for valid comparison. Monocular eyelid suture 

in rodents only mildly reduces VA, compared with near blindness in other animal models and 

humans (Sengpiel 2013). Interestingly, in our clinical trial study, we only found VA improvement in 

the most severe amblyopia patients after a short intervention of patching and citalopram treatment. 
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Perhaps longer treatment durations are required to detect improvements in patients with less severe 

amblyopia. Sengpiel (2013) points out that only the rodent model has been used to show the 

reversal of MD after the CP with an invasive intervention, so it is particularly important to assess how 

these interventions may relate to other animal models and humans. 

In human amblyopia there is accumulating evidence for the presence of binocular 

summation (Baker, Meese et al. 2007, Mansouri, Thompson et al. 2008), which shows the existence 

of binocular connections. In addition to the rodent model, in strabismic cats, the GABA-A blocker 

bicuculline was able to restore binocular neural responses in the primary visual cortex (Mower, 

Christen et al. 1984), which suggests active suppression by GABAergic transmission. This active 

suppression does not take place at a subcortical site (i.e. the thalamus) but is cortical, as shown by a 

different study involving strabismic cats (Sengpiel, Jirmann et al. 2006). SSRIs have been reported to 

reduce GABA-mediated inhibition in the visual cortices of adult amblyopic rodents (Maya-

Vetencourt, Sale et al. 2008). However, from these findings it remains unclear whether OD plasticity 

can be restored by chronic SSRI modulation in other subjects than the rodent model. Additionally, it 

remains unclear whether this is directly caused by reducing ICI. It is not yet certain whether similar 

effects would occur in humans and whether they would be strong enough to reduce suppression of 

binocular connections. No changes in binocularity (stereopsis) were found in the current study, 

suggesting that any such effects would require longer treatments and/or that patching interferes 

with the recovery of binocular function (Hess and Thompson 2013).  

To control for any SSRIs effects on areas other than the visual cortex, other physiological 

measurements were made to determine retinal and post-retinal function. These electrophysiological 

measurements (MF-ERGs and PERGs) did not show differences between treatments (placebo and 

SSRI administration). Therefore, SSRI modulation -in addition to not revealing any retina to cortical 

pathway changes- did not evoke any macular, retinal ganglion or optic nerve changes. This was an 

important control as the use of a systemic drug such as citalopram could conceivably have an effect 

on retinal function as has previously been found when L-dopa has been used to treat adult 

amblyopia (Gottlob, Wizov et al. 1995). 

Regarding our physiological measurements, some notable observations are to be made. At 

baseline there were some significant differences between the amblyopic and fellow eye PERG 

amplitudes (a significant difference for the PERG N35-P50 amplitude and trending towards 

significance for the PERG P50-N95 amplitude). This suggests subtle abnormalities in macular and 

retinal ganglion function within the amblyopic eye. However all measures were within the normal 

clinical range and all patients were screened for retinal disease prior to being enrolled in the study. 

Therefore it is unlikely that retinal problems prevented VA improvements in our participants. There 
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was one outlier for retinal dysfunction; namely participant JA who had a MF-ERG centre ring 

amplitude outside of the normal range. As retinal disease was ruled out prior to study enrolment, 

this might have been due to fixation instability with the amblyopic eye causing a reduced foveal 

response to the checkerboard stimulus. 

 

4.2.1.  Responders and Variability 

There was an improvement in VA due to the chronic SSRI (citalopram) modulation in a subset of 

patients only. Out of the four most severely amblyopic the three with highest compliance to patching 

showed a VA improvement when the patching treatment was combined with the active drug 

compared to when the patching treatment was combined with placebo. This is not the first study in 

which a plasticity modulation has an effect on only a subset of patients. For example, modulation 

with TMS only improved contrast sensitivity in a subset of adults with amblyopia (Thompson, 

Mansouri et al. 2008).  

There are also important differences between the animal study that motivated this work and 

the human amblyopia study conducted within this thesis. These include dosage and duration of the 

pharmacological modulation, compliance, severity of amblyopia, the age of onset of amblyopia and 

variability in plasticity as a result of SSRI modulation. Firstly, there is almost no variability in the 

animal studies in factors that could influence the response to treatment such as: occlusion dose 

(compliance), depth of amblyopia, binocular status, fixation pattern and the age at presentation 

(Loudon, Polling et al. 2003, Stewart, Fielder et al. 2005). Another important factor that would play a 

role in variability, which is not the case in experimentally induced animal amblyopia, is the age of 

onset of amblyopia. In human adults, the onset is unclear as patients are often not aware of the 

onset of their amblyopia, but this plays an important role for the underlying physiological differences 

in amblyopia. For example important differences have been shown in the monkey LGN for distinct 

sensitive periods, whereby a cooperative interaction between the two eyes is necessary to prevent 

shrinkage of both deprived and un-deprived parvocellular cells in the final stages of LGN 

development that occur at around 12-18 months (Sloper 1993). The variability due to onset is 

underlined in behavioural and electrophysiological human amblyopia findings that show a difference 

in cortical response measured with VEP between adults with early onset vs. late onset amblyopia 

(Davis, Sloper et al. 2003). This study compared early vs. late onset adult strabismic amblyopia 

patients (onset before or after 18 months of age), and showed that the late VEP amplitude (C2, a 
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later peak than the P100) and latency differed significantly between the groups. Whereas the early 

onset patients showed no differences between their fellow and amblyopic eyes, the late-onset 

amblyopia patients had longer latencies and smaller amplitudes smaller for amblyopic eye VEPs 

relative to fellow eye VEPs. However, the early-onset group showed abnormal VEP responses for 

both eyes. Specifically, both eyes showed latencies and a smaller amplitudes than controls (Davis, 

Sloper et al. 2003). Behaviourally, for the early onset group, there was no difference between the 

eyes for contrast sensitivity in the central field, whereas the late-onset group did show a difference 

(Davis, Sloper et al. 2003).  

Since our study was a clinical trial, patching time was the same regardless of these factors 

that may influence treatment outcome. Perhaps future studies could focus on tailoring treatment 

duration and intensity to individual patients. Since amblyopia involves a diverse range of visual 

impairments (McKee, Levi et al. 2003), it has been suggested that VA might be a crude measurement, 

for example, an initial pre-therapy assessment could be used to identify the primary visual loss in 

order to study what the most effective form of treatment would be for that specific patient (Simons 

2005). 

With the findings of relative suppression in amblyopia (Baker, Meese et al. 2007), other 

measurements than the traditional VA; such as suppression measurements are needed for 

establishing the efficacy of amblyopia treatment (Black, Thompson et al. 2011). Due to time 

constraints, suppression was not measured in the studies reported in this thesis.  
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4.3. Study 3: SSRIs and Binocular Training: a Case Study 

In one of the patients tested in the patching amblyopia study (Study 2), the same protocol 

was repeated, but instead of a patching treatment, the behavioural intervention consisted of an 

established binocular treatment (Long, Thompson et al. 2011). This participant was one of the subset 

of patients who had shown a VA improvement after patching when combined with SSRI modulation 

compared to patching combined with placebo administration. In this case study, VA and cortical 

activity before and after binocular training were assessed. Equivalent improvements in VA were 

found for both the SSRI and placebo blocks, suggesting that the SSRI did not enhance the effect of 

the binocular treatment. In addition, this participant did not show a change in cortical activity 

(latency or amplitude) due to SSRI modulation in the binocular training treatment (in line with the 

patching study).  

These results are consistent with previous work using NIBS, showing that anodal tDCS of the 

visual cortex did not enhance the effect of office-based binocular training on VA, although in this 

study the effects on stereopsis were enhanced (Spiegel, Li et al. 2013). The results of a single case 

cannot be used to draw strong conclusions; however the finding that VA improved in both the 

placebo and active conditions for the binocular training suggests that the binocular training effects 

alone might have masked any small additional improvement facilitated by citalopram. Notably, one 

important outcome from this case study was that it was possible to successfully combine at-home 

binocular training with self-regulated administration of citalopram. This finding will be used to inform 

future amblyopia treatment studies that involve multiple interventions.  

Interestingly, the participant in our study regressed to baseline two weeks after the binocular 

treatment. This is different from previous studies where the improvements are relatively long lasting 

(Li, Thompson et al. 2013) and suggests that a longer treatment period may have been necessary for 

this patient to experience an enduring improvement in vision. It is important to note that this was a 

single case study and larger samples are required to assess whether SSRIs may enhance the effects of 

binocular therapy, particularly in the light of the second study which found that only a sub-set of 

patients seemed to respond to the SSRI treatment. 
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Chapter 5. Conclusion 

In Study 1, it was shown that chronic SSRI modulation did not enhance VPL and therefore is unlikely 

to enhance learning in healthy humans. An unexpected finding was that the acute effects of the SSRI 

citalopram trended to hamper VPL consolidation. In the MDD task, our VPL results showed full 

transfer and we also found that this transfer of learning could be selectively disrupted using the 

benzodiazepine triazolam. These results are consistent with the RHT of VPL and suggest that training 

and transfer engage separable learning processes. 

The second study was one of the first clinical trials to directly translate animal findings of 

adult visual cortex plasticity resulting from chronic SSRI modulation combined with patching 

treatment to humans. In the double-blind cross-over study seven amblyopia patients participated in 

two treatments of two weeks of daily patching and ingesting a tablet daily (20 mg citalopram or 

placebo). VA improved for a subset of amblyopia patients as a result of chronic SSRI administration 

and patching. The three patients who showed this improvement, were amongst the four patients 

with the most severe amblyopia (largest difference in VA between the eyes), of which group the one 

patient who did not improve had a lower level of compliance (fewer patching minutes). In contrast to 

the animal findings, our functional physiological measurements did not reveal cortical or retinal 

changes due to the drug modulation. 

The third study was a case study in which one participant was treated with binocular training 

(Long, Thompson et al. 2011, Hess, Thompson et al. 2012) in combination with citalopram and 

placebo. This case study did not show any benefit to combining binocular therapy with citalopram. 

Recent findings show that two to six weeks of binocular training might be sufficient to restore vision 

in the adult amblyopic visual system (Hess, Mansouri et al. 2010, Long, Thompson et al. 2011, Hess, 

Thompson et al. 2012, Knox, Simmers et al. 2012) and therefore neuro-modulation may not be 

necessary for binocular therapy to be maximally effective.  

Administration of SSRIs such as citalopram may allow for VA improvements in some patients 

with amblyopia, however longer treatment durations or high drug doses may be required to improve 

vision (and stereovision) in a larger number of patients. As revealed by a post-hoc power analysis, a 

larger sample size in Study 2 may have revealed a significant effect of citalopram on VA acuity. 

However, whether any such effect would be statistically significant remains an open question.  

It has been argued that a patching treatment is not always the ideal treatment for both 

children and adults and that treatments targeting suppression of the amblyopic eye input may be 
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more effective (Hess, Thompson et al. 2014). Based on animal studies, including the study by Maya-

Vetencourt, Sale et al. (2008) that formed the basis for the research described in this thesis, a 

reduction of ICI has been proposed to be the critical hub for reinstating juvenile-like plasticity in the 

adult visual brain (Spolidoro, Sale et al. 2009). Inhibitory or suppressive mechanisms have also been 

implicated in the loss of binocular function associated with amblyopia in animal models (Mower, 

Christen et al. 1984). This inhibition is cortical, as Sengpiel, Jirmann et al. (2006) showed a 

restoration in binocular function after applying a GABA agonist to monocularly-deprived cells in the 

visual cortex of cats. It remains to be shown whether ICI is crucial for the reopening of the critical 

period in adult human amblyopia and whether visual improvement depends on ICI and suppression. 

For future directions in adult amblyopia treatment, individually-tailored interventions are 

looking promising. Successful interventions using rodent models are: complete dark exposure (DE) 

(He, Ray et al. 2007), EE (Sale, Maya-Vetencourt et al. 2007, Tognini, Manno et al. 2012), food 

restriction or deprivation (FD) (Spolidoro, Baroncelli et al. 2011). A successful intervention using the 

cat amblyopic model was DE, which fully eliminated amblyopia in young cats (Duffy and Mitchell 

2013). From human research, binocular training has been shown to reduce intraocular suppression 

(Hess, Mansouri et al. 2010, Long, Thompson et al. 2011, Hess, Thompson et al. 2012, Knox, Simmers 

et al. 2012). In addition to improving binocular function, this approach also seems to improve 

monocular visual function, even in adults (Hess, Thompson et al. 2014), as evidenced in the case 

study described above. Furthermore, NIBS techniques may have a role to play in amblyopia therapy 

as both rTMS (Thompson, Mansouri et al. 2008) and tDCS (Spiegel, Li et al. 2013) have led to 

improved vision in amblyopic eyes for a subset of patients. Clinical trials are required to further 

develop these techniques in humans. 

Importantly, instead of plasticity having three developmental stages (pre CP, during CP, and 

post CP), plasticity is now regarded as a continuum which varies throughout life (Zhou, Panizzutti et 

al. 2011). Later in life, after development, plasticity mechanisms have been argued to shift from 

experience-expectant processes of change to experience-dependent processes, however it has been 

argued that there is no lack of plasticity due to a closure of a critical window (Greenough, Black et al. 

1987, Galván 2010). 

In our research it was shown that although SSRIs have been found to enhance LTP plasticity 

(Maya-Vetencourt, Sale et al. 2008) and LTP-like plasticity (Normann, Schmitz et al. 2007), they did 

not enhance the amount or rate of VPL in healthy adults. However, in the amblyopic visual system, 

SSRIs had an effect on a subset of patients, which manifested as an improvement in VA. It is possible 

that a longer SSRI treatment duration is necessary to allow for mechanisms such as reduced ICI to 
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promote plasticity within the human visual cortex. However, it is notable that a direct role for 

serotonin in decreasing GABAergic tone and therefore ICI has yet to be demonstrated in either 

rodents or humans (Spolidoro, Sale et al. 2009). It is also possible that the rodent experimental 

model is simply not applicable to humans.  

Given its specific and long-lasting effect on VPL in the healthy visual system (Rokem and 

Silver 2010, Rokem and Silver 2013), for adult amblyopia treatment a different neuromodulator than 

serotonin, ACh, seems promising (Campos and Fresina 2012). Similarly, interventions such as EE 

(Sale, Berardi et al. 2014), NIBS (Thompson, Mansouri et al. 2008), binocular training (Hess, 

Thompson et al. 2014), food restriction (Spolidoro, Baroncelli et al. 2011), and DE (He, Ray et al. 

2007, Duffy and Mitchell 2013) show potential for positive impact.  
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Appendix 

Recruitment, screening and experiment forms 

Recruitment Study 1 

 

The advertisement used on campus. The same advertisement was placed at Tamaki campus, in 

which this campus was mentioned instead of Grafton campus. 

Information in the online advertisement (getparticipants.com): 

“Do Anti Depressants Affect Learning?” 

Recent studies have suggested that anti-depressant drugs may increase the ability of the adult brain 
to adapt to new demands. This study aims to investigate the effect of the anti-depressant drug 
Fluoxetine (Prozac) on learning of a visual task. Participants will receive compensation for time taken 
to participate. 

What is required from the participant? 

The study involves coming to Tamaki Campus regularly in a 5 week period, learning a vision task, and 
having the activity of your brain measured in a safe, non-invasive way. For 3 weeks you’ll take a 
Tablet each day, which will be either a low dose of a common anti-depressant, or a placebo. 

Criteria: 

If you’re a healthy young man, with no history of mental illness, you may be eligible to participate.” 
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Screening forms Study 1 
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Participant information sheet (PIS) Study 1 

 

 



 
 

165 
 



 
 

166 
 



 
 

167 
 



 
 

168 
 



 
 

169 
 



 
 

170 
 



 
 

171 
 



 
 

172 
 



 
 

173 
 

Screening for transcranial magnetic stimulation (TMS) Study 1 
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Screening form for medication, including the mood questionnaires (for Study 1,2 and 3) 
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Mood questionnaires
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Handedness screening form 
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Phosphene collection forms for Study 1 

Phosphene threshold recording and suprathreshold phosphene perception rating scales recording 

sheet.  
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Recruitment and screening Study 2 

This advertisement was placed in both the Central Leader and the East & Bays Courier newspapers. 
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Consent Form Study 2 
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Participant Information Sheet (PIS) Study 2 and 3 
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Amblyopia questionnaire Study 2 
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Vision tests (clinical tests) scoring sheets Study 2
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Electrophysiology output Study 2 and 3: Session 1 Session 5 
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Study 3: SG Session 1
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Study 3: SG Session 5
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