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ABSTRACT

Neuroplasticity describes the capacity and mechanisms underlying experience driven 

changes in function and organization of neural connections.  Animal models have uncovered 

many mechanisms that control neuroplasticity, such as the E-I balance and structural brakes, and 

have identified the timing of critical periods in development when the degree of plasticity is 

high.  Ocular dominance plasticity in visual cortex is the preeminent model for studying 

plasticity.  Its a useful paradigm because it links from molecular mechanisms to anatomical and 

physiological changes, to visual perception and the human visual disorder of lazy-eye 

(amblyopia).  Treatments for amblyopia have traditionally had poor efficacy (~50%), but 

recently, a number of interventions have shown they are able to re-instate ocular dominance 

plasticity in older rats.  Little is known, however, about developmental translation of the 

mechanisms that control the critical period plasticity between rat and human.  To address this, I 

conducted a series of experiments in human and rat cortices to characterize and compare 

development of a set of proteins involved in regulating neuroplasticity.  First, I used Western blot 

analysis to quantify the development of Synapsin, Synaptophysin, PSD-95, and Gephyrin in rat 

and human cortex, compared the development of these proteins between species and determined 

the translation from rat to human cortical development.  These studies revealed that total protein 

expression is comparable in rat and human visual cortex during early development, and that 

synaptic age is similar between species at comparable stages of visual system development.  

Second, I quantified development of GABAergic mechanisms in human visual cortex across the 

lifespan.  I found complex and prolonged changes in these mechanisms that help to highlight 

stages of human cortical development.  Third, I quantified the effects of reinstating ocular 
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dominance plasticity in adult rats using fluoxetine on the mechanisms known to facilitate the 

onset and closure of the critical period.  This study showed that fluoxetine reduces the brakes on 

plasticity, and re-set the E-I balance.   The results from my Ph.D. thesis experiments provide 

detailed characterization of synaptic development in human visual cortex, and a new comparison 

for studying humans and rat cortical development.  Together my studies have found new insights 

about the capacity for neuroplasticity in human visual cortex, a new way to translate cortical 

developmental stages between species, and that re-instating plasticity in adult cortex effects both 

the brakes and plasticity promoting mechanisms.. 
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PREFACE

This thesis is partly comprised of a paper (Chapter 2) that is in review in Frontiers in 

Neural Circuits.  This chapter was a collaboration between myself, David Jones, and Kathryn 

Murphy.  I was the lead on formulating and performing the experiments, analyzing the data, and 

preparing the manuscript.

This thesis is partly comprised of a paper (Chapter 3) that is in preparation for submission 

to Science Translational Medicine.  This chapter was a collaboration between myself, David 

Jones, and Kathryn Murphy.  I was the lead on formulating and performing the experiments, 

analyzing the data, and preparing the manuscript.

This thesis is partly comprised of a paper (Chapter 4) that is published in Frontiers in 

Cellular Neuroscience.  This chapter was a collaboration between myself, Kyle Hornby, David 

Jones, and Kathryn Murphy.  I was the lead on formulating and performing the experiments, 

analyzing the data, and preparing the manuscript.
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Chapter 1. 

General Introduction

Ph.D. Thesis - J. Pinto! McMaster University - Neuroscience

1



Development of human cerebral cortex is a complex process that is shaped by interactions 

between the nervous system and our environment.  There are known periods early in life when 

development is accelerated, and neural connections are readily formed and refined.  Our 

understanding of the basic neural mechanisms that govern cortical development is predominantly 

based on work from animal models, while our understanding of the development of behavior is 

dominated by human studies.  In this introduction, I will discuss theories of cortical 

development, synaptic complexity, and synaptic plasticity during development and in adult 

visual cortex.  This will build the foundation for the studies in my thesis which aim to 

characterize basic neural mechanisms of plasticity, and compare those mechanisms between 

animals and humans.

Theories of Cortical Development

Neural connections transmit the information that allow us to perceive and react to our 

environment.  At the center of every connection is a synapse, where information is transmitted 

from one neuron to another.  There are a number of theories synaptic development in the cortex, 

and these theories have shaped our understanding of the perceptual and cognitive developmental 

processes.  The two most influential theories of cortical synaptic development are the cascade 

theory, and the integrated network theory.  These two theories analyzed different, yet 

complementary components of the synapse, to quantify the timing of synaptic development 

across the cortex.

The Cascade Theory

The cascade theory of synaptic development was proposed by Huttenlocher et al. (1990, 

1997).  It suggests that the cortex develops in a wave-like manner, with primary sensory areas 
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developing first, followed by higher-order cognitive areas.  These studies used electron 

microscopy (EM) of human cortical areas to count the number of anatomical synapses, which 

were defined as the presence of a pre- and post-synaptic terminal, and the presence of at least 2 

synaptic vesicles.  This theory complements behavioral observations of sensory skills that 

indicate sensory skills showing that these perceptions develop well before higher order skills 

such as language acquisition and social skills.  As such, it has shaped the way cognitive 

neuroscientists think about synaptic development.  This theory, however, does have its 

limitations.  First, EM is extremely time consuming, making it difficult to collect a large sample.  

Second, it measures the structural appearance of synapses, and it is known that structurally 

mature synapses can be functionally silent (Beique et al., 2006).  The cascade theory of 

development has had a pronounced effect on the understanding of developmental neuroscience, 

but it must be placed into context with its known methodological limitations.

The Integrated Network Theory

The integrated network theory of synaptic development was proposed by Lidow et al., 

(1991).  It suggests that the cortical areas develop in concert with one another, or as an integrated 

network.  The study used autoradiography to quantify the expression levels of a number of 

receptor classes (Serotonergic, Dopaminergic, GABAergic, etc.) across sensory, motor, and 

association cortices in rhesus monkey.  Unlike the cascade theory, the integrated network theory 

does not support the timeline for the development of behavioral skills, and, therefore, has not had 

as much influence on our understanding of developmental neuroscience.  Although Lidow et al, 

(1991) quantified multiple synaptic markers, the study is not without limitation.  The study only 

analyzed post-synaptic receptors, which make up a small part of the total synaptic proteome.  It 
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is known that maturation of both pre- (Renger et al., 2001) and post-synaptic (Beique et al., 

2006) transmission is required for normal synaptic function.  

Taken together, these theories demonstrated that components of the synapse may follow 

different developmental trajectories during cortical maturation.  This highlights a need to study 

both pre- and post-synaptic functional components, to gain a more comprehensive understanding 

of how synapses develop across the cortex.  This approach will help to elucidate whether 

synaptic development in the cortex emerges as a cascade or an integrated network. 

Synaptic Complexity

Synaptic connections transmit information from one neuron to another and link neurons 

together into neural circuits.  Synapses are structurally complex, transmitting electrical and 

chemical information from an action potential by way of pre-synaptic to post-synaptic 

conductance.  The pre- and post-synaptic terminals of electrical synapses are separated by only a 

couple of nanometers, whereas the terminals of chemical synapses are separated by 20-40 nm.  

Chemical synapses require the interaction of thousands of proteins to ensure the correct 

information is signaled from the pre-synaptic to post-synaptic terminals.  The next sections will 

discuss synaptic complexity in the context of pre- and post-synaptic structure of the chemical 

synapse.

Pre-Synaptic Structure

There are hundreds of proteins contained in the pre-synaptic proteome (Bayes & Grant, 

2009).  These proteins interact with one another to transmit an action potential to the post-

synaptic terminal through the release of neurotransmitters.  Neurotransmitters are released by 

synaptic vesicles, compartments that contain neurotransmitters, which are constantly cycled 
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within the pre-synaptic terminal.  The two major processes involved in synaptic vesicle cycling 

are exocytosis, which is the release of neurotransmitters from vesicles, and endocytosis, the 

process of vesicle re-uptake into the pre-synaptic terminal.  There are a number of steps that 

mediate both exo- and endo-cytosis, and each step requires interactions between a number of 

proteins.

The first process involved in exocytosis is the loading of neurotransmitters into synaptic 

vesicles.  A group of proteins called vesicular transporters load specific neurotransmitters into 

these vesicles.  For example, VGlut loads glutamate (Wojcik et al., 2004), VAchT loads 

acetylcholine (Song et al., 1997), and VGAT loads GABA (McIntire et al., 1997; Sagne et al., 

1997).  Once synaptic vesicles are loaded, they cluster in the pre-synaptic terminal waiting to be 

released.  Synapsin, the most abundant peripheral membrane protein (Huttner et al., 1983) is 

known to regulate the clustering (Bahler et al., 1990), and abundance (Bykhovskaia et al., 2011) 

of synaptic vesicles at the pre-synaptic terminal.  Synapsin is also the most specific marker for 

pre-synaptic terminals, since it is present at all GABAergic and glutamatergic synapses (Micheva 

et al., 2010).  Once the vesicles have been primed for release, they fuse with the active zone of 

the pre-synaptic terminal and are released into the synaptic cleft.  For fusion to take place, 

SNARE complexes form between synaptic vesicle proteins such as SNAP25, syntaxin, and 

synaptobrevin (Lang & Jahn 2008), and the plasma membrane.  Finally, neurotransmitters are 

released into the synaptic cleft, at a rate which is regulated by synaptotagmins through their 

action as calcium ion influx sensors (Sudhof, 2008).  

Synaptic vesicle endocytosis occurs through a 5-step process mediated by clathrin, a 

protein that coats vesicles (Pearse, 1976).  The first step in this process is initiation, when FCHO 
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proteins bind to the plasma membrane and recruit AP2 proteins (Henne et al., 2010).  Next, the 

AP2 proteins select the cargo for the vesicles (Traub, 2003), then recruit clathrin to form a coat 

around the vesicle.  Synaptic vesicle budding is then initiated by a fission complex that is 

composed of dynamin (Pucadyil & Schmid, 2009) and the vesicles are then endocytosed.  

Finally, the clathrin coat is removed by Auxilin when it recruits the ATPase, hsp70c 

(Ungewickell et al., 1995). The synaptic vesicle is once again ready for exocytosis and the 

clathrin complex is ready to endocytose another vesicle.  Recent work has shown that 

endocytosis is regulated by Synaptophysin, the most abundant integral membrane protein on 

synaptic vesicles (Jahn et al., 1985; Wiedenmann & Franke, 1985; Takamori et al., 2006).  

Synaptophysin regulates the kinetics of synaptic vesicle endocytosis (Kwon & Chapman, 2011), 

as well as synaptic vesicle retrieval through interactions with synaptobrevin (Gordon et al., 

2011).  Synaptic vesicle cycling is a complex process that requires a number of precise protein 

interactions to ensure the correct information is transmitted, however, the potential for vesicle 

exo- and endo-cytosis can be captured by quantifying the expression of Synapsin and 

Synaptophysin, respectively.

Post-Synaptic Structure

There are approximately 2,000 distinct proteins contained within the post-synaptic density 

(Trinidad et al., 2008). These proteins are involved in creating the post-synaptic potential, which 

either initiates or inhibits a future action potential.  Each synapse contains a subset of these 2,000 

proteins, which help to form its synaptic identity.  At the forefront of the post-synaptic terminal 

are the receptors.  There are a number of classes of neuronal receptors, including adrenergic, 

serotonergic, dopaminergic, glycinergic, glutamatergic, GABAergic.  These receptors differ in 
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what ions they selectively allow through.  Each receptor class typically contains both fast acting 

ionotropic, as well as slower metabotropic receptors.  When activated, the ionotropic receptors 

allow for the free flow of ions in and out of the post-synaptic membrane, whereas metabotropic 

receptors signal a second messenger cascade.  The speed at which the flow of ions, and the 

second messenger cascade take place is what separates these receptor classes into mediating fast, 

and slow post-synaptic potentials.  For example, the ionotropic GABAA receptors mediate fast 

GABA IPSCs, while the metabotropic GABAB receptors mediate slower IPSCs.  The two main 

classes of receptors found in the cerebral cortex are excitatory glutamatergic, and inhibitory 

GABAergic receptors.

Glutamatergic synapses have tremendous receptor diversity, as well as a complex post-

synaptic density, which are both required to formulate the post-synaptic potential.  There are 3 

classes of ionotropic glutamate receptors, GluA, GluN, and kainate, but only one class of 

metabotropic glutamate receptors, mGlu.  Each of these receptor classes has a number of 

subunits, for example, GluA receptors have 4 subunits and GluN receptors have 3 subunit types 

(Jackson & Nicoll, 2011), which results in the functional receptors having tremendous 

stoichiometric diversity.  These receptors are located on the surface of dendritic spines, and 

linked to the dendritic cytoskeleton through an array of protein-protein interactions in the post-

synaptic density.  The PSD-95/SAP family of proteins anchor the ionotropic GluN receptors 

directly (Kornaue et al., 1995), and GluA receptors through stargazin (Chen et al., 2000).  The 

PSD95 family then binds to the GKAP family of proteins (Kim et al., 1997), which subsequently 

binds with the PDZ domain of SHANK proteins (Boeckers et al., 1999; Naisbitt et al., 1999).  

mGluRs are anchored by a protein class called HOMER that link this subset of glutamatergic 
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receptors with SHANK (Tu et al., 1999).  SHANK proteins are then responsible for linking the 

post-synaptic density with the actin cytoskeleton (Boeckers et al., 2001).  Clustering of post-

synaptic glutamatergic receptors gives rise to the EPSCs, and requires the dynamic interaction 

between this array of proteins in the post-synaptic density.

GABAergic synapses have even more receptor diversity than their glutamatergic 

counterparts.  The ionotropic GABAA receptors have 19 known subunits (Olsen & Sieghart, 

2009), while the metabotropic GABAB receptor have 2 subunits (Bettler et al., 2004).  Variations 

in GABAA receptor subunit composition, confer different kinetics, binding affinity, and channel 

gating properties .  GABAergic receptors are present at a number of locations, including the cell 

body, dendritic shaft, and axon hillock, with different subunits being preferentially expressed at 

each location (Hensch, 2005).  Much less is known about the structure and formation of the 

GABAergic post-synaptic density, relative to its glutamatergic counterpart.  It is known that 

Gephyrin clusters GABAA receptors, analogous to PSD-95 clustering of glutamatergic receptors, 

but the mechanism by which Gephyrin clusters GABAA receptors is not well understood.  

Gephyrin could act in a manner similar to PSD-95, where it directly, and indirectly interacts with 

the receptor based on the subunit composition.  There is also evidence that Gephyrin colocalizes 

with GABAA γ 2 receptors (Tretter et al., 2009), which would provide a direct interaction 

between Gephyrin and GABAA receptors.  Gephyrin has also been shown to negatively regulate 

the diffusion of GABAA receptors (Jacob et al., 2005), suggestive of an indirect interaction 

between the pair.  A better understanding of how the  post-synaptic density links receptors to the 

cytoskeleton at GABAergic synapses is beginning to unfold (Tyagarajan & Fritschy, 2010), and 
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our limited knowledge of the protein-protein interactions that take place in GABAergic synapse 

should highlight their complexity.

There are close to 3,000 proteins that can form the identity of a synapse, and collections of 

synapses help to form functional neural circuits.  The functioning of the human cortex is 

astonishing due to the complexity of the protein-protein interactions that take place within each 

of its 100-500 trillion synapses.  There are, however, functionally relevant sets of synaptic 

proteins, that can provide new insight into the development of this complex network, and the 

mechanisms that control neural plasticity.   

Developmental synaptic plasticity

Synaptic plasticity reflects the capacity for the connection between two neurons to change, 

either strengthen or weaken, depending on the activity of the neurons.  During development, 

there are periods of heightened plasticity known as critical periods, when experience drives 

activity that shapes the maturation of the central nervous system.  Sensory experience, including 

visual, auditory, and tactile stimulation, has the strongest effect on maturation of the cortical 

areas, whereas, non-sensory experience such as maternal care has been shown to have a different 

effect on cortical maturation.  The timing of critical periods is well defined across sensory 

cortices in animal models, however, much less is known about these periods in non-sensory 

cortices, and in humans.  To better understand this I will discuss models of the critical period, 

mechanisms that control the critical period, and disorders that can manifest during the critical 

period.
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Models of Critical Period Plasticity

There are a number of models of critical period plasticity in sensory cortices that have been 

developed over the last half century, including ocular dominance plasticity in visual cortex, and 

layer 2/3 single whisker experience in somatosensory cortex (Stern et al., 2001).  These models 

have built our understanding of the timing, duration, and magnitude of sensitive periods during 

development.  Most of the work on critical periods has been conducted on sensory areas, 

however, experience can also drive the maturation of cortical connections in non-sensory areas.  

For example, maternal separation early in development adversely affects stress response later in 

life (Meaney, 2001; Liu et al., 1997; Monroy et al., 2010), but we know much less about the 

neural changes and plasticity mechanisms that underlie these stress-related changes.  

The seminal work of Hubel and Wiesel (1963) built the foundation for ocular dominance 

plasticity as the preeminent model for studying developmental plasticity.  For the purpose of this 

thesis I will focus on ocular dominance plasticity as the primary model of experience-dependent 

developmental plasticity.  

Ocular dominance plasticity is an appealing paradigm for studying critical period 

development because of the: 

 A) Ease of manipulation - Monocular deprivation is a simple, highly 

reproducible  manipulation

 B) Immediacy of response - There are rapid physiological (Hubel & Wiesel, 

1963;  Hubel & Wiesel, 1970) and anatomical (Antonini & Stryker, 1993; Shatz & Stryker, 

 1978) changes after manipulation
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 C) Link with disease - Monocular deprivation is analogous to deprivation 

amblyopia, a  disorder with a known onset during the critical period.  

The critical period for ocular dominance plasticity has been well defined across a number 

of species; P20-45 in rodents (Fagiolini et al., 1994), 4-16 weeks in cats (Olsen & Freeman, 

1980), and P35-60 in ferrets (Issa et al, 1999).     

Although the timing of ocular dominance plasticity has been well characterized in a 

number of animal models, the timing of it in human visual cortex is less clear.  Animal models 

have begun to fully elucidate the molecular biology that regulates critical period plasticity, which 

is an important step towards linking animal models of critical period plasticity to human 

development.  

Mechanisms Controlling the Critical Period

Distinct mechanisms control the onset and closure of the critical period.  Most of these 

mechanisms have been discovered through the study of ocular dominance plasticity in visual 

cortex of animals, but it is thought that the fundamental components are common among cortical 

areas and in different species.  

The onset of the critical period is facilitated by a physiological balance between excitation 

and inhibition (E-I).  Early in development the E-I balance is shifted in-favor of excitation, and 

the maturation of inhibition triggers the onset of the critical period by setting a balance between 

them (Maffei & Turrigiano, 2008; Morishita & Hensch, 2008).  In support of inhibition as the 

trigger for critical period induction, a number of studies have shown that manipulation of 

inhibition before the critical period can delay or accelerate the timing of the critical period; 

knocking out the enzyme that produces the on-demand pool of GABA (GAD65) delays the onset 
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of the critical period (Fagiolini & Hensch, 2000), increasing BDNF accelerates inhibition and 

results in a precocious critical period (Hanover et al., 1999), dark rearing decreases BDNF and 

delays the critical period (Mower, 1991), and benzodiazepine infusion triggers the critical period 

(Iwai et al., 2003).  There are a number of events that occur early in development that could 

trigger the required increase in inhibition that facilitates the onset of the critical period.  The 

development shift in chloride co-transporters from more NKCC1 to more KCC2 is known to 

occur early in development, and shifts the response of GABA from depolarizing to 

hyperpolarizing (Ben-Ari, 2002).  The maturation of the GABAA receptor scaffolding protein, 

Gephyrin, could also reflect a trigger since it represents the development of GABAergic 

synapses.  Maturation of GABAA receptor subunit composition increases the speed of the 

receptor kinetics (Gingrich et al., 1995), which would allow for stronger and sustained inhibitory 

activity, producing the increase in physiological inhibition required to initiate the onset of the 

critical period.  Studies have shown distinct GABAergic components are required for the onset of 

the critical period for ocular dominance, such as the GABA synthesizing enzyme GAD65 

(Hensch, 2005), and the GABAA α 1 subunit (Fagiolini, 2004).  Characterizing development of 

the GABAergic proteome and how it balances with mechanisms that control excitation, will 

provide valuable insights into what components of the system may trigger the onset of the 

critical period.  

The factors that close the critical period for ocular dominance plasticity are not as clear, but 

recent studies support structural elements of the extracellular matrix as the brakes on plasticity 

(Bavelier et al., 2010).  It has been shown that myelin related proteins inhibit axonal sprouting 

(McGee et al, 2005), while perineuronal nets form around GABA containing basket-cells 
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(Pizzorusso et al., 2006), both of which prevent the inhibitory activity necessary to initiate 

critical period plasticity.  Perhaps that increased myelination restricts the formation of new 

connections, and thereby close the critical period.  Understanding the molecular triggers that start 

the critical period, or that put the brakes on developmental plasticity is an important area of 

research because manipulating those mechanisms may be the keys to open up new windows of 

plasticity later in life.

Neuroplasticity Disorders

Neuroplasticity is at the root of a number of disorders including brain injury and stroke, 

neuropsychiatric, neurodegeneration, and neurodevelopmental disorders.  Critical periods during 

development are times when the degree of plasticity is high and experience rapidly shapes the 

maturation of the cortex.  During these periods, the cortex is in its most vulnerable state and a 

number of neurodevelopmental disorders manifest during this period. Amblyopia, more 

commonly called lazy-eye, is perhaps the best understood neurodevelopmental disorder.  During 

the critical period for ocular dominance plasticity normal visual experience matches eye specific 

inputs to the cortex (Wang et al., 2010), while abnormal visual experience (e.g. cataract, 

strabismus, or anisometropia) causes amblyopia, which results in reduced visual acuity.  

Monocular deprivation during the critical period modifies physiological (Hubel & Wiesel, 1963; 

Hubel & Wiesel, 1970) and anatomical (Antonini & Stryker, 1993; Shatz & Stryker, 1978) 

connections in primary visual cortex, as neurons shift their responsiveness away from the 

deprived eye towards the non-deprived eye.  This manifests as a loss of visual perceptual abilities 

including contrast sensitive, and acuity.  If visual deprivation extends beyond the critical period 
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the neural changes become permanent, as do the perceptual deficits. For optimal recovery, vision 

must be corrected before, or during the critical period.

Autism is another prominent neurodevelopmental disorder whose origin links with the 

critical period (LeBlanc & Fagiolini, 2011).  It is thought that sensory function in autism is 

adversely affected by an E-I imbalance during the critical period (Marco et al., 2011), which 

could be caused by either increased GABA concentrations (Dhossche et al., 2002), or decreased 

GAD expression (Fatemi et al., 2002).  In addition, the degree of sensory impairment in children 

with autism is directly correlated with the degree of social impairment (Kern et al., 2007).

Critical periods during development are a double edge sword, on the one side they facilitate 

the normal maturation of the cortex, on the other side they allow for adverse events to negatively 

impact the refinement of connections.  Development of more effective therapies to treat these 

disorders requires a deeper understanding of disease onset during critical periods in 

development, and the first step towards treatment is identifying interventions that can re-instate 

critical-period-like plasticity in adult cortex.  

Adult Plasticity

Characterizing and comparing the mechanisms that regulate neural plasticity is an 

important area of study because it holds the promise of allowing neuroscientists to be able to 

harness neuroplasticity that will lead to better treatments for neurological and psychiatric 

disorders.  Re-instating critical period like plasticity in the adult brain is one of the first steps in 

re-shaping the cortex, an action that has two clear benefits:  First, it can help to promote recovery 

from neurodevelopmental, neurodegenerative, neuropsychiatric, and cortical injury disease.  
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Second, it can help to promote learning and memory in adulthood, which will improve healthy 

aging.     

Models of adult plasticity

In recent years, a number of models have shown that environmental and pharmacological 

interventions can re-instate plasticity in adult visual cortex.  Most of these models have focused 

on re-instating ocular dominance plasticity in rodent visual cortex.  Interventions such as dark-

rearing (He et al, 2007), chronic fluoxetine administration (Maya Vetencourt et al, 2008), 

environmental enrichment (Baroncelli et al, 2010), and food restriction (Spolidoro et al, 2011) 

have been effective in promoting plasticity in adult animals.  Across these models, there is a 

consistent reduction of intracortical inhibition, which is interesting since an increase in inhibition 

triggers the critical period during development.  It will be important to determine how these 

paradigms effect the E-I balance, as well as the structural elements of the extracellular matrix 

that put the brakes on plasticity.  This will provide evidence on the targeted mechanism of action 

and help to guide effective translation of these interventions from rodents to humans.

Effectively translating interventions to humans

Translating these interventions from rodents to humans requires an understanding of how 

the mechanisms that control critical period plasticity develop in human cortex.  It is known that 

there are a number of differences between rodent and human cortex that affect the efficacy of 

therapeutic interventions between the species (Geerts, 2009).  Parallel studies that quantify the 

mechanisms that control critical period plasticity in rat and humans will begin to uncover the 

similarities and differences between the species and provide a framework for translating the 

therapeutic benefit of these interventions from rat to humans.  
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Summary of the chapters

This thesis builds the argument that with a conservative set of synaptic proteins, we can 

effectively capture synaptic development and the mechanisms that control critical period 

plasticity across species.

 Chapter 2

  - Quantifies changes in a conservative set of synaptic proteins (Synapsin, 

   Synaptophysin, PSD-95, and Gephyrin) across rat visual, somatosensory, 

   and frontal cortex

 Chapter 3 

  - Quantifies the same conservative set of synaptic proteins in human visual 

   cortex and translates protein expression between human and rat

 Chapter 4

  - Quantifies dev changes in GABAergic mech in human vis ctx

 Chapter 5

  - Quantifies conservative set of proteins to determine how fluoxetine 

   re-instates ocular dominance plasticity
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Chapter 2.  

Comparing development of synaptic proteins 
in rat visual, somatosensory, and frontal 
cortex
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Introduction

During the critical period, substantial changes in expression of pre- and post-synaptic 

proteins interact with experience to facilitate synaptic development, fine tuning of cortical 

circuits, and maturation of the cortical connectome.  The nascent synaptic proteome provides the 

ready plasticity that underlies functional development of synapses and cortical circuits.  Two 

influential theories have been proposed to describe how synaptic development proceeds across 

the cortex: the integrated network and the cascade of development.  An integrated network of 

synaptic development, with cortical areas developing in unison, was proposed when 

autoradiography of a collection of post-synaptic receptors found common developmental 

trajectories in different cortical areas (Lidow et al., 1991).  In contrast, a cascade of synaptic 

development, with a system-by-system wave of maturation, was proposed when electron 

microscopy counts of synapses showed changes starting in primary sensory areas and proceeding 

to higher order cortical areas (Huttenlocher et al., 1990; Huttenlocher et al., 1997).  Those 

anatomical studies present opposing views on cortical development that raise challenges for 

current work aimed at comparing detailed maturation of the connectome among cortical areas.  

We have taken a different approach and quantified the available pool of a small set of pre- and 

post-synaptic proteins in different cortical areas to capture developmental changes in these 

building blocks of synapses.

There are nearly 3000 synaptic proteins (Filiou et al, 2010) that provide robust diversity 

and determine the function of individual synapses.  The pre-synaptic proteome has hundreds of 

proteins (Bayes & Grant, 2009), many of which are directly involved with the cycling of 

synaptic vesicles.  Synapsin and Synaptophysin are the most abundant synaptic vesicle proteins 
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and have distinct functional roles.  They are also the most commonly used markers for pre-

synaptic terminals (Micheva et al., 2010), which points to them as good candidates to capture 

pre-synaptic development.  Synapsin is the most specific marker for pre-synaptic terminals 

(Micheva et al., 2010); it is the major peripheral membrane protein accounting for 6% of the total 

synaptic vesicle protein (Huttner et al., 1983), regulating the reserve pool of synaptic vesicles 

available for exocytosis (Bahler et al., 1990), and maintaining the organization and abundance of 

vesicles at pre-synaptic terminals (Bykhovskaia, 2011).  Synaptophysin is the major integral 

membrane protein accounting for 6-10% of total synaptic vesicle protein (Jahn et al., 1985; 

Wiedenmann & Franke, 1985; Takamori et al., 2006), regulating the kinetics of synaptic vesicle 

endocytosis (Kwon & Chapman, 2011), and synaptic vesicle retrieval through its interaction with 

Synaptobrevin (Gordon et al., 2011).  Synapsin is found at all glutamatergic and GABAergic 

synaptic boutons, while Synaptophysin levels are highest at glutamatergic and very low at 

GABAergic terminals (Gronborg et al., 2010; Micheva et al., 2010).  Importantly, the 

development of Synapsin and Synaptophysin expression is required for the maturation of pre-

synaptic function and stabilization of pre-synaptic boutons (Hopf et al., 2002).  Furthermore, the 

balance between these proteins will effect vesicle cycling and likely impact the probability of 

transmitter release, especially after strong or sustained stimulation.   

The post-synaptic proteome contains about 2,000 proteins (Collins et al., 2006; Trinidad et 

al., 2008) and in the cortex it is dominated by proteins for glutamatergic (GluA, GluN) and 

GABAergic (GABAA) receptors.  There is tremendous diversity in the subunit makeup of these 

classes of receptors, and the complexity is increased by the many intracellular components for 

receptor trafficking, functioning, and signaling.  GluA receptors have 4 subunit types (Jackson & 
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Nicoll, 2011), GluN receptors have 3 subunit types, GluNR1, GluNR2, and GluNR3, with 

multiple variants and distinct isoforms (Jackson & Nicoll, 2011), and GABAA R have 19 subunit 

types (Sieghart, 1995; Olsen & Sieghart, 2009).  This post-synaptic complexity is reduced, 

however, at the level of scaffolding proteins where PSD-95 anchors GluA and GluN receptors, 

and Gephyrin anchors GABAA receptors.  Furthermore, PSD-95 and Gephyrin are the most 

commonly used markers for excitatory and inhibitory synapses, which points to them as good 

markers to capture post-synaptic development.  

PSD-95 is required for functional GluA and GluN containing synapses, and when knocked-

out, there is an increase in the number of silent synapses (Beique et al., 2006).  Gephyrin knock-

down decreases the number of GABAA receptor clusters, showing that it is required for 

stabilization of GABAergic synapses (Yu et al., 2007).  Both PSD-95 and Gephyrin are motile 

among a localized group of synapses (Dobie & Craig, 2011; Gray et al., 2006), with the total 

amount of PSD-95 or Gephyrin limiting the number of synapses (Keith and El-Husseini, 2008). 

At any given time, however, only a fraction of the protein is located at the synapse.  In addition, 

interactions between PSD-95 and Gephyrin regulate the number of excitatory and inhibitory 

synapses and affect the physiological E-I balance (Keith and El-Husseini, 2008, Lardi-Studler et 

al., 2007, Prange et al., 2004).  The E-I balance shifts during early development (Dorrn et al., 

2010), and it is important for triggering the start of the critical period for ocular dominance 

plasticity in visual cortex (Hensch & Fagiolini, 2005).  Taken together, these attributes point to 

PSD-95 and Gephyrin as good post-synaptic markers to capture development of excitatory and 

inhibitory synapses and the E-I balance.
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Although there is remarkable diversity in the synaptic proteome, quantifying just a few 

markers, the pre-synaptic proteins Synapsin and Synaptophysin, plus the post-synaptic proteins 

PSD-95 and Gephyrin, can capture multiple aspects of synaptic development in rat cortex 

including developmental expression of each synaptic protein, the balance among all proteins, and 

the E-I balance.  These are important measures for comparing synaptic development among 

cortical areas and we set out to study development of visual, somatosensory, and frontal cortex 

by quantifying the available pool of these four synaptic proteins.  We found that development of 

the individual proteins overlapped among the 3 cortical areas, but the balance between proteins 

developed later in frontal cortex.  We applied a neuroinformatics approach using principal 

component analysis (PCA) to characterize the multidimensional changes during development of 

these synaptic proteins.  Developmental increases in the total protein expression were similar 

among the cortical areas, but the E-I balance emerged as waves, and the balance between pre- 

and post-synaptic proteins followed a different trajectory in somatosensory cortex.  Together, 

these results give the most support for an integrated network of development, but also highlight 

more complex patterns of development that vary in timing and end point among the cortical 

areas.

Ph.D. Thesis - J. Pinto! McMaster University - Neuroscience

21



Methods

Tissue Sample Collection

A total of 40 tissue samples were collected from primary visual (n=13), frontal (n=14), and 

somatosensory cortex (n=13) from Long-Evans rats ranging in age from 0 to 93 days (visual, 

range=P4-P93; frontal, range=P0-P93; somatosensory, range=P0-P74) (Table 1).  The rats were 

euthanized with Euthanol (150mg/kg) and perfused transcardially with cold 0.1 M PBS (4 ºC) 

until circulating fluid was cleared.  The brain was quickly removed and immersed in cold PBS, a 

sample was cut out from each of the cortical regions (approx. 3 mm X 2 mm) then quickly frozen 

on dry ice and stored at -80 ºC.  Tissue samples from visual cortex were collected at P0, 

however, they did not contain enough synaptic protein to be measured by Western blotting.  

All experimental procedures were approved by the McMaster University Animal Research 

Ethics Board. 

Tissue Sample Preparation

To quantify the available pool of synaptic proteins, tissue samples (50-100 mg) were 

suspended in cold homogenization buffer (1 ml buffer:50 mg tissue -- 0.5mM DTT, 1mM EDTA, 

2 mM EGTA, 10 mM HEPES, 10 mg/L leupeptin, 100nM microcystin, 0.1 mM PMSF, 50 mg/L 

soybean trypsin inhibitor) and homogenized in a glass-glass Dounce homogenizer (Kontes, 

Vineland, NJ).  The homogenized sample was removed and added to 10% sodium-dodecyl-

sulfate (SDS).  Protein concentrations were determined using the bicinchonic acid (BCA) assay 

guidelines (Pierce, Rockford, IL).  A control sample was made by combining a small amount of 

the prepared tissue sample from each of the 40 samples. 

Table 1.   Cortical Tissue Samples
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Table 1.   Cortical Tissue Samples

Postnatal Age 

(Days)

Visual Somatosensory Frontal

0 x x

4 x x x

7 x

11 x x x

14 x x x

17 x x x

21 x x x

25 x x x

28 x x x

31 x x x

35 x x x

45 x x x

64 x x

74 x x x

93 x x
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For this study we used whole homogenate samples and not synaptopneurosomes to 

quantify the total pool of the synaptic proteins.  We chose to use the homogenate for 2 reasons: 

first, the proteins we quantified have high abundances; second, during the first 7 days of 

postnatal development in the rat there is very low protein yield in the cortex, significant numbers 

of mature cortical synapses do not emerge until about P7 (Li et al., 2010) and neurons are still 

migrating, differentiating, and forming cortical layers early in development until about P20 

(Hicks & D’Amato, 1968).  These immaturities, especially the low protein yield, mean that the 

filtration and centrifugation steps used to concentrate synaptic proteins in the synaptoneurosome 

preparation will lead to different levels of synaptic enrichment in neonatal versus older tissue 

(Balsor & Murphy, Unpublished Observation).

Immunoblotting

The homogenate samples (25 µg) were separated on polyacrylamide (SDS–PAGE) mini-

gels (Precise Protein Gels, Pierce Biotechnology Inc., Rockford, IL, USA)  and transferred to 

polyvinylidene difluoride (PVDF-FL) membranes (Millipore, Billerica, MA).  Each sample was 

run 2 or 3 times.  Blots were pre-incubated in blocking buffer (Odyssey Blocking Buffer 1:1 with 

PBS) for 1 hour (Li-cor Biosciences; Lincoln, NE), then incubated in primary antibody overnight 

at 4°C using the following concentrations: Synapsin 1, 1:8000 (Invitrogen, Carlsbad, CA); 

Synaptophysin, 1:2000 (Sigma-Aldrich, St. Louis, MO); PSD-95, 1:32000 (Millipore, Billerica, 

MA); Gephyrin, 1:2000 (Millipore, Billerica, MA); GAPDH, 1:4000 (Imgenex, San Diego, CA).  

The blots were washed with PBS containing 0.05% Tween (Sigma, St. Louis, MO) (PBS-T) (3 x 

10 min), incubated  for 1 hour at room temperature with the appropriate IRDye labeled 

secondary antibody, (Anti-Mouse, 1:8000, Anti-Rabbit, 1:10,000) (Li-cor Biosciences; Lincoln, 
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NE), and washed in PBS-T (3 x 10 min).  The bands were visualized using the Odyssey scanner 

(Li-cor Biosciences; Lincoln, NE).  The combination of the IRDye secondary antibodies and 

Odyssey scanner system provides a wide linear dynamic range so that both strong and weak 

bands could be accurately quantified on the same blot.  The blots were stripped and prepared to 

be re-probed with additional antibodies (Blot Restore Membrane Rejuvenation kit, Chemicon 

International, Temecula, CA).

Analysis

To analyze the bands, we scanned the blots (Odyssey Infrared Scanner) and quantified the 

bands using densitometry (Licor Odyssey Software version 3.0; Li-cor Biosciences; Lincoln, 

NE).  The Odyssey system uses near infrared-dyes for antibody detection, providing a 16-250 

fold wider linear range than chemiluminescence (Schutz-Geschwender et al., 2004).  We 

determined that both the amount of protein loaded in each well and the concentration of each 

antibody was within that linear range.  Density profiles were determined by performing a 

subtraction of the background, integrating the pixel intensity across the area of the band, and 

dividing the intensity by the width of the band to control for variations in lane width.  GAPDH 

normalization was used as the loading control and for each sample the expression of the synaptic 

protein was divided by GAPDH expression.  The control sample (a mixture of all the samples) 

was run on all of the gels and the density of each sample was measured relative to that control 

(sample density/control density). 

The developmental trajectories for each of the 4 proteins in the 3 cortical areas were 

visualized by plotting the expression levels for all samples (light colored dots) as well as the 

average expression (dark colored dots) for each animal.  Many of the developmental changes 
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followed a monotonic increase or decrease and we used a model fitting approach (Christopoulos 

& Lew, 2000) to fit curves that allowed us to describe and compare these developmental 

trajectories.  Using the online tool ZunZun.com an exponential decay function (y=yo+a*exp(-t/

τ)) (solid lines), where t=age in days, was fit to the results from all samples.  The best fitting 

curve was found by least squares and the goodness of  fit (R), and the statistical significance of 

the fit (p) were determined. The time constant (τ) for the rise or fall of expression level was 

calculated from the exponential decay function.  We defined the age when adult level was 

reached as 3τ. This provided an objective measure representing the age when protein expression 

reached 87.5% of the asymptotic level.  In addition, we calculated 95% confidence intervals (CI) 

around the decay functions (dotted lines).  To determine the upper and lower 95% confidence 

limits we assumed the data for each individual animal was normally distributed.  We multiplied 

the standard error of the mean for each animal by 1.96 (0.975 quantile of the normal distribution) 

then added or subtracted that value from the mean of each individual animal providing us with 

upper and lower 95% confidence limits for each animal.  We then fit exponential decay functions 

to the upper and lower limits of the 95% CIs to visualize the predicted range of protein 

expression at any given age.  Gephyrin had a different developmental trajectory with a brief peak 

when there was rapid change in expression.  This type of brief increase in inhibitory synapses has 

been found previously in electronmicroscopy counts (Blue & Parvavelas, 1983) so we fit a peak 

function (y=a*exp(-0.5*(ln(t/b)/c)2)) to the Gephyrin expression.   The peak parameter (t) 

provided a measure of the timing of maximum Gephyrin expression for all three cortical areas.   

To determine if the timing of development for the four proteins was significantly different among 
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the 3 cortical areas, we performed a two-sample z-tests using 3τ or the peak parameter (t) and 

their respective standard errors.  

We quantified the relationship between pre- and post-synaptic proteins by calculating 2 

indices that measured the developmental differences between the pairs of pre-synaptic (Synapsin 

and Synaptophysin) or post-synaptic proteins (PSD-95 and Gephyrin).  The indices provide an 

indication of synaptic development because each pair of proteins is functionally related: 

Synapsin and Synaptophysin expression is required for pre-synaptic function and stabilization of 

pre-synaptic boutons (Hopf et al., 2002); interactions between PSD-95 and Gephyrin regulate the 

number of excitatory and inhibitory synapses and affect the physiological E-I balance (Keith & 

El-Husseini, 2008; Lardi-Studler et al., 2007; Prange et al., 2004).  In addition, this type of 

contrast index is common approach in signal processing to determine the quality of the signal 

and here provided an analysis of pre- or post-synaptic development.  Pre-Synaptic Index -- 

[(Synapsin-Synaptophysin)/(Synapsin+Synaptophysin)], Post-Synaptic Index -- [(PSD-95-

Gephyrin)/(PSD-95+Gephyrin)].  Exponential decay functions were fit to the indices, 95% CIs 

calculated and plotted as described above, and 2 sample z-tests were performed to quantify 

significant differences among the 3 cortical areas.

Principal Component Analysis

A multivariate analysis of the expression pattern for all proteins was done using principal 

component analysis (PCA).  Protein expression was compiled into an mxn matrix.  The rows 

(m=4) represent the proteins (Synapsin, Synaptophysin, PSD-95, Gephyrin), and the columns 

(n=40) represent protein expression levels for each of the 40 samples (Visual=13, 

Somatosensory=13, Frontal=14).  The data were centered by subtracting the mean column 
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vector, and then a singular value decomposition (SVD) was applied to calculate the principal 

components in Matlab (The Mathworks, Inc., Natick, MA).  The SVD represents the expression 

level for all proteins from one sample as a vector in high dimensional space.  The PCA identifies 

the directions in “protein expression space” that represent the variance in the data across all 

cortical areas.  

In this study, there were 4 principal components; the first 3 accounted for 99% of the 

variance in the data.  A commonly used rule of thumb is that principal components accounting 

for up to 80% of the cumulative variance are considered significant.  To be more precise, the data 

were analyzed using a bootstrapping method.  We performed a Monte Carlo simulation with 

100,000 repetitions.  For each, the simulated data set had the same number of rows (proteins) and 

columns (samples), and the simulated protein expression levels were drawn randomly from a 

normal distribution with the same mean and standard deviation as the original data.  For each 

iteration, a PCA was performed and we calculated how much of the residual variance each of the 

4 principal components accounted for.  Our experimental principal components were deemed to 

be statistically significant if they accounted for a much greater proportion of the residual 

variance than would be expected from random simulation.  For example, a principal component 

was significant with p<0.05 if it accounted for more of the residual variance than was observed 

in 95% of the simulated iterations.  To determine biological links and to aid interpretation of the 

significant principal components, we used an approach that we developed (Beston et al., 2010) 

and calculated correlations between each significant principal component and several 

biologically relevant measures.  These included: expression levels of the four proteins, the pre- 

and post-synaptic index, total protein expression, and a Pre-Synaptic:Post-Synaptic index.  The 
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significance level for identifying potential biological correlates was adjusted to p<0.0021 using 

the Bonferroni correction for multiple comparisons.  The PCA results were visualized using 

scatterplots, with PCA coordinates on the y-axis, and age on the x-axis.  We fit exponential decay 

and peak functions where appropriate, as well as a logistics functions (y=a+b/(1+exp(0.5*(x-t)))) 

when there was an abrupt monotonic decrease in expression.  The inflection point parameter (t) 

provides an objective measure of the timing of the abrupt decrease in expression.  We performed 

2-sample z-tests were performed to determine if there were any significant differences in the 

timing of development among the three cortical areas.  To determine if there were significant 

differences in expression levels of principal component 3, we used an analysis of variance, and a 

Tukey’s post-hoc test.

Quantification of total protein expression and a Pre-Synaptic:Post-Synaptic Index was done 

after PCA.  Total protein expression was calculated by summing the expression of the 4 proteins 

for each sample.  Total protein expression was the visualized using a scatterplot, with total 

protein expression on the y-axis, and age on the x-axis.  We fit exponential decay functions to 

total protein expression for each cortical area, as previously described, and performed 2-sample 

z-tests to determine if there were significant differences in the timing of development among the 

3 areas.  The Pre-Synaptic:Post-Synaptic (Pre:Post) index ((Synapsin+Synaptophysin)-

(PSD-95+Gephyrin)/(Synapsin+Synaptophysin+PSD-95+Gephyrin)) was calculated for each 

sample and then visualized using a scatterplot, with the Pre:Post index on the y-axis, and age on 

the x-axis.  We fit exponential decay functions to the Pre:Post index for visual and frontal cortex, 

and performed a 2-sample z-test to determine if there was a significant difference in the timing of 
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development between the areas.  We fit a weighted average curve to the Pre:Post index for 

somatosensory cortex.
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Results

GAPDH loading control during cortical development

We used GAPDH expression as the loading control for this study and examined 

development of GAPDH expression in the cortex.  During the first 14-20 days of postnatal 

development neurons are still migrating into the rat cortical plate, differentiating, and forming 

the cortical layers (Hicks & D'Amato, 1968) and we found that GAPDH expression also 

increased over that time period (Fig. 1).  Thus, it was important to use GAPDH expression as the 

control for total protein levels so that subsequent quantification of pre- and post-synaptic 

proteins reflected specific development of the available pool of synaptic proteins rather than a 

non-specific increase in total cortical proteins. 

Pre-synaptic development is led by Synapsin and happens first in somatosensory cortex

To examine pre-synaptic development we quantified the expression of pre-synaptic 

proteins, Synapsin and Synaptophysin, in rat visual, somatosensory, and frontal cortex.  Both 

proteins are components of the synaptic vesicle membrane and are involved in organizing 

vesicles at pre-synaptic terminals (Bykhovskaia, 2011), but they have different functions: 

Synapsin regulates the pool of vesicles for exocytosis (Bahler et al., 1990); and Synaptophysin 

regulates the kinetics of vesicle endocytosis (Kwon & Chapman, 2011).  In addition, Synapsin is 

the most specific pre-synaptic maker (Micheva et al, 2010). Together, the expression of Synapsin 

and Synaptophysin provides information about both function and number of pre-synaptic 

terminals.

In all 3 cortical areas, we found that Synapsin developed before Synaptophysin (Fig. 2, 4A) 

and all of the changes were well fit by τ decay functions.  Initially, Synapsin expression was low 
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and 

then rose rapidly to reach adult levels.  Somatosensory cortex developed first, increasing 2-fold 
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to reach adult levels at P19 (Fig. 2D, curve-fit R=0.45; p<0.005, 3τ=P19.0 +/- 14.9).  

Synapsin expression increased about 3-fold in visual and frontal cortex to reach adult levels at 

P37 and 
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P38, respectively (visual Fig. 2A, curve-fit R=0.70; p<0.0001, 3τ=P37.2 +/- 12.6) (frontal Fig. 

2G, curve-fit R0.70; p<0.0001,  3τ=P37.6 +/- 13.5).  To compare the ages when Synapsin 
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reached adult levels (3τ) among the 3 cortical areas we plotted the 3τ ages and their standard 

errors (Fig. 4) and ran a z-test to determine if there were any significant differences.  We found a 

lot of overlap around the ages when adult-levels of Synapsin were reached and no significant (z-

test) differences among the 3 cortical areas.

During the first few days of postnatal development (P0-P4) there was very little expression 

of Synaptophysin in any of the 3 cortical areas, but then it increased substantially.  

Synaptophysin reached adult levels (3τ) first in somatosensory cortex, increasing 3-fold (Fig. 2E, 

curve-fit R=0.64 p<0.0001) by P35 (3τ=P34.7 +/- 22.2).  Between P11 and P45 Synaptophysin 

increased 4-fold in visual cortex, and 5-fold in frontal cortex when adult levels were reached 

(Fig. 2B, curve-fit R=0.72; p<0.0001; 3τ=P44.8 +/- 15.1) (Fig. 2H, curve-fit R0.75; p<0.0001, 

3τ=P45.4 +/- 14.2).  There was substantial overlap around the age when adult levels (3τ) were 

reached in the 3 areas with no significant differences among the areas(z-test, n.s; Fig. 4A).

The Synapsin:Synaptophysin balance is reached later in frontal cortex

The overlap among visual, somatosensory, and frontal cortex for the ages when either 

Synapsin or Synaptophysin expression reached adult-levels suggests that these pre-synaptic 

proteins develop at a similar rate in the 3 cortical areas.  It is important to recall that the 

development of pre-synaptic function depends on both proteins (Hopf et al., 2002), and will be 

effected by the balance between proteins since they regulate different aspects of synaptic vesicle 

cycling (exo-cytosis, Synapsin endo-cytosis, Synaptophysin).  To address the balance we 

calculated an index of Synapsin and Synaptophysin expression that had a value of +1 when only 

Synapsin was expressed, 0 when there was equal expression, and -1 when only Synaptophysin 

was expressed.  We found rapid developmental shifts in this index from substantially more 
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Synapsin to either balanced expression or slightly more Synaptophysin that suggests a 

progressive development from dominance by vesicle exo-cytosis until reaching the adult balance 

of exo- and endo-cytosis regulation of synaptic vesicle cycling.  In visual cortex, the pre-synaptic 

balance shifted to roughly equal expression reaching adult levels at P24 (Fig. 2C, curve-fit 

R=0.88; p<0.0001, 3τ=P23.5 +/- 4.2).  In somatosensory cortex, the shift was to slightly more 

Synaptophysin by P20 (Fig. 2F, curve-fit R=0.82; p<0.0001, 3τ=P20.2 +/- 6.0).  In frontal cortex, 

the shift was slower and adult levels were not reached until P37 (Fig 2I, curve-fit R=0.85; 

p<0.0001, 3τ=P36.8 +/- 7.8).  The pre-synaptic balance developed later in frontal than 

somatosensory cortex (z-test, p<0.05), and there was a trend towards frontal developing later 

than visual cortex (z-test, p=0.06) (Fig. 4B). Together, these point to slower development of pre-

synaptic function in frontal cortex.

PSD-95 expression increases progressively but Gephyrin has a brief period of rapidly 

changing expression

Both glutamatergic and GABAergic mechanisms are involved in developmental synaptic 

plasticity, and the physiological E-I balance is central to initiation of the critical period in visual 

cortex.  We examined post-synaptic development of glutamatergic and GABAergic systems by 

quantifying expression of 2 proteins -- PSD-95 and Gephyrin -- that anchor excitatory 

glutamatergic and inhibitory GABAergic receptors, respectively.  PSD-95 anchors the excitatory 

receptors GluA and GluN, and is required for functional GluA and GluN receptors (Beique et al., 

2006).  Gephyrin anchors the inhibitory GABAA receptor, and is required for the stabilization of 

GABAergic synapses (Yu et al., 2007).  Together, the expression of PSD-95 and Gephyrin can 

provide information about the development of excitatory and inhibitory synapses (Keith and El-
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Husseini, 2008) especially the E-I balance that is crucial for ocular dominance plasticity in visual 

cortex (Hensch & Fagiolini, 2005).  

We found substantial increases in PSD-95 expression during development of all 3 cortical 

areas, starting from very little expression at P0-P4 to reach adult levels between P49-P62.   In 

visual cortex, there was a 10-fold increase in PSD-95 expression (Fig. 3A, curve-fit R=0.89; 

p<0.0001) between P11 and P62 when adult levels were reached (3τ=P61.9 +/- 12.3).  

Expression of PSD-95 also rose substantially in somatosensory cortex with an 8-fold increase in 

expression between P7 and P61 (3τ=P61.2 +/- 21.4) (Fig. 3D, curve-fit R=0.82; p<0.0001).  In 

frontal cortex, there was a 5-fold increase in PSD-95 expression (Fig. 3G, curve-fit R=0.83 

p<0.0001) between P11 and P49 (3τ=P 49.1 +/- 11.8).    There were no significant (z-test) 

differences among the 3 cortical areas in the age when adult levels were reached for PSD-95 

expression (Fig. 4A).

The postnatal development of Gephyrin expression followed a different trajectory from the 

other synaptic proteins, with a bump in expression that was similar to earlier reports counting 

inhibitory synapses in developing visual cortex (Blue & Parnavelas, 1983).  Gephyrin expression 

levels were similar early (P0, P4) and late (>P60) in development, but we noticed that each 

cortical area went through an intermediate period when Gephyrin expression was elevated (Fig. 

3).  The development of Gephyrin expression in frontal cortex was well fit by the peak function 

(curve-fit R=0.60; p<0.0001) (Fig. 3H), showing a 2-fold bump in expression around P20 (peak 

P20.4 +/- 1.1)(Fig. 3).  Since Gephyrin expression appeared elevated during that intermediate 

period in the other cortical areas, and Blue & Parnavelas (1983) had found a transient increase in 

inhibitory synapses we fit the same peak function to visual and somatosensory cortex and found 
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that the bump was more restricted in time. In visual cortex, the peak occurred at P29 (curve-fit 

R=0.61; p<0.0001, peak P29.3 +/- 5.1)(Fig. 3B), significantly later than the peak in frontal cortex 
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(z-test, p<0.05; Fig. 4A).  In contrast, the peak in somatosensory cortex occurred at P13 (curve-

fit R=0.48; p<0.005, peak P12.8 +/- 5.1)(Fig. 3E), which was significantly earlier than the peak 

in visual cortex (z-test, p<0.05; Fig. 4A).  The brief elevations in Gephyrin expression in visual 

and somatosensory cortex indicate that additional studies with more samples targeted around the 

developmental ages we have identified, will be needed to obtain more precise estimates of the 

magnitude and timing of the Gephyrin bump. 

The PSD-95:Gephyrin balance shifts from Gephyrin to roughly equal with PSD-95 and 

matures later in frontal cortex

The excitatory-inhibitory (E-I) balance is a key component of plasticity in the visual cortex 

(Maffei & Turrigiano, 2008; Morishita & Hensch; 2008).  To examine development of the 

mechanisms involved in regulating the E-I balance we calculated an index of PSD-95:Gephyrin 

expression in visual, somatosensory, and frontal cortex.  Interactions between PSD-95 and 

Gephyrin regulate the number of excitatory and inhibitory synapses that affect the physiological 

E-I balance (Keith & El-Husseini, 2008; Lardi-Studler et al., 2007; Prange et al., 2004).  This 

post-synaptic index is calculated from the difference in expression of PSD-95 and Gephyrin 

divided by the sum (Post-Synaptic Index = (PSD-95 - Gephyrin)/(PSD-95 + Gephyrin) and can 

vary between -1 (only Gephyrin) and +1 (only PSD-95).  We found significant developmental 

changes in the post-synaptic index for all 3 cortical areas with a progressive shift from much 

more Gephyrin to balanced expression or slightly more PSD-95 (Fig. 3).  In visual cortex, the 

shift to a balanced post-synaptic index was reached at P46 (Fig. 3C, curve-fit R=0.86; p<0.0001, 

3τ=P46.4 +/- 9.5).  In somatosensory cortex, the shift to slightly more PSD-95 expression was 

mature at P45 (Fig. 3F, curve-fit R=0.95; p<0.0001; 3τ=P4.5 +/- 6.1).  In frontal cortex, the shift 
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in the post-synaptic index was slower and did not reach adult levels until P76 (Fig. 3I, curve-fit 

R=0.94; p<0.0001; 3τ=P75.6+/- 11.2).  The adult-level of the post-synaptic index was reached 
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significantly later in frontal cortex, than either visual (z-test, p<0.05), or somatosensory cortex 

(z-test, p<0.005) (Fig. 4B) and suggests slower maturation of the E-I balance in frontal cortex.

Principal Component Analysis highlights similarities and differences in development 

among the cortical areas

The synaptic proteome is a complex functional system.  To address the multidimensional 

nature of the combined development of the 4 proteins in visual, somatosensory, and frontal 

cortex, we used a data-driven approach and analyzed all of the protein expression using singular 

value decomposition (SVD).  This allowed us to quantify the underlying principal components 

that explain this multidimensional data-set.  The SVD showed that there were 4 principal 

components, the first principal component (PCA 1) explained the greatest proportion of the 

variance (64%), the second  (PCA 2) explained 22% of the variance, the third (PCA 3) explained 

13%, and the fourth (PCA 4) explained 1 % (Fig. 5A).  We ran a Monte Carlo simulation to 

determine which components accounted for a significant proportion of the residual variance in 

the data.  The first 3 components (PCA 1, p<0.0001; PCA 2, p<0.005; PCA 3, p<0.0001) each 

accounted for a significant proportion and were used for the subsequent analyses.

Each principal component represents a linear combination of the expression of the 4 

proteins and the influence that each protein had on a principal component was reflected by the 

relative amplitude of the basis vector (Fig. 5).  Analyzing the basis vectors was an important, 2-

step process, that we used to link the principal components with relevant biological mechanisms 

(Beston et al., 2010).  First, we computed the basis vectors; this provided insights regarding the 

biological mechanisms driving the data.  The basis vectors for PCA 1 (Fig. 5B) showed positive 

contributions from all 4 of the proteins, indicating that it is driven by total expression of 
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Synapsin, Synaptophysin, PSD-95, and Gephyrin.  For PCA 2 (Fig. 5C) the basis vectors showed 

opposite directions for PSD-95 and Gephyrin, the markers for excitatory and inhibitory synapses, 

respectively, suggesting that this component is linked with the E-I balance.  Finally, for PCA 3 

(Fig. 5D) the basis vectors had opposite directions for the pre- versus post-synaptic proteins 

suggesting that it reflects differences in pre- versus post-synaptic development.  

Second, we calculated a set of correlations between the 3 significant principal components 

and the 4 proteins, 2 indices, and 2 new measures identified by step one (Fig. 7A, Total Protein 

Expression; Fig. 7B, Pre-Synaptic:Post-Synaptic Index).  To account for multiple comparisons, 

we performed a Bonferroni correction, and then displayed significant correlations between the 3 

principal components and 8 measures (Fig. 5E; green and red squares, p<0.0021).  The pattern of 

correlations provided information that described the biological links for each principal 

component (Table. 2).  The first principal component was characterized by total protein 

expression (R=0.9913, p<0.0001).  The second principal component captured changes in 

Gephyrin expression (R=0.7594, p<0.0001), and the post-synaptic index (E-I balance)

Table 2. PCA Correlation

r-value Total
Protein

Pre-
Synaptic

Post-
Synaptic

Pre/
Post

Synapsin Synapto-
physin

PSD-95 Gephyrin

PCA 1 0.9913 -0.7663 0.6713 0.2004 0.6992 0.8845 0.8931 0.6449

PCA 2 0.0755 0.3125 -0.6669 -0.4472 -0.0238 -0.2153 -0.3181 0.7594

PCA 3 0.1071 0.1135 -0.0548 0.8034 0.6911 0.3901 -0.3164 -0.0859
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p-value
p<0.0021

Total
Protein

Pre-
Synaptic

Post-
Synaptic

Pre/
Post

Synapsin Synapto-
physin

PSD-95 Gephyrin

PCA 1 0.0000 0.0000 0.0000 0.2149 0.0000 0.0000 0.0000 0.0000

PCA 2 0.6435 0.0496 0.0000 0.0038 0.8841 0.1822 0.0455 0.0000

PCA 3 0.5107 0.4857 0.7370 0.0000 0.0000 0.0128 0.0467 0.5983

(R=-0.6669, p<0.0001).  The third principal component captured differences between pre- versus 

post-synaptic development (R=0.8034, p<0.0001), and Synapsin expression (R=0.6911, 

p<0.0001).

To visualize the developmental changes for each principal component in the 3 cortical areas 

we plotted each component as a function of age (Fig. 6).  The first principal component was 

strongly correlated with total protein expression (R=0.9913, p<0.0001) and showed a progressive 

increase in the 3 cortical areas.  The development of PCA 1 was well fit by tau decay functions 

that had overlapping developmental trajectories among the 3 cortical areas(visual, 3τ=44.7 +/- 

18.3; R=0.85, p<0.0001; somatosensory, 3τ=49.6 +/- 14.8; R=0.94, p<0.0001; frontal, 3τ=36.5 

+/- 19.0; R=0.78, p<0.001).  We found no significant differences between the cortical areas for 

the age when PCA 1 reached adult-levels (z-test, n.s).  This suggested that developmental 

increases in expression of these 4 synaptic proteins occurred in unison across these cortical areas.  

We then plotted the development of total protein expression (Fig. 7A) and found that adult-levels 

were reached at similar ages (P33-P42) (z-test, n.s) in the 3 cortical areas (visual, 3τ=42.0 +/- 
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17.6; R=0.84, p<0.0001; somatosensory, 3τ=41.6 +/- 13.8; R=0.92, p<0.0001; frontal, 3τ=32.9 

+/- 17.8; R=0.77, p<0.001).

The second principal component (Fig. 6B) captured changes in the expression of both 

Gephyrin (R=0.7594, p<0.0001 ) and the post-synaptic index (E-I balance; R=0.7594, 

p<0.0001).  The early phase (P0-P30) of PCA 2 development had a peak in each area.  The peak 

occurred first in somatosensory (Peak=9.0 +/- 1.2; R=0.86, p<0.0001), second in fontal 

(Peak=16.3 +/- 1.9; R0.87, p<0.0001), and third in visual cortex (Peak=28.1 +/- 0.6; R=0.55, 

p<0.05).  The timing of the peak was significantly earlier in somatosensory versus frontal cortex 

(z-test, p<0.0001), and frontal versus visual cortex (z-test, p<0.0001).  The later phase (>P30) of 

PCA 2 had a separation between somatosensory cortex and the other areas, reflecting the shift in 
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the E-I balance to relatively more PSD-95 in somatosensory cortex (Fig. 3F).  The PCA 2 results 

suggest a 2 stage developmental process involving an early bump in Gephyrin occuring at 

slightly different ages in these areas (somatosensory, P9; frontal, P16; visual, P28), and a 

prolonged shift in the E-I balance that is greater in somatosensory cortex.  

The third principal component (Fig. 6C) was correlated with the differences between pre- 

and post-synaptic proteins (R=0.8034, p<0.0001) and Synapsin (R=0.6911, p<0.0001).  The 

development of PCA 3 expression started at a similar level for the 3 areas but then diverged by 

P20, with somatosensory cortex taking a different trajectory from either visual or frontal cortex 

(Fig. 6C).  The development of PCA 3 in visual and frontal cortex was well fit by tau decay 

functions with adult levels (3τ) reached at P26 in visual cortex (3τ=25.5 +/- 16.8; R=0.69, 

p<0.01) and at P53 in frontal cortex (3τ=52.5 +/- 28.2; R=0.78, p<0.001).  These ages, however, 

were not significantly different because of variability in visual and frontal cortex.  PCA 3 for 

somatosensory cortex turned away from the other areas at about P20, reached the falling 

inflection point at P26 (Inflection Point=25.7 +/- 2.1; R=0.87, p<0.0001), and the minimum at 

about P30.  The final level of PCA 3 in somatosensory cortex was different from either visual 

(Tukey’s, p<0.0001) or frontal cortex (Tukey’s, p<0.0001).  We plotted the index of pre-

synaptic:post-synaptic difference in protein expression to visualize the developmental changes in 

this measure (Fig. 7B).  Both visual and frontal cortex developed to reach roughly equivalent 

expression of the pre- and post-synaptic proteins, and there was a trend (z-test, p=0.055) towards 

later maturation in frontal cortex.  In contrast, the mature somatosensory cortex had much greater 

expression of post-synaptic proteins (Fig. 7B).  These analyses of PCA 3 and the pre-
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synaptic:post-synaptic index uncovered a divergence in development of the synaptic proteome in 

somatosensory cortex. 
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Discussion

Results support an integrated network of development

By measuring a set of pre- and post-synaptic proteins and using a neuroinformatics 

approach to analyze expression levels we found that the pattern of maturation reflects three 

underlying components with clear links to the development of individual proteins and the 

balances between sets of synaptic proteins.  First, an integrated network among the 3 cortical 

areas describes the largest part of development.  We found substantial overlap among the 3 

cortical areas in the timing of development for both individual proteins and the total expression 

of the 4 synaptic proteins (PCA 1).  Furthermore, the principle component analysis showed that 

the overlapping trajectories among visual, somatosensory and frontal cortex accounted for 64% 

of the variance in development of the synaptic proteins.  Second, each cortical area had an early 

wave of development linked with a transient bump in Gephyrin expression and the later tail that 

was the gradual emergence of an E-I between PSD-95 and Gephyrin expression (PCA 2).  The 

wave in frontal cortex overlapped with both somatosensory and visual cortex, so there was not an 

obvious hierarchical sequence of development among the cortical areas.  We did, however, find 

that the wave was broader in frontal cortex and there was significantly later maturation of both 

the pre- and post-synaptic balances, which together support later maturation of frontal cortex.  

Third, somatosensory cortex diverged from both visual and frontal cortex during maturation of 

the balance between pre- and post-synaptic proteins (PCA 3).  Somatosensory cortex was 

strongly dominated by the expression of the post-synaptic proteins, while visual and frontal 

cortex reached a balance.  Together, our results show that multiple factors, dominated by largely 
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overlapping trajectories underlie development of these pre- and post-synaptic proteins in rat 

visual, somatosensory, and frontal cortex.  

Pre-Synaptic Development

The rate of development of the pre-synaptic proteins, Synapsin and Synaptophysin, was 

similar among the cortical areas providing support for an integrated network of pre-synaptic 

development.  The balances between Synapsin and Synaptophysin is tied to the potential for 

functional synaptic vesicle cycling, since low levels of Synapsin and Synaptophysin reduce pre-

synaptic functioning and transmitter release (Hopf et al., 2002).  We are the first to quantify 

development of the balance between Synapsin and Synaptophysin expression and found very 

tight developmental trajectories in each cortical area.  Initially, there was more Synapsin 

expression in rat cortex, followed by a rapid increase in Synaptophysin until balanced or slightly 

more Synaptophysin expression was reached.  Interestingly, the pre-synaptic balance matured 

later in frontal cortex suggesting slower functional development.  Synapsin is found at all 

glutamatergic and GABAergeric synapses but Synaptophysin expression is low levels at 

GABAergic synapses (Gronborg et al., 2010; Micheva et al., 2010).  The early expression of 

Synapsin may reflect earlier development of GABAergic synapses in rat cortex (Ben-Ari et al., 

2007) and be linked with our finding of early expression of Gephyrin.  Synapsin maintains the 

abundance and organization of vesicles at the pre-synaptic terminal (Bykhovskaia, 2011), and the 

phosphorylation state regulates the pool of vesicles available for exocytosis (Bahler et al., 1990).  

Synaptophysin interacts with Synaptobrevin to regulate synaptic vesicle retrieval and 

endocytosis (Gordon et al., 2011).  Development of the pre-synaptic balance suggests early 

maturation of vesicle exocytosis mechanisms, with a slight lag in development of endocytosis 

Ph.D. Thesis - J. Pinto! McMaster University - Neuroscience

50



mechanisms.  This balance is likely an important mechanism affecting vesicle cycling and 

contributing to activity-dependent processes that rely on the physiological maturation of 

neuronal responsiveness from from weak and sluggish, to strong and sustained firing patterns 

needed for efficient synaptic transmission (Lu et al., 2006; Rust et al., 2002). 

Post-Synaptic Development

On the post-synaptic side, we examined expression of PSD-95 and Gephyrin, the 

scaffolding proteins for GluA/GluN and GABAA receptors, respectively.  We found substantial 

overlap among the 3 cortical areas in the rate of development of PSD-95, while the peaks for 

Gephyrin expression progressed from somatosensory to frontal to visual cortex.  The post-

synaptic balance between PSD-95 and Gephyrin followed tight developmental trajectories in 

each area shifting from much more Gephyrin and then an increase in PSD-95 to reach balanced 

expression.  The time course of this shift in somatosensory and visual cortex matches 

development of the physiological E-I balance that has been measured for rat auditory cortex 

(Dorrn et al., 2010).  But in frontal cortex the post-synaptic shift was later.  The 

PSD-95:Gephyrin balance provides an indication of the relative number of excitatory versus 

inhibitory synapses that will contribute to the physiological E-I balance.  Importantly, 

interactions between these 2 scaffolding proteins influence both the relative number of excitatory 

and inhibitory synapses and the physiological E-I balance (Keith and El-Husseini, 2008).  Over 

expression of Gephyrin clusters during synapse formation causes a reduction in PSD-95 

expression without reducing the total number of synapses, suggesting that Gephyrin interacts 

with PSD-95 to control the balance between excitatory and inhibitory synapses (Lardi-Studler et 

al., 2007).  In addition, PSD-95 over expression enhances the size of excitatory synapses and 
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reduces the number of inhibitory contacts leading to a physiological shift in the E-I balance 

(Prange et al., 2004).  Very early in development of the visual cortex, the physiological E-I 

balance favors excitation, then an increase in inhibition shifts the balance to trigger the onset of 

the critical period (Maffei & Turrigiano, 2008; Morishita & Hensch, 2008).  Our finding of more 

Gephyrin early on might seem counter to those physiological findings, but initially GABAA 

receptors are depolarizing due to an abundance of the immature chloride co-transporter NKCC1.  

The developmental switch to the mature chloride co-transporters, KCC2, causes 

hyperpolarization upon activation of GABAA receptors (Ben-Ari, 2002), and the hyperpolarizing 

effect of GABAA receptors becomes apparent in visual cortex at P10 (Ikeda et al., 2003).  Thus, 

our finding of early expression of Gephyrin relative to PSD-95 means that when KCC2 is 

expressed there can be a very rapid switch from excitation to inhibition, that could re-set the 

physiological E-I balance and trigger the critical period.  In addition, the later maturation of the 

post-synaptic index in frontal cortex suggests slower development of the E-I balance in that area.

Emergence of Synaptophysin and PSD-95 expression coincide with the switch to functional 

synapses

Using a small number of synaptic proteins our study complements and extends previous 

work on synaptic development in rat cortex by providing a rich picture of the developmental 

changes in these building blocks for synapses.  Analysis of the total expression of the synaptic 

proteins showed highly overlapping development among the cortical areas.  Moreover, the links 

between the set of proteins and synaptic function suggests that these developmental trajectories 

will be helpful as a framework for connecting with physiological results and guiding future 

studies of synaptic development.  For example, a significant event in synaptic development is the 
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switch from silent to functional synapse and it requires the formation of both pre- and post-

synaptic components (Isaac et al., 1995; Liao et al., 1995; Durand et al., 1996).  That switch 

occurs at P9-11 in visual (Rumpel et al., 1998) and P8-9 in somatosensory cortex (Isaac et al., 

1997), ages that are similar to when we found the onset of Synaptophysin and PSD-95 

expression.  Furthermore, maturation of pre-synaptic transmission is required for the switch from 

silent to functional synapses (Renger et al., 2001), suggesting that appropriate levels of Synapsin 

and Synaptophysin are needed to support vesicle exo- and endocytosis to sustain neural activity.  

In addition, PSD-95 plays a critical role in the conversion of synapses from silent to functional, 

since PSD-95 knock-out mice have an increased proportion of silent synapses (Beique et al., 

2006).  Surprisingly, those silent synapses are located on morphologically mature spines, 

showing that the anatomical presence of a mature spine is not indicative of a functional synapse 

(Beique et al., 2006).  Perhaps the balance between pre- and post-synaptic proteins will become a 

helpful tool to complement physiological studies of the emergence of functional synapses.  For 

example, development of the balance between pre- and post-synaptic proteins took a different 

trajectory in somatosensory cortex from either visual or frontal cortex, raising the possibility of 

functional differences.

Increased protein expression is associated with synaptic stabilization

The synaptic proteins that we quantified are some of the most commonly used markers in 

imaging studies to visualize the dynamic nature of developing synapses.  Imaging to track 

vesicle turnover has shown that Synapsin and Synaptophysin are required to stabilize the 

position and efficacy of pre-synaptic boutons (Hopf et al., 2002).  This raises the possibility that 

the rapid development of a balance between these pre-synaptic proteins contributes to early 
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stabilization of pre-synaptic function and underlies differences in the maturation of pre-synaptic 

function in somatosensory and visual areas (Cheetham & Fox, 2010).  On the post-synaptic side, 

there is a dynamic pool of PSD-95 shared by synapses within a dendrite.  This motility is 

especially high during early stages of cortical synaptic development when PSD-95 turnover is 

rapid as it diffuses among neighboring spines (Gray et al. 2006).  The rapid turnover is greatest 

during the critical period (P10-21 in barrel cortex of mice) and coincides with the time when we 

found that PSD-95 expression was developing rapidly.  Motility of PSD-95 slows substantially 

by P100, and larger synaptic boutons retain PSD-95 for longer, suggesting that changes in the 

kinetics of PSD-95 diffusion contribute to synapse stability (Gray et al., 2006).  The greatest 

changes in development of PSD-95 overlapped with the stages when imaging studies found the 

greatest dynamics for the pool of PSD-95.  Furthermore, PSD-95 expression matured at about 

P60 in visual and somatosensory cortex, and about P50 in frontal cortex, ages that coincide with 

slowing of PSD-95 turnover to its constituent level and increased synapse-specific retention 

times (Gray et al., 2006).  Together, these results suggest that the expression level of PSD-95 

during development reflects the dynamic pool of PSD-95 that diffuses in dendrites among 

developing synapses.  

The GABAergic synapse scaffolding protein Gephyrin also has significant motility, on the 

order of seconds to hours (Dobie & Craig, 2011).  Furthermore, that motility is negatively 

correlated with the density of Gephyrin clusters (Kuriu et al., 2012), so that more Gephyrin 

equates to less motility.  In the current study, we found that Gephyrin development in rat cortex 

goes through a brief period of increased expression similar to the period of increased density of 

GABAergic (type II) synapses in rat visual cortex (Blue & Parnavelas, 1983).  Perhaps the bump 
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in Gephyrin expression imparts a period of reduced Gephyrin motility that heightens stabilization 

of GABAergic synapses.  Interestingly, Gephyrin expression also has a bump in expression 

during development of human visual cortex, but it is more prolonged and extends until late 

childhood (Pinto et al., 2010).

This study has shown that there is substantial overlap among cortical areas in development 

of synaptic proteins and it provides a simple framework for future studies that aim to detail 

development of the cortical connectome.   The developmental trajectories for the 4 synaptic 

proteins, and the balances among them, highlight important milestones in development that are 

coincident with the emergence of functional synapses, and periods of increased synaptic 

dynamics.  Importantly, the pre- and post-synaptic indices link with both synaptic function and 

the E-I balance.  We anticipate that these trajectories can help focus time consuming anatomical 

and imaging studies on critical ages in synaptic development. 
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Chapter 3.  

Comparing development of synaptic proteins 
in human and rat visual cortex
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Introduction

Neuroplasticity is a broadly applied term that captures the capacity for experience-

dependent change as well as the mechanisms that promote structural and functional changes in 

the nervous system.  There are many clinical applications where neuroplasticity research could 

improve therapies for conditions such as brain injury, neuropsychiatric disorders, 

neurodevelopmental disorders, and neurodegeneration and aging.  A recent NIH workshop and 

report, about how to advance the translation of neuroplasticity research towards better clinical 

outcomes, highlighted the many advances in understanding the mechanisms of neuroplasticity, 

but noted few translations into established interventions.  Basic research using animal models has 

traditionally focused on the synaptic mechanisms that affect maladaptive plasticity in critical 

periods during development, but recently, work has begun to uncover ways to promote adaptive 

plasticity in adults.  One of the challenges for translation of neuroplasticity paradigms has been 

linking the plasticity observed in animal models with that found in humans, especially since the 

capacity for plasticity waxes and wanes across the lifespan.  In particular, there is a need for 

parallel studies to characterize and compare expression of synaptic plasticity mechanisms in both 

animal and human cortex.  To address this need, we have studied expression of a set of key 

synaptic plasticity proteins in human visual cortex across the lifespan, and determined the 

relationship with developing rat cortex. 

Animal models, especially of visual system development, have led to many insights about 

the mechanisms that underlie neuroplasticity and highlighted critical periods in early 

development when experience can readily remodel synaptic connections. Hubel and Wiesel's 

(1963) studies of ocular dominance plasticity used a simple and reliable manipulation -- 
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monocular deprivation -- to identify the critical period during development when abnormal 

visual experience has a profound effect on functioning of the visual system.  Monocular 

deprivation  became a standard manipulation for studying the mechanisms of neural plasticity in 

a variety of species and a successful model for the human amblyopia (lazy-eye). Amblyopia is 

one of the most prevalent neurodevelopmental disorders, affecting 0.2-5.4% of children in the 

western world (Kanonidou, 2011) and it is caused by abnormal visual experience during a critical 

period in development.  Animal models have shown that experience-dependent plasticity in 

visual cortex is influenced by maturation of inhibition, myelination, and the E-I balance. The 

developmental shift in the excitatory-inhibitory (E-I) balance triggers the start of the critical 

period (Hensch & Fagiolini, 2005) and regulates the susceptibility of the visual cortex to 

abnormal visual experience (Maffei & Turrigiano, 2008; Morishita & Hensch, 2008).  

Furthermore, the age-related loss of orientation tuning in visual cortex is linked with changes in 

cortical inhibition (Leventhal et al, 2003).  

Recently, animal models have been used to test a number of new treatments for amblyopia 

that promote recovery from early monocular deprivation by reinstating critical-period-like ocular 

dominance plasticity in adult animals.  Interventions such as dark-rearing (He et al, 2007), 

chronic fluoxetine administration (Maya Vetencourt et al, 2008), environmental enrichment 

(Baroncelli et al, 2010), and food restriction (Spolidoro et al, 2011) have been effective in 

promoting plasticity in adult animals.  A number of plasticity mechanisms have been linked with 

these interventions including decreased intracortical inhibition and a shift in the E-I balance.  To 

facilitate translating these interventions into optimal clinical therapies we need to know more 

about the expression of synaptic plasticity mechanisms in human visual cortex and how they 

Ph.D. Thesis - J. Pinto! McMaster University - Neuroscience

58



change across the lifespan.  Also, to identify important stages for neuroplasticity human 

development we need to know how to align the developmental trajectories for synaptic plasticity 

mechanisms in animal models with the age when those mechanisms are at a similar level in 

human visual cortex.

To address these questions we began a series of studies of human visual cortex examining 

early development of excitatory (NMDA) and inhibitory (GABA) receptors (Murphy et al, 

2005), and changes across the lifespan for GABAergic proteins (Pinto et al, 2010) and the 

Angelman syndrome protein Ube3A (Williams et al, 2010).  Those studies highlighted the 

prolonged development of human visual cortex and raised questions about how to link human 

developmental stages with comparable ages in the animal models.  Here we expand on our 

previous work by quantifying the expression of a small set of pre- and post-synaptic proteins in 

human visual cortex and using a neuroinformatics approach to compare the developmental 

trajectory between rat  (Pinto et al, 2013) and human visual cortex.  The four synaptic proteins 

that we quantified are highly conserved among mammals and their development is associated 

with the timing of different aspects of neuroplasticity, including pre-synaptic maturation, 

excitatory and inhibitory development, and emergence of the E-I balance.  On the pre-synaptic 

side, we examined the vesicle cycling proteins Synapsin and Synaptophysin; together they 

regulate vesicle exo- (Bahler et al, 1990) and endo-cytosis (Kwon & Chapman, 2011), 

respectively, and are necessary for pre-synaptic function and transmitter release (Hopf et al., 

2002).  On the post-synaptic side, we examined the receptor scaffolding proteins PSD-95 and 

Gephyrin that anchor excitatory (GluA and GluN) or inhibitory (GABAA) receptors, 

respectively.  Interactions between PSD-95 and Gephyrin regulate the number of excitatory and 
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inhibitory synapses effecting the physiological E-I balance (Keith & El-Husseini, 2008; Lardi-

Studler et al, 2007; Prange et al, 2004) that drives critical period plasticity.    

We found that the balances between pairs of pre- and post-synaptic proteins were reached 

before 1 year of age, but expression of Synapsin, PSD-95, and Gephyrin developed further as 

children aged.  We applied a neuroinformatics approach using principal component analysis 

(PCA) to characterize the multidimensional changes during development of these synaptic 

proteins.  PCA showed that changes in total protein expression were the main source of variance 

in the data, which was also the case in a previous study that quantified the development of the 

same synaptic proteins in rat cortex (Pinto et al., 2013).  We subsequently performed a parallel 

analysis of total protein expression in rat and human visual cortex, and found that the synaptic 

age of visual cortex is comparable for in humans from birth to 8.5 years of age, and rats from 

P11-P93.
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Methods

Samples and Tissue

Tissue samples were obtained from the Brain and Tissue Bank for Developmental 

Disorders at the University of Maryland (Baltimore, MD).  The samples were from the posterior 

pole of the left hemisphere of human visual cortex, including both superior and inferior portions 

of the calcarine fissure.  A small piece was cut from central visual field representation of primary 

visual cortex (V1) according to the gyral and sulcal landmarks.  The samples were from 26 

individuals ranging in age from 20 days to 80 years.  All samples were obtained within 23 hours 

postmortem, and at the Brain and Tissue Bank were fresh frozen after being sectioned coronally 

in 1-cm intervals, rinsed with water, blotted dry, placed in a quick-freeze bath (dry ice and 

isopentane), and stored frozen (-70°C).  The individuals had no history of neurological or mental 

health disorders.

Tissue-Sample Preparation

To quantify the available pool of synaptic proteins, tissue samples (50-100 mg) were 

suspended in cold homogenization buffer (1 ml buffer:50 mg tissue, 0.5mM DTT, 1mM EDTA, 2 

mM EGTA, 10 mM HEPES, 10mg/L leupeptin, 100nM microcystin, 0.1 mM PMSF, 50 mg/L 

soybean trypsin inhibitor) and homogenized in a glass-glass Dounce homogenizer (Kontes, 

Vineland, NJ).   The homogenized sample was removed and added to 10% sodium-dodecyl-

sulfate (SDS).  Protein concentrations were determined using the bicinchonic acid (BCA) assay 

guidelines (Pierce, Rockford, IL).  A control sample was made by combining a small amount of 

the prepared tissue sample from each of the 26 samples.
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Immunoblotting

The homogenate samples (25 µg) were separated on Sodium-dodecyl-sulfide 

polyacrylamide gels (4-20% SDS-PAGE; Thermo Scientific, Waltham, MA) and transferred to 

polyvinylidene difluoride (PVDF-FL) membranes (Millipore, Billerica, MA).  Each sample was 

run 2-4 times.  Blots were pre-incubated in blocking buffer (Odyssey Blocking Buffer, Li-cor 

Biosciences; Lincoln, NE; 1:1 with PBS) for 1 hour, then incubated in primary antibody 

overnight at 4°C using the following concentrations: GAPDH, 1:4000 (Imgenex, San Diego, 

CA); Synapsin 1, 1:8000 (Invitrogen, Carlsbad, CA); Synaptophysin, 1:2000 (Sigma-Aldrich, St. 

Louis, MO); PSD-95, 1:32000 (Millipore, Billerica, MA); Gephyrin, 1:2000 (Millipore, 

Billerica, MA).  The blots were washed with PBS containing 0.05% Tween (Sigma, St. Louis, 

MO) (PBS-T) (3 x 10 min), incubated for 1 hour at room temperature with the appropriate 

IRDye labeled secondary antibody, (Anti-Mouse, 1:8000, Anti-Rabbit, 1:10,000) (Li-cor 

Biosciences; Lincoln, NE), and washed in PBS-T (3 x 10 min).  The bands were visualized using 

the Odyssey scanner (Li-cor Biosciences; Lincoln, NE).  The combination of the IRDye 

secondary antibodies and Odyssey scanner system provides a wide linear dynamic range so that 

both strong and weak bands could be quantified on the same blot.  We determined that both the 

amount of protein loaded in each well and the concentration of each antibody were within the 

linear range.  The blots were stripped and prepared to be re-probed with additional antibodies 

(Blot Restore Membrane Rejuvenation kit, Chemicon International, Temecula, CA).

Analysis

To analyze the bands, we scanned the blots (Odyssey Infrared Scanner) and quantified the 

bands using densitometry (Licor Odyssey Software version 3.0; Li-cor Biosciences; Lincoln, 
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NE).  The Odyssey system uses near infrared-dyes for antibody detection, providing 16-250 fold 

wider linear range than chemiluminescence (Schutz-Geschwender et al., 2004).  Density profiles 

were determined by performing a subtraction of the background, integrating the pixel intensity 

across the area of the band, and dividing the intensity by the width of the band to control for 

variations in lane width. GAPDH was used as the loading control and for each sample the 

expression of the synaptic proteins was divided by GAPDH expression.  A control sample (a 

mixture of all the samples) was run on all of the gels and for each blot the density of each sample 

was normalized relative to the control (Sample density/Control density).  Finally, for each 

protein, expression levels across runs were normalized using the average expression of the 

synaptic protein. 

The results were plotted in two ways to visualize the developmental trajectories of the 

proteins.  First, changes in expression across the lifespan were plotted using scattergrams for 

each protein that included expression levels from all runs (light grey dots), as well as the average 

expression from each sample (black dots).  To help quantify the patterns of change in expression, 

we used a model-fitting approach (Christopoulos & Lew, 2000) and determined the best curve-fit 

to the data (grey dots) using the online tool zunzun.com.  The best fitting curve was found by 

least squares providing the goodness of fit (R) and statistical significance of the fit (p).  Synapsin 

expression was well fit by a decay function (y=a+b*exp(-t/τ)), and the time constant (τ) was 

determined.  Adult levels were defined as 3τ, a time when 87.5% of the change in protein 

expression had taken place.  Synaptophysin was not well fit by any functions, so a simple 

descriptive weighted average was plotted.  PSD-95 and Gephyrin expression were well fit by 

gaussian functions (y=a+b*exp(-((t-peak)^2)/c)) since expression of both increased then 
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decreased.  Second, to compare changes among developmental stages, samples were grouped by 

developmental stage (< 0.3 Years, Neonates; 0.3-1 year, Infants, 1-4 years, Young Children; 5-11 

years, Older Children; 12-20 years, Teens; 21-55 years, Young Adults >55 years, Older Adults) 

and histograms were plotted showing the mean expression level of the synaptic protein and the 

standard error of the mean for each age group.  Statistical comparisons between groups were 

made using an analysis of variance and when significant (p<0.05), Tukey's post-hoc comparisons 

were done.

We quantified the relationship between pre- and post-synaptic proteins by calculating 2 

indices that measured the developmental differences between pairs of pre-synaptic (Synapsin and 

Synaptophysin) and post-synaptic proteins (PSD-95 and Gephyrin).  The indices provide an 

indication of synaptic development because each pair of proteins is functionally related: 

Synapsin and Synaptophysin expression is required for pre-synaptic function and stabilization of 

pre-synaptic boutons (Hopf et al., 2002); interactions between PSD-95 and Gephyrin regulate the 

number of excitatory and inhibitory synapses and affect the physiological E-I balance (Keith & 

El-Husseini, 2008; Lardi-Studler et al., 2007; Prange et al., 2004).  In addition, this type of 

contrast index is a common approach in signal processing to determine the quality of the signal 

and here provided an analysis of pre- or post-synaptic development.  Pre-Synaptic Index -- 

[(Synapsin-Synaptophysin)/(Synapsin+Synaptophysin)], Post-Synaptic Index -- [(PSD-95-

Gephyrin)/(PSD-95+Gephyrin)].  The indices were plotted as described above, and exponential 

decay functions were fit to the scatterplots.  
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Principal Component Analysis

A multivariate analysis of the expression pattern for all proteins in human visual cortex was 

done using principal component analysis (PCA).  Protein expression was compiled into an mxn 

matrix.  The m=4 rows represent the proteins (Synapsin, Synaptophysin, PSD-95, and Gephyrin), 

and the n=26 columns represent protein expression levels for each of the 26 samples.  The data 

were centred by subtracting the mean column vector, and then a singular value decomposition 

(SVD) was applied to calculate the principal components in Matlab (The Mathworks, Inc., 

Natick, MA).  The SVD represents the expression level for all proteins from one sample as a 

vector in high dimensional space.  The PCA identifies the direction in "protein expression space" 

that represents the variance in all the data from the human visual cortex.

The analysis identified 4 principal components.  A commonly used rule of thumb to 

determine how many components are significant is that it includes sequential principal 

components accounting for up to 80% of the cumulative variance.  To be more precise, we 

analyzed the data using a bootstrapping method.  We performed a Monte Carlo simulation with 

100,000 repetitions.  For each, the simulated data-set had 4 rows (proteins) and 26 columns 

(samples), and the simulated protein expression levels were drawn randomly from a normal 

distribution with the same mean and standard deviation as the original data.  For each iteration, a 

PCA was performed and we calculated how much of the residual variance was accounted for by 

each of the 4 principal components.  Our experimental principal components were deemed to be 

statistically significant if they accounted for a much greater proportion of the residual variance 

than would be expected from random simulation.  For example, a principal components was 

significant with p<0.05 if it accounted for more of the residual variance than was observed in 
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95% of the simulated iterations.  To determine biological links and to aid interpretation of the 

significant principal components, we used an approach that we developed (Beston et al., 2010) 

and calculated correlations between each significant principal component and several 

biologically relevant measures.  These included: expression levels of the four proteins, the pre- 

and post-synaptic index, and total protein expression.  The significance level for identifying 

potential biological correlates was adjusted to p<0.0035 using the Bonferroni correction for 

multiple comparisons.  The PCA results were visualized using scatterplots and histograms as 

described above, with PCA coordinates on the y-axis, and age on the x-axis.  To describe the 

pattern of change in the PCA scatterplots, we fit peak or linear functions to the data.

Transformation

Total protein expression levels were calculated for rat and human visual cortex by summing 

the expression levels of the four proteins for each sample.  The age of each sample was 

converted to post-conception age, by adding 0.75 years to the age of each human sample, and 22 

days to the age of each rat sample.  To visualize changes in total protein expression in human and 

rat visual cortex, we plotted a scattergram of total protein expression as a function of post-

conception age.  To describe the pattern of change we fit a decay function to the rat data, and a 

gaussian function to the human data.  To convert the rat data into human equivalent age, we 

transformed the rat data along the x, and y-axis.  To convert along the y-axis, we multiplied the 

rat data by a conversion factor (Human Maximum Expression/Rat Maximum Expression), given 

from the curve fits.  To transform along the x-axis, we used the curve-fit equations to calculate 

the human age that corresponds to the same total protein expression level as our 13 rat samples.  
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The transformed rat data was then plotted on the scattergram in human equivalent years and 

expression. 
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Results

Postmortem interval & GAPDH expression

The tissue samples were collected over a range (4-23 hours) of postmortem intervals and 

our first step was to determine whether there were significant correlations between postmortem 

interval and expression of the synaptic proteins.  There were no significant (p<0.05) correlations 

between expression levels and postmortem interval for any of the four proteins (GAPDH, 

R=0.04; Synapsin, R=0.16; Synaptophysin, R=0.05; Gephyrin, R=0.08; PSD-95, R=0.10).

We also analyzed expression of GAPDH, the loading control for this study, to determine if 

it changed across the lifespan.  We found that the expression levels of GAPDH was constant 

across the lifespan when analyzed by model-fitting (Fig. 1A), and comparison among the age 

groups (Fig 1B; ANOVA, p=0.87).  
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Pre-synaptic vesicle cycling mechanisms develop during different periods

To examine pre-synaptic development in human visual cortex across the lifespan we 

quantified the expression of two pre-synaptic proteins, Synapsin and Synaptophysin.  Both 

proteins are components of the synaptic vesicle membrane and involved in different aspects of 

synaptic vesicle cycling.  Synapsin regulates the pool of synaptic vesicles available for 

exocytosis (Bahler et al., 1990), and Synaptophysin regulates the kinetics of synaptic vesicle 

endocytosis (Kwon & Chapman, 2011).  In addition, Synapsin is the most specific marker for 

pre-synaptic terminals (Micheva et al., 2010).  Together, expression levels of Synapsin and 

Synaptophysin provide information about function and number of pre-synaptic terminals.  

We found that expression levels of Synapsin increased during development of human 

visual cortex, and the changes were well fit by a τ decay function (Fig. 2A, B). Initially, Synapsin 

levels were very low and then rose rapidly, increasing 6-fold during the first decade of life to 

reach adult levels at 9 years of age (Fig. 2A; 3τ= 8.7 +/- 5.1 years; curve fit, R=0.66; p<0.0001).  

Analysis of the developmental stages showed a significant increase in Synapsin  (Fig. 2B; 

ANOVA, p<0.0001).  There was a significant increase in expression of Synapsin between 

Neonates (< 0.3 Years) and Older Children (5-11 Years; Tukey's, p<0.01), that persisted through 

Teens (12-20 Years; Tukey's, p<0.001), Young Adults (21-55 Years; Tukey's, p<0.0001), and 

Older Adults (55+ Years; Tukey's, p<0.05).  We also found a significant increase in Synapsin 

expression between Infants (0.3-1 Year) and Older Children (5-11 Years; Tukey's, p<0.05), Teens 

(12-20 Years; Tukey's, p<0.05), and Young Adults (21-55 Years; Tukey's, p<0.01).  In contrast, 

Synaptophysin expression during early development was more variable and higher than 

Synapsin.  We did not find a significant curve-fit to the Synaptophysin expression and therefore 

Ph.D. Thesis - J. Pinto! McMaster University - Neuroscience

69



used a simple weighted average to plot a curve describing Synaptophysin expression across the 

lifespan (Fig. 2C).  There were also no significant differences in Synaptophysin among any 
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developmental age groups (Fig. 2D; ANOVA, p=0.09), suggesting that it is relatively constant 

across the lifespan.  It is important to note, however, that there was a lot of inter-individual 

variability in Synaptophysin expression at the younger ages (<5 years) that may have masked 

early developmental changes.

Post-Synaptic scaffolding proteins develop in-concert

Both excitatory and inhibitory mechanisms are involved in developmental synaptic 

plasticity, and the physiological E-I balance is central to the initiation of the critical period in 

visual cortex.  We examined post-synaptic development of glutamatergic (excitatory) and 

GABAergic (inhibitory) systems by quantifying the expression of 2 scaffolding proteins -- 

PSD-95 and Gephyrin.   PSD-95 anchors the excitatory GluA and GluN receptors, and is 

required for receptor function (Beique et al., 2006).  Gephyrin anchors the inhibitory GABAA 

receptors, and is required for receptor stabilization (Yu et al., 2007).  Together, the expression of 

PSD-95 and Gephyrin provides information about the development of excitatory and inhibitory 

synapses (Keith & El-Husseini, 2008) and the E-I balance that is crucial for ocular dominance 

plasticity in visual cortex (Hensch & Fagiolini, 2005). 

Development of PSD-95 and Gephyrin expression followed similar developmental 

trajectories, with increases into late childhood and then declining into adulthood.  Development 

of PSD-95 increased ~10-fold to reach a peak at 8 years of age (Fig. 3A; peak=8.0 +/- 0.7 years; 

curve fit, R=0.58; p<0.0001), and then declined ~5-fold into aging.  Comparison of PSD-95 

expression levels among developmental stages (Fig. 3B; ANOVA, p<0.0001) showed that it was 

significantly higher in Older Children (5-11 Years) relative to all other age group: Neonates (<0.3 

Years; Tukey's, p<0.0001), Infants (0.3-1 Year; Tukey's, p<0.0001), Young Children (1-4 Years; 
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Tukey's, p<0.001), Teens (12-20 Years; Tukey's, p<0.01), Young Adults (21-55 Years; Tukey's, 
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p<0.0001), Older Adults (55+ Years; Tukey's, p<0.0001).  We also found that teens (12-21 Years) 

had higher expression levels of PSD-95 than Neonates (<0.3 Years; Tukey's, p<0.05).  

Gephyrin expression increased ~3-fold and model-fitting of a peak function found the 

maximum expression  at 10 years of age (Fig. 3C; peak= 10.0 +/- 1.3 years; curve fit, R=0.48; 

p<0.0005), followed by a subsequent ~4-fold decline into aging.  We saw a similar 

developmental profile of Gephyrin for the developmental age groups (Fig. 3D; ANOVA, 

p<0.005).  Expression levels of Gephyrin were significantly higher in Older Children (5-11 

Years), than Neonates (<0.3 Years; Tukey's, p<0.05), and Older Adults (55+ Years; Tukey's, 

p<0.01).  

Pre- and Post-synaptic balances develop within first year in human visual cortex

Each pair of proteins interact to support functioning pre-synaptic (Synapsin and 

Synaptophysin) or post-synaptic (PSD-95 and Gephyrin).  On the pre-synaptic side, Synapsin 

and Synaptophysin are both required for pre-synaptic function (Hopf et al., 2002), and the 

balance between the two proteins will effect the dynamics of vesicle cycling because Synapsin 

regulates exocytosis and Synaptophysin regulates endocytosis.  On the post-synaptic side, 

PSD-95 and Gephyrin regulate the number of excitatory and inhibitory synapses (Keith & El-

Husseini, 2008; Lardi-Studler et al., 2007; Prange et al., 2004) and together affect the 

physiological E-I balance.  To quantify the balances between each pair of synaptic proteins we 

calculated 2 indices; a Pre-Synaptic Index: (Synapsin-Synaptophysin)/(Synapsin

+Synaptophysin), and a Post-Synaptic Index: (PSD-95-Gephyrin)/(PSD-95+Gephyrin).  The 

indices range from +1 to -1, positive values indicate relatively more Synapsin (Pre-Synaptic 
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Index) or PSD-95 (Post-Synaptic Index), while negative values indicate relatively more 

Synaptophysin (Pre-Synaptic Index) or Gephyrin (Post-Synaptic Index).  

Both the pre- and post-synaptic indices developed very rapidly in the first year (Fig. 4).  On 

the pre-synaptic side, there was a switch from relatively more Synaptophysin expression early, to 

slightly more Synapsin expression, and mature-levels were reached by 12 months of age (Fig. 

4A; 3τ=11.7 +/- 4.1 months; curve fit, R=0.67, p<0.0001).  We found a similar developmental 

profile with significant switch in expression of the pre-synaptic index among the developmental 

age groups (Fig. 4B; ANOVA, p<0.0005).  Expression levels switched from more Synaptophysin 

in Neonates (<0.3 Years) to more Synapsin in Younger Children (1-4 Years; Tukey's, p<0.05) and 

that persisted through Older Adults (55+ Years; Tukey's, p<0.05).  This switch in the balance 

between Synapsin and Synaptophysin suggests that pre-synaptic function of vesicle endo- and 

exo-cytosis matures within the first year.

On the post-synaptic side, we found a very rapid switch from much more Gephyrin at the 

youngest ages, to a balance between Gephyrin and PSD-95 by 5 months of age (Fig. 4C,D; 

3τ=5.3 +/- 1.8 Months; curve fit, R=0.54, p<0.0001).  The developmental stages showed a 

similar profile switching from more Gephyrin to a balance between the 2 proteins.  The rapid 

switch in the first few months, however, led to greater variability in those early developmental 

stages so the comparison between the age groups could not capture the change (Fig. 4D; 

ANOVA, p=0.18).  This switch in the post-synaptic index suggests a rapid change in the E-I 

balance that would trigger the start of the critical period for ocular dominance plasticity in 
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human visual cortex by 5 months of age.
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Principal Component Analysis

The synaptic proteome is a complex functional system, so to address the multidimensional 

nature of development for the 4 proteins, we used a data-driven approach and analyzed all of the 

protein expression with singular value decomposition (SVD).  This allowed us to quantify the 

underlying principal components that explain the multidimensional data-set in human visual 

cortex.  The SVD found 4 principal components, the first principal component (PCA 1) 

explained the greatest proportion of the variance (64%), the second (PCA 2) explained 20% of 

the variance, the third (PCA 3) explained 10%, and the fourth (PCA 4) explained 6% (Fig. 5A).  

Thus, the PCA 1 and PCA 2 combine to account for 84% of the variance.  Furthermore, the 

monte-carlo simulation showed that the first principal component accounted for a significant 

proportion of the variance (PCA 1, p<0.0001), and there was a trend for the second principal 

component (PCA 2, p=0.09).  Based on these 2 rules we used PCA 1 and PCA 2 for the 

subsequent analyses.

Each principal component represents a linear combination of the expression of the proteins 

and the influence that each protein had on a principal component was reflected in the relative 

amplitude of the basis vector (Fig. 5).  Analyzing the basis vectors was an important, 2-step 

process, that we used to link the principal components with relevant biological mechanisms 

(Beston et al., 2010).  First, we computed the basis vectors, this provides insights regarding the 

biological mechanisms driving the data.  The basis vectors for PCA 1 (Fig. 5B) showed positive 

contributions from all 4 of the proteins, albeit a very small amount for Synaptophysin, indicating 

that it is driven by total protein expression.  For PCA 2 (Fig. 5C) the basis vectors showed 

opposite directions for Synapsin and Synaptophysin, the pre-synaptic markers for vesicle 
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cycling, and PSD-95 and Gephyrin, the markers for excitatory and inhibitory synapses, 

respectively.  The different directions for the pairs suggests that PCA 2 is linked with both the 

pre and post-synaptic indices. 

 

For the second step, we generated a set of correlations between the two principal 

components (PCA 1 and PCA 2), and the 4 proteins, 2 indices, and a new measures identified in 
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step one (Total Protein Expression).  To account for multiple comparisons, we performed a 

Bonferroni correction, and then displayed significant correlations between the 2 principal 

components and the 7 measures (Fig. 5C; green and red squares, p<0.0035).  The pattern of 

correlation provided information that described the biological links for each principal 

component.  The first principal component had the greatest correlation with total protein 

expression (R=0.9764, p<0.0001), and was also correlated with Synapsin (R=0.6882, p<0.0001), 

PSD-95 (R=0.9486, p<0.0001), Gephyrin (R=0.7651, p<0.0001), and the pre-synaptic index 

(R=0.5480, p<0.0001).  The second principal component was correlated with changes in 

Synapsin (R=-0.5944, p<0.0001), Synaptophysin (R=0.528, p<0.001), and Gephyrin (R=0.5717, 

p<0.0001) expression, and had slightly higher correlations with the balances for the pre-synaptic 

(R=-0.6105, p<0.0001), and post-synaptic (E-I) (R=-0.625, p<0.0001) indices. 

We plotted PCA 1 (Fig. 6A,B) and PCA 2 (Fig. 6C,D) as a function of age, and the 

developmental stages.  The first principal component (Fig. 6A,B) was strongly correlated with 

total protein expression (R=0.9764, p<0.0001) and rose to a peak at about 9 years of age.  The 

developmental of PCA 1 was well fit by a logistic function, and the peak in expression was 

reached at 9 years of age (Fig. 6A; Peak=9.2 +/- 0.7 years; curve-fit,  R=0.52, p<0.0001).  We 

found a similar developmental profile when comparing the age groups (Fig. 6B).  There were 

significant differences in expression among the developmental stages (ANOVA, p<0.0001), with 

Older Children (5-11 Years) having significantly higher PCA 1 than all other age groups.  Teens 

(12-20) also had relative higher PCA 1 when compare with Neonates (<0.3 Years; Tukey's, 

p<0.01), and Infants (0.3-1 Year; Tukey's, p<0.05), while Neonates (<0.3 Years) had relatively 

less when compare with Young Children (1-4 Years; Tukey's, p<0.05), and Young Adults (21-55 
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Years; Tukey's, p<0.05).  Together, these results show a prolonged developmental increase in 

total expression that continues into older children, and suggests a long period of synaptic 

stabilization.

The second principal component captured changes among a number of measures, with the 

strongest positive correlation being Gephyrin expression (R=0.5717, p<0.0001), and the 
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strongest negative correlation being the post-synaptic index (E-I balance; R=-0.625, p<0.0001).  

Development of PCA 2 was well fit by a linear function (Fig. 6C; R=0.43, p<0.005), and showed 

a very long and shallow decline.  When comparing the developmental stages, it is clear that the 

magnitude of change in PCA 2 is small, and although there was an overall trend for a decline 

(Fig. 6D; ANOVA, p=0.11) there were no significant differences among the age groups.  

Comparing human and rat total protein expression

The principal component analysis identified total expression of the 4 proteins as the main 

source of variance for development of human visual cortex.  In another study, we quantified 

expression of the same synaptic proteins (Synapsin, Synaptophysin, PSD-95, and Gephyrin) in 

developing rat cortex, and using PCA analysis found that the largest portion of the variance was 

also accounted for by total protein expression (Pinto et al., 2013).  Together, these data sets 

provide a unique opportunity to run a parallel comparison between human and rat cortical 

development, and determine how to translate synaptic age between these species.  First, we 

quantified total protein expression in human visual cortex and plotted that as a function of post-

conception age (Fig. 7).  In human visual cortex, development of total protein expression (black 

dots) followed a trajectory that was well fit by a gaussian function with the peak of expression at 

9 years of age (Fig. 7; curve-fit, R=0.7376, p<0.0001).  Second, we plotted the development of 

total protein expression in rat visual cortex (Pinto et al, 2013, Fig. 7) and transformed the rat ages 

(P4-P93) to post-conception days.  In rat visual cortex (open red dots), development of total 

protein expression for the range of ages followed a decay function that reached a maximum 
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expression at 55 days post-conception (Fig. 7; curve-fit, R=0.9215, p<0.0001). 

  

The process involved determining the transformation required to shift the rat curve (solid 

red curve) along the x- and y-axis, to match the human curve and then applying that 

transformation to the rat data to visualize each point in human age.  To normalize the maximum 

expression levels, we multiplied the rat data by the quotient between the maximum for the rat 

and human curves (Human Expression at 9 years/Rat Expression at 55 Days=Quotient).  To shift 

the rat along the x-axis we found the horizontal transformation necessary to match the rat and 

human curve of total protein expression, and then applied that transformation to each of the rat 

data points.  The transformed rat data was plotted (red circles) in human equivalent space.  This 

simple transformation showed similar developmental trajectories for total protein in rats (P0-

P93) and humans (20d-8.5 yrs.).  A large portion of those curves approximated a linear increase 

which facilitated a simple conversion between rat age in days and humans age in years (Rat Age 

(Days)=11+5.5*Human Age (Years)).  Using this conversion, we made a table (Table 2) to depict 

the ages when protein expression was comparable between the 2 species, and highlighted known 
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milestones in visual system plasticity.  Interestingly, there was comparable expression at human 

birth and rat eye opening, suggesting that total expression is driven by the initial strong visual 

stimuli experienced in both species.  In addition, there was also comparable expression at the 

ages linked to the end of susceptibility for developing amblyopia in humans (~ 6 years; Keech & 

Kutschke, 1995), and the end of the critical period for ocular dominance plasticity in rats (P45; 

Fagiolini et al., 1994).  Taken together, these results show the translation between rat and human 

synaptic development in visual cortex, and suggest that total protein expression in human and rat 

visual cortex reflects comparable stages of visual system development.

Ph.D. Thesis - J. Pinto! McMaster University - Neuroscience

82



Ph.D. Thesis - J. Pinto! McMaster University - Neuroscience

83



Discussion

The results of this study highlight the complex nature of synaptic development in human 

visual cortex showing that there are both prolonged and rapid changes in synaptic proteins, and 

found a simple transformation to translate between synaptic age in rats and humans.  We have 

drawn three main conclusions from the results.  First, there is prolonged development of pre- and 

post-synaptic proteins in human visual cortex, suggesting that synaptic development and 

stabilization in human visual cortex extends well into the childhood years.  Furthermore, 

expression of the pre-synaptic proteins was relatively stable into aging but there was a large loss 

of both post-synaptic proteins which indicates significant age-related changes in function of 

inhibitory and excitatory synapses.  Pre-synaptically, Synaptophysin expression was relatively 

constant across the lifespan, while Synapsin expression increased until about 6 years of age.  

Both Synapsin and Synaptophysin are required for stabilization of pre-synaptic boutons (Hopf et 

al., 2002) and perhaps the increase in Synapsin expression during childhood promotes pre-

synaptic stabilization.  Post-synaptically, both PSD-95 and Gephyrin expression increased during 

childhood and then declined into aging.  PSD-95 effects the strength of excitatory glutamatergic 

synapses (Schnell et al., 2002; Stein et al., 2003; Ehrlich & Malinow, 2004; Colledge et al., 

2003), and nearby post-synaptic densities in a dendrite compete for the available pool of PSD-95 

(Gray et al., 2006).  Together, these functions for PSD-95 point to prolonged maturation of 

excitatory synapse functioning in human visual cortex and then age-related weakening of 

glutametergic synapses.  On the inhibitory side, Gephyrin cluster density is negatively correlated 

with motility of the protein among neighboring GABAergic synapses (Kuriu et al., 2012).  This 

function suggests that the progressive developmental increase in Gephyrin expression reflects 
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prolonged maturation and stabilization of inhibitory synapses followed by less stability in the 

aging human visual cortex.  The long development trajectories for the four synaptic proteins 

point to slow development of synaptic stabilization in human visual cortex. Interestingly, the 

timing of this development coincides with clinical reports highlighting an extended period of 

susceptibility for developing amblyopia in children (Keech & Kutschke, 1995; Epelbaum et al., 

1993).  

Second, we found very rapid changes in the balances between pre- and post-synaptic 

proteins that are best described as switches occurring within the first year of life.  The pre-

synaptic proteins reached a balance at about a year of age.  Since Synapsin and Synaptophysin 

regulate different aspects of vesicle cycling, endocytosis or exocytosis, respectively, their 

balance will effect the probability of transmitter release, especially with strong or sustained 

patterns of visually-driven activity.  This rapid pre-synaptic development likely effects the 

maturation of neural signal-to-noise contributing to the change from weak and sluggish, to strong 

and sustained firing patterns.  That change is necessary for both efficient synaptic transmission 

(Rust et al., 2002) and driving neuroplasticity mechanisms needed for development of receptive 

field properties (Smith & Trachtenberg, 2007).  The post-synaptic E-I switch was even faster 

occurring at about 5 months of age with the change from more Gephyrin towards balanced 

expression between Gephyrin and PSD-95. This switch in the E-I balance in human visual cortex 

parallels the change we found for rat visual cortex at the start of the critical period for ocular 

dominance plasticity (Pinto et al, submitted).  Perhaps the rapid change in the E-I balance 

reflects the onset of the period for greatest ocular dominance plasticity in human visual cortex 

since the relative expression of PSD-95 and Gephyrin  provides an indication of the balance 
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between excitatory and inhibitory synapses that contribute to the physiological E-I balance 

(Keith & El-Husseini, 2008; Lardi-Studler et al., 2007; Prange et al., 2004).  Early in 

development, the physiological E-I balance favors excitation, and a strong increase in inhibition 

is known to trigger the onset of the critical period for ocular dominance plasticity (Fagiolini & 

Hensch, 2000; Maffei & Turrigiano, 2008).  Our finding of more Gephyrin early in development 

may seem counter intuitive to the physiological findings, but GABAA receptors are depolarizing 

early in development due to an abundance of the immature chloride co-transporters NKCC1.  

During development, there is a switch from NKCC1 to KCC2, which turns GABAA receptors 

hyperpolarizing (Ben-Ari, 2002).  This switch takes place early in human cortical development, 

with a 3-fold reduction in NKCC1 during the first 3 months of life, and a 95% increase in KCC2 

within the first year (Kirmse et al., 2011).  The timing of the switch in the chloride co-

transporters supports 3-5 months as the age when there is a strong increase in inhibition that 

could trigger the onset of the critical period.  Functional aspects of binocular vision also emerge 

during this early developmental window (3-5 months) (Braddick et al., 1980; Braddick et al., 

1983; Held et al., 1980), and the maturation of cortical binocularity in infants is driven by visual 

experience (Jando et al., 2012).  Our results point to rapid development of the E-I balance and 

raise the intriguing possibility that maturation of human visual cortex has an early pre-critical 

period (before 5 months) when experience-dependent binocular competition drives map 

refinement (Smith & Trachtenberg, 2007), followed by the onset of the critical period for ocular 

dominance plasticity at about 5 months of age.  This possibility of a pre-critical and critical 

period during the first year of life may be important for the development and translation of more 

effective neuroplasticity-based treatments for amblyopia in children.
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Third, using a neuroinformatics approach we analyzed expression of all four synaptic 

proteins and found that total protein expression accounts for most (64%) of the variance in 

development of human visual cortex across the lifespan.  Furthermore, the total expression of 

Synapsin, Synatophysin, PSD-95 and Gephyrin had a very prolonged developmental trajectory 

that increased until late childhood and then decreased into aging.  Recently, we applied the same 

analysis to rat visual cortex and found that total protein expression also accounts for a 

surprisingly similar amount (64%) of the developmental changes in the set of synaptic proteins 

(Pinto et al, submitted).  This strong similarity between rat and human visual cortex provided us 

with a measure -- total protein expression -- to determine the transformation from rat to human 

synaptic age.  A simple transformation showed good alignment between biologically relevant 

stages during development of rat and human visual system.  For example, total protein 

expression levels were similar at birth in humans and at eye opening (~P11) in rats.  This is 

consistent with previous studies suggesting that rat cerebral cortex at P12-13 is comparable to 

human cerebral cortex at birth (Romijn et al., 1991), and that the initial strong visual stimulation 

experienced in both species drives similar increases in synaptic protein expression.  In addition, 

total protein expression at 6 years of age in humans lined up with 45 days of age in rats.  These 

two ages coincide with the end of susceptibility for developing amblyopia in children (Keech & 

Kutschke, 1995) and the end of the critical period for ocular dominance plasticity in rats 

(Fagiolini et al., 1994).  Interestingly, the transformation that we used led to the alignment of a 

number of important milestones in visual system development and plasticity between rats and 

humans.  These results suggest that the developmental trajectories for total protein expression 

reflect similar changes in experience-dependent neuroplasticity in both species.  Furthermore, it 

Ph.D. Thesis - J. Pinto! McMaster University - Neuroscience

87



points to total protein expression as a good measure for aligning cortical age between species and 

helping to find optimal translation from animal models of neuroplasticity to human 

developmental stages.

Although we have effectively translated synaptic age of visual cortex between rodents and 

humans, a number of challenges still arise in converting detailed rodents studies to humans.  

Even though rodents and humans share 75% 1:1 gene orthologues (Church et al, 2009), slight 

differences in the genome make translation difficult (Geerts, 2009), for example, mice lack the 

ApoE4 gene, which is a major risk factor for Alzheimer's (Loring et al., 1996).  These slight 

differences render animal models incomplete, making it difficult to generate functionally 

relevant conclusions about human disease or development.  There are a number of similarities 

and differences in the developmental trajectories of the synaptic proteins in human and rat visual 

cortex.  Synapsin, Gephyrin, and the post-synaptic index followed the same developmental 

trajectory, whereas, Synaptophysin, PSD-95, and the pre-synaptic index followed different 

developmental trajectories in human visual cortex as compared to previous studies of rat visual 

cortex (Pinto et al, Submitted).  These differences in individual proteins, and the known 

differences in the genome between rats and humans highlight the need to conduct parallel studies 

to compare between the species, and the importance of quantify composite measures, such as 

total protein expression, that capture comparable changes between the species.

Previous studies of human visual cortex development used anatomical techniques (e.g. 

electron microscopy) to count synapses and found a peak in the number of synapses at about 

8-11 months of age (Huttenlocher et al., 1982).  The timing of that peak is around the ages when 

the pre- and post-synaptic balances were reached, however, we found that maturation of protein 
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expression continued for a number of years until later childhood (about 8-10 years of age).  The 

electron microscopy (EM) studies defined a synapse as the presence of synaptic vesicles, as well 

as a pre- and post-synaptic density (Huttenlocher et al., 1982), perhaps the pre- and post-synaptic 

balances used in this study are tied to initial presence of a full synaptic complement.  There is a 

peak in the number of dendritic spines at 5 months of age, with adult levels reached at 2 years of 

age (Michel & Garey, 1984) which is similar to our results for maturation of the E-I balance.  It 

is important to note that quantifying expression of synaptic proteins is different from using EM 

to count synapses, and this difference may contributed to why the peaks from counting synapses 

and quantifying protein expression do not line-up.  Answering this issue will require application 

of new anatomical techniques, such and array tomography (Micheva & Smith, 2007), that have 

high enough resolution to counts synapses and label with multiple markers for synaptic proteins.

An important aspect of the developing human visual cortex is the inter-individual 

variability in expression of synaptic proteins, especially in children, that we observed in this and 

our previous studies (Murphy et al., 2005; Pinto et al., 2010; Williams et al., 2010).  This 

developmental variability is greater than what we have found when studying synaptic proteins in 

various animal models (Beston et al., 2010; Williams et al., 2010; Murphy et al., 2011) and 

points to the need for extra care when interpreting results of human cortical development from 

small sample sizes.  Anatomical studies of human cortex are very time consuming and 

technically challenging because of the need to collect the postmortem tissue samples, for 

example, Huttenlocher et al, (1982) had just 6 samples between 4 months and 11 years of age.  

Perhaps the greater number of samples in the current study helped to reveal the large variability 
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throughout childhood and resulted in developmental trajectories that were less effected by an 

individual spike in expression.  

A growing number of studies are finding complex patterns of change across the lifespan in 

human cortex for expression of synaptic proteins (Murphy et al, 2005; Pinto et al, 2010; 

Williams et al, 2010) and the genes that encoding synaptic proteins (Duncan et al., 2010).  For 

example, expression of the Angelman Syndrome protein -- Ube3A -- is relatively steady 

throughout development, and then has a large loss of expression in aging (Williams et al, 2010).  

Since Ube3A is tied to trafficking of the GluA containing excitatory receptors that studies 

provides additional support for an age-related loss of function at glutamatergic synapses.  

GABAergic proteins exhibit a very complex pattern with some increasing (e.g. GABAaa1), 

others decreasing (e.g. VGAT), and Gephyrin following a rise then fall of expression (Pinto et 

al., 2010).  It is clear that more studies, with even more samples than we have used, are needed to 

address the issue of inter-individual variability in developing human cortex.

Full characterization of the changing synaptic proteome in human cortex is an important 

goal for future studies to identify key stages of human cortical development when neuroplasticity 

driven by disease can cause maladaptive change and when neuroplasticity driven by new 

treatments can promote adaptive change.  The results from this study provide a basis for aligning 

maturation of cortical synapses in animals and humans, an important step in the development of 

optimal neuroplasticity based therapies.  Recent advances in the development of neuroplasticity 

therapies have shown that a number of interventions (e.g. dark rearing, fluoxetine, environmental 

enrichment, food restriction) can promote recovery from abnormal early visual experience in 

adult (P100) rats (Baroncelli et al, 2010; He et al, 2007; Maya Vetencourt et al, 2008; Spolidoro 
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et al, 2011).  Rats at P100 are typically describes as "adults" due to their early sexual maturity 

(Quinn, 2005). However, the relationship between sexual maturity and cortical maturity is not 

the same in rats and humans, and using sexual maturity has led to misalignment of cortical 

developmental stages between the species.  Thus, it is an open question whether newly 

developed neuroplasticity interventions for P100 rats can be effectively translated to treat 

amblyopia or other visual disorder in adult humans.  Additional parallel studies of neuroplasticity 

using animal models and humans will be key to identifying age-appropriate therapies that can be 

effectively translated to provide optimal treatment for human visual diseases.
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Chapter 4.  

Development of GABAergic mechanisms in 
human visual cortex across the lifespan
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Introduction

Functional maturation of the visual cortex is linked with dynamic changes in synaptic 

expression of GABAergic signaling mechanisms.  Even small changes in the relative amounts of 

excitation and inhibition can dramatically alter experience-dependent plasticity (Hensch et al., 

1998; Iwai et al., 2003; Kirkwood & Bear, 1994).  During development, specific components of 

the GABAergic signaling affect ocular dominance plasticity (Hensch et al., 1998; Hensch, 2005; 

Fagiolini et al., 2004) and orientation selectivity (Fagiolini et al.,2004; Tsumoto & Sato, 1985).  

Furthermore, the emergence of normal binocular visual function depends on interocular 

inhibition that is mediated by GABAergic inhibitory circuitry in visual cortex (Sengpiel & 

Vorobyov, 2005).  In adult visual cortex, activity regulates GABAA receptor expression (Hendry 

et al., 1994) and during aging the loss of orientation tuning in visual cortical receptive fields 

(Leventhal et al., 2003) and changes in visual perception (Betts et al., 2005) have been linked 

with an overall loss of GABA.  

When GABAergic signaling in visual cortex is manipulated to shift the excitatory-

inhibitory balance, the effect can either enhance or reduce experience-dependent plasticity 

(Maffei et al., 2004; Hensch & Fagiolini, 2005; Iwai et al., 2003; Kirkwood & Bear, 1994).  This 

approach has been extended in a series of recent studies using pharmacological manipulations of 

GABA signaling, such as fluoxetine, to reinstate ocular dominance plasticity in adult visual 

cortex and facilitate recovery from amblyopia (Maya Vetencourt et al., 2008; Harauzov et al., 

2010).  Taken together, these studies are providing a better understanding for the role of 

GABAergic signaling in the maturation and function of the visual cortex, and have opened the 
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door for the development of new treatments for neurodevelopmental disorders such as 

amblyopia.

The GABAergic synapse is a complex structure with a large set of pre- and post-synaptic 

proteins, many of which have been linked with experience-dependent plasticity in the cortex.  On 

the pre-synaptic side these include: the 2 isoforms of the GABA synthesizing enzyme glutamic 

acid decarboxylase (GAD), GAD65 and GAD67; the CB1 receptor that modulates GABA 

release; and the vesicular transporter VGAT that is responsible for loading GABA into synaptic 

vesicles (McIntire et al., 1997; Sagne et al., 1997).  GAD65 is localized in the axon terminals and 

synthesizes the on-demand pool of GABA, while GAD67 is located in the cell body and 

synthesizes the basal pool of GABA (Feldblum et al., 1993; Feldblum et al., 1995).   Knocking 

out GAD65 leads to a loss of critical period ocular dominance plasticity, however, it can be 

rescued by infusion of diazepam (Iwai et al., 2003).  Activation of CB1 receptors is involved in 

regulating activity-dependent synaptic plasticity (Sjöström et al., 2003; Jiang et al., 2010) and 

blocking CB1 receptors during the critical period alters activity patterns (Bernard et al., 2005).  

Finally, VGAT contributes to an efficient up- and down-regulation of vesicular GABA content 

that effects postsynaptic currents and the fine-tuning of inhibitory strength (Engel et al., 2001).

On the post-synaptic side many components of the ionotropic GABAA receptor complex 

contribute to experience-dependent plasticity.  Gephyrin is the GABAA receptor anchoring 

protein. Gephyrin clusters GABAA receptors (Essrich et al., 1998; Kneussel et al., 1999), and it 

seems to fulfill a modulator role for changes in synaptic activity and structure. Furthermore, 

expression levels of Gephyrin give an indication of the total amount of GABAA receptors at a 

given time.  The GABAA receptor is a pentameric structure and is functionally diverse, with 20 
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known subunits.  Three subunits are of particular interest, α1, α2, and α3, because they are 

developmentally regulated (Chen et al., 2001; Bosman et al., 2002; Hendrickson et al., 1994), 

they affect receptor kinetics (Laurie et al., 1992; Gingrich et al., 1995), and the α subunit is the 

interface for binding GABA (Smith & Olsen, 1995) and benzodiazepine (Sigel, 2002).  Both α1 

and α2 subunits play key functional roles, with α2 involved in regulating cell firing, and α1 

necessary for critical period plasticity (Fagiolini et al., 2004).  The α1 subunit also has high-

affinity for binding GABA and benzodiazepine receptor ligands (Pritchett et al., 1989).

Although there have been many animal studies of developmental and aging changes in 

expression of GABAergic signaling components in visual cortex (e.g. Guo et al., 1997; 

Hendrickson et al., 1994; Hornung & Fritschy, 1996; Shaw et al., 1991; Minelli et al., 2003; 

Leventhal et al., 2003), there have been relatively few studies of human visual cortex (Murphy et  

al., 2005).  This poses a challenge when considering how to translate GABAergic drug 

treatments for amblyopia from animal models to human trials.  To fill this gap, we have carried 

out a comprehensive study of changes in the expression of a collection of pre- and post-synaptic 

GABAergic signaling mechanisms in human visual cortex across the lifespan.  Using Western 

blot analysis we quantified the developmental trajectories for 4 pre- and 4 post-synaptic 

components of GABA signaling.  These results show a complex pattern of different 

developmental trajectories among the GABA signaling mechanisms in human visual cortex.  

Many of the changes are prolonged, highlighting a long time course for the development of 

GABA signaling in human visual cortex, much longer than would be predicted from animal 

studies. Furthermore, there are 3 transition stages when there are rapid switches in the relative 

amounts of the different components, indicating that functioning of the GABAergic system must 
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change as the visual cortex develops and ages.  A portion of these data has been presented 

previously (Pinto et al., 2008).

Methods

Samples and Tissue

Tissue samples were obtained from the Brain and Tissue Bank for Developmental 

Disorders at the University of Maryland (Baltimore MD).  The samples were from the posterior 

pole of the left hemisphere of human visual cortex, including both superior and inferior portions 

of the calcarine fissure where the central visual field is represented in primary visual cortex (V1) 

according to the gyral and sulcal landmarks.  The samples were from 28 individuals ranging in 

age from 20 days to 80 years (Table 1).  All samples were obtained within 23 hours postmortem, 

and at the Brain and Tissue Bank were fresh frozen after being sectioned coronally in 1-cm 

intervals, rinsed with water, blotted dry, placed in a quick-freeze bath (dry ice and isopentane), 

and stored frozen (-70°C).  The individuals had no history of neurological or mental health 

disorders.

Tissue-Sample Preparation

Tissue samples (50-100 mg) were cut from the frozen block of V1 and suspended in cold 

homogenization buffer (1 ml buffer:50 mg tissue, 0.5mM DTT, 1mM EDTA, 2 mM EGTA, 10 

mM HEPES, 10mg/L leupeptin, 100nM microcystin, 0.1 mM PMSF, 50 mg/L soybean trypsin 

inhibitor).  The tissue samples were homogenized in a glass-glass Dounce homogenizer (Kontes, 

Vineland, NJ).  A subcellular fractionation procedure (synaptoneurosomes) (Hollingsworth et al., 

1985; Titulaer & Ghijsen, 1997; Quinlan et al., 1999) was performed to obtain protein samples 

that were enriched for synaptic proteins.  The synaptoneurosome was obtained by passing the 
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homogenized sample through a coarse (100µm) pore nylon-mesh filter followed by a fine (5µm) 

pore hydrophilic mesh filter (Millipore, Bedfored, MA), then centrifuged at x1,000g for 10 min 

Table 1.   Human Tissue Samples.  The age group, age, postmortem interval and cause of death 

for each of the human cortical tissue samples.

Age Group Age Postmortem Interval
(hours) Sex Cause of death

Neonates 20 days 14 F pneumonia

Neonates 86 days 23 F not known

Neonates 96 days 12 M bronchopneumonia

Neonates 98 days 16 M cardiovascular disorder

Neonates 119 days 22 M bronchopneumonia

Neonates 120 days 23 M pneumonia

Neonates 133 days 16 M accidental

Neonates 136 days 11 F pneumonia

Neonates 273 days 10 M sudden infant death syndrome

Infants 1.34 years 21 M dehydration

Infants 2.16 years 21 F cardiovascular disorder

Infants 2.21 years 11 F accidental

Young Children 3.34 years 11 F drowning

Young Children 4.56 years 15 M accidental

Young Children 4.71 years 17 M drowning

Older Children 5.40 years 17 M accidental

Older Children 8.14 years 20 F accidental

Older Children 8.59 years 20 F cardiovascular disorder

Teens 12.45 years 22 M cardiovascular disorder

Teens 13.27 years 5 M asphyxia

Teens 15.22 years 16 M multiple injuries

Young Adults 22.98 years 4 M multiple injuries

Young Adults 32.61 years 13 M cardiovascular disorder

Young Adults 50.43 years 8 M cardiovascular disorder

Young Adults 53.90 years 5 F cardiovascular disorder

Older Adults 69.30 years 12 M cardiovascular disorder
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Age Group Age Postmortem Interval
(hours) Sex Cause of death

Older Adults 71.91 years 9 F multiple medical disorders

Older Adults 79.50 years 14 F drug overdose

to obtain the synaptic fraction of the membrane.  The synaptic pellet was resuspended in 

boiling 1% sodium-dodecyl-sulfate (SDS) and stored at -80 C.  Protein concentrations were 

determined using the bicinchonic acid (BCA) assay guidelines (Pierce, Rockford, IL).  A control 

sample was made by combining a small amount of the prepared tissue sample from each of the 

cases.

Immunoblotting

The samples (20 µg) were separated on Sodium-dodecyl-sulfide polyacrylamide gels (SDS-

PAGE) and transferred to polyvinylidene difluoride (PVDF-FL) membranes (Millipore, Billerica, 

MA).  Each sample was run multiple times.  Blots were pre-incubated in blocking buffer 

(Odyssey Blocking Buffer 1:1 with PBS) for 1 hour (Li-cor Biosciences; Lincoln, NE), then 

incubated in primary antibody overnight at 4°C using the following concentrations: GAD65, 

1:500 (Chemicon, Temecula, CA); GAD67, 1:1000 (Chemicon, Temecula, CA); VGAT, 1:1000 

(Synaptic Systems, Goettingen, GER); CB1, 1:1000 (Cayman, Ann Arbor, MI); Gephyrin, 1:500 

(Chemicon, Temecula, CA); GABAA α1, 1:500 (Imgenex, San Diego, CA); GABAA α2, 1:1000 

(Imgenex, San Diego, CA); GABAA α3, 1:1000 (Imgenex, San Diego, CA).  The blots were 

washed with phosphate buffer saline containing 0.05% Tween (Sigma, St. Louis, MO) (PBS-T) 

(3 x 10 min), incubated (1 hour, room temperature) with the appropriate IRDye labeled 

secondary antibody, (Anti-Mouse, 1:8000, Anti-Rabbit, 1:10,000) (Li-cor Biosciences; Lincoln, 

NE), and washed in PBS-T (3 x 10 min).  The blots were visualized using the Odyssey scanner 
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(Li-cor Biosciences; Lincoln, NE).  The blots were stripped and prepared to be re-probed with 

additional antibodies (Blot Restore Membrane Rejuvenation kit, Chemicon International, 

Temecula, CA).

Analysis

To analyze the bands, we scanned the blots (Odyssey Infrared Scanner) and quantified the 

bands using densitometry (Licor Odyssey Software version 3.0; Li-cor Biosciences; Lincoln, 

NE).  Density profiles were determined by performing a subtraction of the background, 

integrating the pixel intensity across the area of the band, and dividing the intensity by the width 

of the band to control for variations in band size. A control sample (a mixture of all the samples) 

was run on all of the gels and the density of each sample was measured relative to that control 

(sample density / control density). 

To visualize changes in expression of the GABAergic signaling mechanisms, the results 

were plotted in 2 ways.  This was done to facilitate analysis of changes between developmental 

stages, to describe the pattern of changes, and to be able to quantify the time course of changes.  

First, the samples were grouped into developmental ages (< 1 years neonates, 1-2 years infants, 

3-4 years young children, 5-11 years older children, 12-20 years teens, 21-55 young adults, and 

>55 older adults) with 3 or more cases in each group and following the age groups used by Law 

et al (2003) and Duncan et al (2010). Group means and standard errors were calculated for each 

antibody and normalized to the mean level of expression for the youngest group.  Second, we 

plotted scattergrams for each antibody that included both the average expression level (black 

symbols) for each case and every point from all runs (gray symbols).  To help describe the 

pattern of change in expression across the lifespan, a weighted average curve was fit to each 
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scatter plots using the locally weighted least squares method at 50% (dotted lines).  In addition, 

an exponential decay function (solid lines) was fit to the scattergrams when there was a clear 

monotonic increase or decrease in the expression across the lifespan.  The goodness of fit was 

determined (R) and the time constant (τ) for the rise or fall of expression level was calculated 

from the exponential decay function.  The age when adult levels were reached was defined as 3τ. 

This provides an objective measure, representing the age at which expression had reached 87.5% 

of their asymptotic level.

Four indices were calculated to quantify relative changes in expression levels of the 

GABAergic signaling components: maturation of receptor composition (GABAA α1: GABAA α2 

[(GABAA α1-GABAA α2)/(GABAA α1+ GABAA α2)]; GABAA α1: GABAA α3 [(GABAA α1-

GABAA α3)/(GABAA α1+ GABAA α3)]; changes in pre-synaptic production vs trafficking 

(GAD65:VGAT [(GAD65-VGAT)/(GAD65+VGAT)]); and changes in pre- vs post-synaptic 

GABAergic signaling (GAD65:Gephyrin [(GAD65-Gephyrin)/GAD65 + Gephyrin)]).

Statistical comparisons of differences in expression levels between the age groups were 

calculated using Kruskal–Wallis nonparametric analysis of variance and planned pairwise 

comparisons using a Tukey's HSD test (p<0.05).
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Results

The tissue samples were collected over a range (4-23 hours) of postmortem intervals and 

the first step was to determine if that interval affected expression of any of the GABAergic 

proteins.  There were no significant correlations (ps>0.1) between postmortem interval and the 

expression level for any of the antibodies (GAD65, R=0.26; GAD67, R=0.08; VGAT, R=0.20; 

GABAAα1, R=0.04; GABAAα2, R=0.25; GABAAα3, R=0.17; Gephyrin, R=0.17; CB1, R=0.19).  

Changes in Presynaptic GABAergic Components

Expression levels of the two GABA synthesizing enzymes (GAD65 and GAD67) were 

quantified in human V1 across the lifespan.  GAD65 is the isoform that localizes in the axon-

terminals and is responsible for supplying the "on-demand" pool of GABA.  GAD67 is the 

isoform that is predominant in the cell body and supplies the basal pool of GABA (Esclapez 

1994, Feldblum 1993).  Expression levels of GAD67 did not change across the lifespan (Fig. 1A, 

1B).  In contrast, developmental changes were found for GAD65 expression levels (p<0.0002) 

(Fig 1C, 1D).  GAD65 showed a progressive 60% increase in expression levels from early in life 

(<4 years) to the teenage and adult years (p<0.05), with a slight decline into older adults (>55 

years).  The difference in the developmental trajectories of these two enzymes indicates that the 

basal pool of GABA is maintained across the lifespan, whereas the axonal pool has a time 

window of heightened production capacity.

To further examine how the presynaptic components of the GABAergic system change 

across the lifespan in human V1, we quantified the expression of two key inhibitory proteins, 

CB1 and VGAT (Fig. 2).  CB1 is a presynaptic receptor involved in modulating GABA release 

(Hajos & Freund, 2002) ; over the lifespan there were significant changes in the expression of 
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CB1 in human V1 (p<0.0002).  In infants (< 1 year) and pre-teens (5-11 years), CB1 expression 

was high, but in young children (1-2 years), adults (21-55 years), and older adults (>55 years) it 

was about 40% less (p<0.05) (Fig. 2A, 2B).  The GABA vesicular transporter VGAT showed a 

similar pattern of expression levels across the lifespan (p<0.002).  VGAT expression was highest 

in infants (<1 year) and pre-teens (5-11 years), and had about 32% less expression in adults 

(21-55 years) (p<0.02) (Fig. 2C, 2D).

  

To quantify changes in the balance between the mechanisms that produce and traffic 

GABA in the presynaptic terminal, we calculated an index of GAD65:VGAT expression.  There 

were significant changes in the balance between GAD65:VGAT across the lifespan (p<0.0005). 
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There was more VGAT expression in both young children (< 11 years) and older adults (>55 

years) (Fig. 3).  In contrast, there was an abrupt switch to much more GAD65 during the teenage 

(p<0.02) and young adult years (p<0.001).  These shifts in the balance between GAD65 and 

VGAT indicate that the rate limiting component regulating GABA transmission changes across 

the lifespan (Fig. 3).  

Postsynaptic Changes in GABAA Receptors

Expression levels for 3 subunits of the ionotropic GABAA receptor were quantified 

(GABAAα1, GABAAα2, GABAAα3).  Each subunit exhibited a unique developmental trajectory 
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across the lifespan (Fig. 4).  Quantification of GABAAα1 expression in human V1 showed a 

prolonged development profile, increasing about 75% to reach adult levels at 13.5 years of age 

(3τ, τ=4.50 years, R=0.67; p<0.0001; Fig. 4B).  GABAAα2 expression changed in the opposite 

direction and had a slightly more rapid developmental profile, decreasing by about 65% to reach 

adult levels at 10 years of age (3τ, τ=3.34 years, R=0.96; p<0.0001; Fig. 4D).  GABAAα3 had no 

significant change in expression levels across the lifespan (p>0.36 Fig. 4E, 4F).  

The 3 GABAA receptor subunits that we quantified are classified into two categories, 

immature (GABAAα2, GABAAα3) and mature (GABAAα1), with the mature subunit conferring 

faster receptor decay times and great affinity for GABA compared with the immature subunits.  

To determine the magnitude and time-course of receptor maturation we calculated two indices 

(GABAAα1:GABAAα2, GABAAα1:GABAAα3).  The GABAAα1:GABAAα2 balance was 

initially in favor of GABAAα2, then progressively shifted towards more GABAAα1 (Fig. 5).  We 

fit a tau (τ) function to the index to quantify the time-course of the switch in receptor 

composition. The mature balance was reached at 4.5 years of age (3τ, τ=1.50 years, R=0.84; 
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p<0.0001; Fig. 5B).  The GABAAα1:GABAAα3 switch was smaller in magnitude and much 

more abrupt.  There was initially more GABAAα3, but that switched within the first year to 

slightly more GABAAα1, and reached mature levels at about 8 months of age (3τ, τ=0.23 years, 

R=0.65; p<0.0001; Fig. 5D).  Both indices showed a shift to more GABAAα1, however, there 
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was a greater change for the shift from more GABAAα2 to more GABAAα1.

To examine the overall levels of GABAA receptors in human V1, we quantified the 

expression of Gephyrin across the lifespan. Gephyrin is the GABAA receptor anchoring protein 

and these expression levels provide an indication of total GABAA receptor expression. There 

were significant changes in Gephyrin expression across the lifespan (p<0.002).  Early in 

development (<1 year) and for older adults (>55 years), the expression levels for Gephyrin were 

low.  In contrast, during the rest of the lifespan, Gephyrin expression was significantly higher 
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(~120% increase) and had a peak in expression during childhood (5-11 years) (p<0.05; Fig. 6A).  

Presynaptic versus Postsynaptic development

To determine the relative contribution of pre- versus post-synaptic components of 

GABAergic signaling across the lifespan, we calculated a index of Gephyrin:GAD65 expression 

(Fig. 6).  In young infants (< 1 year) this pre- versus post-synaptic balance was in favor of more 

GAD65, the pre-synaptic side (p<0.01).  This switched to more Gephyrin during childhood (1 to 

11 years of age), then a balance during the teenage and adult years, followed by an abrupt switch 

to relatively more GAD65 in older adults (p<0.05; Fig. 6C, 6D).  These changes represent a shift 

in GABAergic signaling mechanisms from more pre-synaptic, to more post-synaptic, to a 
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balance, to substantially more pre-synaptic.  This index captures an important aspect of the 

changing nature of the pre- and post-synaptic GABAergic signaling mechanisms in human V1 

across the lifespan.  There is not a single balance that is maintained across the lifespan.
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Discussion

Our study is the first to characterize changes in pre- and post-synaptic components of the 

GABAergic signaling system across the lifespan in human primary visual cortex.  We found a 

complex pattern of different developmental trajectories among these GABAergic signaling 

mechanisms.  Many of the changes were prolonged and continued well into into the teen, young 

adult, and even older adult years.  For example, the peak of GAD65 expression was not reached 

until the teen to young adult years before falling off in aging.  Thus, the potential to produce the 

on-demand pool of GABA, which enables repeated waves of phasic inhibition and experience-

dependent plasticity, must have a very long developmental time course in human visual cortex.  

Changes in expression of GABAA α1 and GABAA α2 subunits were also prolonged and increased 

or decreased, respectively, into the teenage years.  Comparing the balance between these 

subunits, however, showed that the switch from relatively more GABAA α2 to more GABAA α1 

occurred during childhood.  This switch is important for understanding changes in GABAergic 

signaling, since it is the relative balance of the GABAA subunits that influences the shift to more 

phasic inhibition (Prenosil et al., 2006).  The current results extend our previous study that 

focused on synaptic changes during the first 5 years of life (Murphy et al., 2005).  In addition, we 

found a number of changes in GABAergic signaling during aging.  Gephyrin and GAD65 

declined into aging, highlighting that there are both pre- and post-synaptic losses of GABAergic 

signaling in the aging visual cortex.  The changes across the life span in expression of these 

components of GABA signaling undoubtedly affects experience-dependent plasticity (Hensch, 

2005), development and tuning of cortical receptive fields (Fagiolini et al., 2004; Leventhal et 

al., 2003), and visual perception (Betts et al., 2005; Edden et al., 2009).  
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There is a heterogenous array of GABAergic neurons and circuits in primate visual cortex 

(Jones, 1993).  The diversity of anatomical and physiological characteristics points to 14-19 

different types of GABAergic neurons in the cortex (Gupta et al., 2000).  They are spread across 

all layers of the cortex and in primate visual cortex the largest concentration is in layers II-III and 

IVa (Beaulieu et al., 1992).  The GABAA receptor is also very diverse.  This pentameric receptor 

has at least 20 different subunits, including α, β, γ, ρ, ε, θ, and π, that combine to make a very 

wide range of different GABAA receptors (Seighart, 1995; Cherubini & Conti, 2001; Rudolph et 

al., 2001).  GABAergic interneurons make connections onto specific compartments of cortical 

pyramidal neurons.  Synapses containing α-subunits are differentially distributed across 

pyramidal neurons with all types of α-subunits found at synapses on dendrites, α1 and α2 are also 

found on the soma, and only α2 is on the axon initial segment.  This diversity of morphologies, 

receptor compositions, and connectivity patterns confers a wide range of specific functions to the 

different GABAergic circuits (Hensch, 2005).  This heterogeneity poses a challenge for 

understanding the organization and function of GABAergic signaling.

 The diversity in the GABAergic system introduces a number of sources of variability.  We 

found substantial inter-individual variability for expression of the GABAergic proteins in human 

visual cortex and this probably reflects the heterogeneous nature of the GABAergic system.  In 

addition, we also found substantial variability when measuring the expression levels of the 

GABAergic proteins from individuals.  This measurement variability likely arises because the 

GABAergic system represents a smaller fraction of the total number of neurons and synapses in 

visual cortex compared to the excitatory system.  This smaller sample size will contribute to 

increased measurement variability when quantifying GABAergic expression.  For example, 
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GABAergic signaling in primate visual cortex comprises about 20% of the total number of 

neurons (Beaulieu et al., 1992; Jones, 1993), and an even smaller portion (17%) of the total 

number of synapses (Beaulieu et al., 1992).  Based on the difference in proportion of excitatory 

versus inhibitory synapses, statistics predicts that there should be about 4.8 times more 

measurement variability when quantifying expression of GABAergic synaptic proteins.  This is 

very close to the larger measurement variability that we have found when quantifying the 

expression of inhibitory (gephyrin) versus excitatory (PSD-95) anchoring proteins in rat cortex 

(Pinto & Murphy, unpublished results).  Additional variability in higher mammals will arise from 

inter-individual differences in the number of inhibitory synapses (Beaulieu & Colonnier, 1985), 

and the relatively smaller number of inhibitory synapses per neuron in primates compared with 

rats (Beaulieu et al., 1992).  Taken together, the diversity and smaller proportion of GABAergic 

synapses predicts that there must be substantial variability when measuring expression of 

GABAergic synaptic proteins.  Furthermore, previous studies suggest that there is greater 

synaptic specialization in non-human primates (Beaulieu et al., 1992) raising the possibility of 

even greater diversity in human cortex.  In spite of these inherent sources of variability, our large 

data set makes it clear that there are significant changes in GABAergic expression in human 

visual cortex across the lifespan. 

Monyer & Markram (2004) aptly describe studying GABAergic interneurons as a daunting 

task because of the diverse nature of this system.  They also point out that combinatorial 

approaches are helping to clarify the diversity of GABAergic interneurons.  In our study, we used 

a large number of samples from human visual cortex covering the lifespan to quantify the 

expression and developmental trajectories of 8 components of the GABAergic system.  The 
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number of proteins quantified allowed us to capture a unique perspective on both pre- and post-

synaptic development that would be missed by studying a smaller set of synaptic proteins.  

Furthermore, by quantifying the expression of GABAergic proteins in a preparation enriched for 

synaptic proteins (Hollingsworth et al., 1985; Titulaer & Ghijsen, 1997; Quinlan et al., 1999), we 

are able to tie the current findings closer to functional changes at the synapse.  This is especially 

important for changes that affect experience-dependent plasticity (Quinlan et al., 1999).  This 

contrasts with other approaches, such as measuring mRNA expression of GABAergic 

components (e.g. Duncan 2010), because it is hard to make the link between mRNA expression 

and the level of protein expression at the synapse.  Finally, the developmental trajectories that we 

describe reflect the average across the whole group of samples and this type of cross sectional 

design cannot address how the levels of these GABAergic markers change in an individual.  The 

higher level of variability in expression that we found for older children through young adults 

suggests that the timing of rapid changes may vary across individuals.

The immunoblotting technique used for the current study does not allow for an analysis of 

developmental changes in the variety of different morphological types of GABAergic 

interneurons, specific intracortical inhibitory circuits, or locations of receptor subunits on 

different compartments of the post-synaptic neuron.  It will be important for future studies to 

extend this work to include anatomical methods that describe and quantify laminar and 

morphological changes in GABAergic neurons, as well as tracing the specific locations of 

GABAergic synapses in cortical circuits.  These will be challenging studies because of the 

difficulty obtaining post-mortem tissue that is both appropriate for anatomical investigations and 

covers a wide range of ages.  Despite these obstacles they should be a priority, especially since 
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site-specific optimization of GABA synapses may trigger experience-dependent plasticity in 

visual cortex (Katagiri et al., 2007).

Transitional Stages in GABAergic Signaling

The pattern of changes in expression of the GABAergic signaling mechanisms was 

complex and there was not 1 or 2 key components driving these changes.  Instead, each pre- and 

post-synaptic mechanisms followed different developmental trajectory that combine to create a 

complex pattern of overall changes.  The expression patterns for individual proteins can be 

characterized as either no change (GAD67, GABAA α3), a monotonic increase or decrease 

(GABAA α1, GABAA α2), a biphasic increase then decrease (GAD65, Gephyrin), or multiple 

increases and decreases (VGAT, CB1) across the lifespan.  These different developmental 

trajectories may be linked to functional changes and the different roles that these synaptic 

proteins play in GABAergic signaling.  For example, the multiple increases and decreases found 

for CB1 may reflect the multiple roles that it has in synaptic development, plasticity, and 

regulating GABA release (Hajos & Freund, 2002).  By calculating a series of indices to quantify 

the balance between the various pre- and post-synaptic GABAergic mechanisms, we found 3 

transitional stages during early development, teen years, or aging when there were large switches 

in the relative amounts of the components of the GABAergic signaling system.  The 3 distinct 

transitional stages in GABAergic signaling reflect important times during the lifespan when there 

must be significant changes in the function of GABAergic inhibition.  Interestingly, these 

transition stages line up with time points when visual functions are changing and when the visual 

system is sensitive to experience-dependent change (Faubert, 2002; Lewis & Maurer, 2005; 

Maurer et al., 2007a; Maurer et al., 2007b).
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The first stage reflects an early developmental transition between neonates/infants (< 2 

years) and young children (3-5 years) when there was a switch in composition of the GABAA 

receptor.  The relative expression switched from more of the immature subunits (GABAA α2 and 

GABAA α3) to more of the mature (GABAA α1) subunit.  The GABAA α1 subunit has a special 

role in development of the visual cortex driving experience-dependent plasticity whereas 

GABAA α2 modulates neuronal firing (Fagioloini et al., 2004).  The kinetics of the GABAA 

receptor speed up threefold when the GABAA α1 subunit dominates (Gingrich et al., 1995) and 

gamma bursts depend on circuits dominated by GABAA α1 (Cardin et al., 2009; Sohal et al., 

2009).  Furthermore, the switch has pharmacological implications as the α2 subunit exhibits the 

anxiolytic effects of benzodiazepines, whereas α1, α3, and α5 mediate the sedative and amnesic 

effects (Low et al., 2000, Rudolph et al., 1999).  This developmental switch in GABAA receptor 

subunits also occurs in rats (Bosman et al., 2002), cats (Chen et al., 2001), and macaque 

monkeys (Hendrickson et al., 1994).  For these species, however, the switch is correlated with 

different aspects of the critical period.  In rats, the switch occurs before the start of the critical 

period (Heinen et al., 2004), but in cats and macaque monkeys the switch overlaps the critical 

period for ocular dominance plasticity (Chen et al., 2001; Hendrickson et al., 1994).  The current 

results show that in human V1 this transitional switch in expression of GABAA receptor subunits 

spans the critical period, when disrupting vision can cause long lasting changing in visual acuity 

(Lewis & Maurer, 2005).  Perhaps this first stage defines the period of ocular dominance 

plasticity in human V1.

In the second stage, the teenage transition was a switch from a greater capacity for 

trafficking GABA (more VGAT) to a greater capacity to produce the on-demand pool of GABA 
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(more GAD65).  In addition, there was a high level of GABAA α1 expression during this stage.  

These suggest that in teens and young adults the pool of on-demand GABA can be readily 

replenished and binds with α1 containing receptors to maintain a high level of phasic inhibition.  

Perhaps this combination is needed for optimal coding of neural signals, especially during 

periods of sustained neural activity.  Optimal orientation tuning of receptive fields (Leventhal et 

al., 2003) and perceptual performance on orientation discrimination (Edden et al., 2009) depend 

on the level of GABA concentration.  It seems likely that the high levels of GAD65 and GABAA 

α1 at this stage are contributing to optimal visual performance on tasks such as orientation 

discrimination.

In the third stage, during the transition to older adults, there were 2 switches in the balance 

between components of the GABAergic signaling system: from greater capacity to produce 

GABA (more GAD65) to greater capacity to traffic GABA to the synapse (more VGAT); and 

from relatively more post-synaptic (more Gephyrin) to more pre-synaptic (more GAD65) 

expression.  Both of these changes were large switches from those found for young adults and 

point to significant changes in functioning of GABAergic synapses in the aging visual cortex.  

Furthermore, the time course of the GABAergic changes in aging is similar to the decline of 

visual abilities.  The changes could contribute to the loss of orientation tuning (Leventhal et al., 

2003) and processing of complex visual stimuli that are particularly vulnerable during aging 

(Habak & Faubert, 2000; Faubert, 2002).  For example, the perception of a moving stimulus in 

the context of a moving surround is particularly affected in aging (Betts et al, 2005) and a loss of 

GABA inhibition has been suggested as the mechanism underlying this perceptual loss.  It seems 

Ph.D. Thesis - J. Pinto! McMaster University - Neuroscience

115



likely that the changes in the balance of GABAergic components at aging synapses contribute to 

the visual losses that accompany aging.

Links with Experience-Dependent Plasticity

Previous studies have shown that a specific excitatory-inhibitory balance and expression of 

the GABAA α1 subunit are required for ocular dominance plasticity in the developing rodent 

visual cortex (Hensch et al., 1998; Fagiolini et al., 2004).  Furthermore, inhibition is abnormal in 

visual cortex of monocularly deprived (Burchfiel & Duffy, 1981) and strabismic cats (Singer et 

al., 1980).  Our findings suggest that the period of ocular dominance plasticity in the human 

visual cortex is prolonged.  If ocular dominance plasticity follows the development of GABAA 

α1 then it would extend through childhood into teenage and possibly even to young adult years.  

This idea is consistent with the prolonged period of visual changes found in children with 

cataracts (Lewis & Maurer 2005; Maurer et al., 2007a; Maurer et al., 2007b).  Importantly, the 

current findings indicate that primary visual cortex continues to have the necessary balance of 

GABAergic signaling mechanisms to mediate experience-dependent plasticity well into the 

teenage years.  In addition, because the development of GAD65 expression may extend into the 

young adult years it is possible that this affects plasticity in primary visual cortex and contributes 

to visual recovery promoted by perceptual learning treatment in adults with amblyopia (Levi & 

Li, 2009).  Finally, the losses in aging may contribute to reduced synaptic plasticity and may be 

part of a more generalized change in the balance of synaptic proteins (Williams et al., 2010) in 

the aging cortex that could underlie age-related perceptual and cognitive declines.

The prolonged window of GABA changes in human visual cortex provides an opportunity 

to translate experimental treatments that target GABAergic signaling in the visual system into 
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therapeutics that may even be useful in treating amblyopia in young adults.  For example, new 

studies have shown that fluoxetine can reinstate ocular dominance plasticity in the adult cortex 

by reducing intracortical inhibition (Maya Vetencourt et al., 2008; Harauzov et al., 2010).  The 

current study provides the necessary information about GABAergic signaling in human cortex to 

begin the process of translating the exciting therapies being developed in animal models into 

effective treatments for amblyopia in humans.
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Chapter 5.  

Transforming adult plasticity: Changes 
caused by fluoxetine and altered visual 
experience
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Introduction

The magnitude of plasticity is high during critical periods in development, and the classic 

critical period is characterized by a rise, peak, and fall of plasticity.  Amblyopia is a 

neurodevelopmental disorder caused by abnormal visual experience during a critical period early 

in development.  Abnormal visual experience during this period results in a shift in cortical 

responsiveness away from the deprived eye towards the non-deprived eye.  Treatments for 

amblyopia, based primarily on our knowledge of ocular dominance plasticity in animals, require 

plasticity to facilitate the re-organization of cortical connections.  In the western world, most 

visual abnormalities are corrected early in development, when the degree of plasticity is still 

high, and severe cases of amblyopia rarely develop.  However, in the developing world, these 

visual abnormalities are often left untreated and manifest into severe cases of amblyopia.  Recent 

work has shown that there is some residual plasticity in the visual system of teenagers and young 

adults (Ostrovsky et al., 2006), but not to the same extent seen during the critical period.  

Therefore, a strong need has arisen to develop interventions that re-instate critical period like 

ocular dominance plasticity in adult visual cortex.

Recently, a number of interventions have tested that show that they are able to re-instate 

critical period-like ocular dominance plasticity in adult rats.  Some of these interventions include 

chronic fluoxetine administration (Maya Vetencourt et al., 2008), environmental enrichment 

(Baroncelli et al., 2010), dark rearing (He et al, 2007) and food restriction (Spolidoro et al., 

2011).  Fluoxetine and environmental enrichment are thought to re-instate ocular dominance 

plasticity by reducing intracortical inhibition, and increasing BDNF expression (Baroncelli et al., 

2010; Maya Vetencourt et al., 2008), while food restriction decreased intracortical inhibition, but 
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has no effect on BDNF expression (Spolidoro et al., 2011).  It is unclear, however, how these 

interventions effect the excitatory/inhibitory (E-I) balance, or structural elements of the 

extracellular matrix (ECM), which are the mechanisms known to facilitate, and put the brakes on 

ocular dominance plasticity, respectively.  

The E-I balance, and structural elements of the ECM, such as myelin and perineuronal nets, 

are known to be the mechanisms that facilitate the onset, and closure of the critical period for 

ocular dominance plasticity, respectively.  The E-I balance is a physiological measure that 

quantifies the relative contribution of excitation and inhibition.  Early in development, the 

balance is shifted in favor of excitation, and a strong increase in inhibition sets the E-I balance, 

which triggers the onset of the critical period in rodents (Fagiolini & Hensch, 2000; Maffei & 

Turrigiano, 2008).  Once the E-I balance is set, it persists throughout development and structural 

elements are responsible for closing the critical period.  Structural elements, such as myelin and 

perineuronal nets close the critical period by putting the brakes on plasticity (Bavelier et al., 

2010).  They are thought to restrict neuronal reorganization, by inhibiting axonal outgrowth 

(McGee et al., 2005).  These two mechanisms provide a simple view of plasticity, however, 

many other cellular and molecular interactions contribute to each mechanism.     

A conservative set of proteins provides an excellent representation of the complex protein-

protein interactions that control the mechanisms of plasticity.  At the synaptic level, both pre- and 

post-synaptic proteins are integral for the physiological E-I balance required to facilitate the 

onset of the critical period.  On the pre-synaptic side, Synapsin is the most specific marker for 

synapses, it is present at all GABAergic and glutamatergic synapses (Micheva et al., 2010).  

Synapsin regulates the reserve pool of synaptic vesicle available for exocytosis (Bahler et al., 
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1990), and maintains the organization and abundance of synaptic vesicles at pre-synaptic 

terminals (Bykhovskaia, 2011).  Synaptophysin is preferentially located at glutamatergic 

synapses (Micheva et al., 2010), it regulates the kinetics of synaptic vesicle endocytosis (Kwon 

& Chapman, 2011), and synaptic vesicle retrieval through its interactions with synaptobrevin 

(Gordon et al., 2011).  Together, synapsin and synaptophysin provide information about the pre-

synaptic E-I balance, and both are required for the stabilization of pre-synaptic boutons (Hopf et 

al., 2002).  On the post-synaptic side, PSD-95 and gephyrin are the GluA/GluN and GABAA 

receptor scaffolding proteins, respectively.  Interactions between PSD-95 and gephyrin regulate 

the number of excitatory and inhibitory synapses that affect the physiological E-I balance (Keith 

& El-Husseini, 2008, Lardi-Studler et al., 2007; Prange et al., 2004), required for facilitating the 

onset of the critical period (Hensch & Fagiolini, 2005; Maffei & Turrigiano, 2008).  Outside the 

synapse, large structural proteins restrict plasticity and put an end to the critical period. Myelin 

basic protein (MBP) is a structural protein that maintains the compaction of myelin in the central 

nervous system (Readhead et al., 1990).  Myelin is known to be one the main structural elements 

that put the brakes on plasticity, and closes the critical period for ocular dominance plasticity 

(Bavelier et al., 2010).  

This study aims to determine how fluoxetine effects the two mechanisms known to control 

the critical period for ocular dominance plasticity.  Western blot analysis was used to quantify 

changes in the expression of the available pool of synapsin, synaptophysin, PSD-95, gephyrin, 

and MBP.  The results from this study support the E-I balance, and MBP as the mechanisms by 

which fluoxetine re-instates ocular dominance plasticity in adult rats.  Fluoxetine facilitates the 

reinstatement of ocular dominance plasticity by re-setting the E-I balance to a juvenile state.  It 
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also decreases MBP expression, thereby removing the brakes on plasticity.  Taken together, 

fluoxetine re-instates ocular dominance plasticity in adult rats because it modulates the two 

mechanisms that control the onset and closure of the critical period for ocular dominance 

plasticity.
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Methods

All treatment and surgical procedures were adapted from Maya Vetencourt et al (2010) to 

re-create the same experimental paradigm.

2.1 Animal treatment and Surgical Procedures

28 long-evans rats were grouped into 4 experimental conditions (Table 1).  Animals were 

group-housed under standard conditions with a 12:12 light/dark cycle.  Adult rats at P70 were 

systemically treated with fluoxetine (0.2 mg/ml drinking water) for 4 weeks.  

To assess changes due to a shift in ocular dominance plasticity, one week of was monocular 

deprivation was performed through eyelid suture at P91.  Animals under treatment were briefly 

anesthetized with isoflurane then monocularly deprived.  Eyelid closure was inspected daily and 

a topical antibiotic was applied to prevent infection.

2.2 Tissue collection

A total of 28 tissue samples were collected from the four experimental groups (Normal, 

n=6; Monocular Deprivation, n=6; Fluoxetine, n=8; Fluoxetine + Monocular Deprivation, n=8) 

(Table 1).  The rats were euthanized with Euthanol and transcardially perfused with cold 0.1 M 

PBS (4 ºC) until circulating fluid was cleared.  The brain was quickly removed and immersed in 

cold PBS, a sample was cut out from primary visual cortex, in the hemisphere contralateral to 

MD (approx. 3 mm X 2 mm) then quickly frozen on dry ice and stored at -80 ºC.

2.3 Tissue sample preparation

Tissue samples (50-100 mg) were suspended in cold homogenization buffer (1 ml buffer:50 

mg tissue, 0.5mM DTT, 1mM EDTA, 2 mM EGTA, 10 mM HEPES, 10 mg/L leupeptin, 100nM 

microcystin, 0.1 mM PMSF, 50 mg/L soybean trypsin inhibitor) and homogenized in a glass-
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glass Dounce homogenizer (Kontes, Vineland, NJ).  The homogenized sample was removed and 

added to 10% sodium-dodecyl-sulfate (SDS).  Protein concentrations were determined using the 

bicinchonic acid (BCA) assay guidelines (Pierce, Rockford, IL).  A control sample was made by 

combining a small amount of the prepared tissue sample from each of the 28 samples.

2.4 Immunoblotting

The samples (25 µg) were separated on Sodium-dodecyl-sulfide polyacrylamide gels (SDS-

PAGE) and transferred to polyvinylidene difluoride (PVDF-FL) membranes (Millipore, Billerica, 

MA).  Each sample was run multiple times.  Blots were pre-incubated in blocking buffer 

(Odyssey Blocking Buffer 1:1 with PBS) for 1 hour (Li-cor Biosciences; Lincoln, NE), then 

incubated in primary antibody overnight at 4°C using the following concentrations: GAPDH, 

1:4000 (Imgenex, San Diego, CA); Synapsin 1, 1:8000 (Invitrogen, Carlsbad, CA); 

Synaptophysin, 1:2000 (Sigma-Aldrich, St. Louis, MO); PSD-95, 1:32000 (Millipore, Billerica, 

MA); Gephyrin, 1:2000 (Millipore, Billerica, MA); Myelin Basic Protein, 1:4000 (Abcam, 

Cambridge, MA).  The blots were washed with phosphate buffer saline containing 0.05% Tween 

(Sigma, St. Louis, MO) (PBS-T) (3 x 10 min), incubated (1 hour, room temperature) with the 

appropriate IRDye labeled secondary antibody, (Anti-Mouse, 1:8000, Anti-Rabbit, 1:10,000) (Li-

cor Biosciences; Lincoln, NE), and washed in PBS-T (3 x 10 min).  The blots were visualized 

using the Odyssey scanner (Li-cor Biosciences; Lincoln, NE).  The combination of the IRDye 

secondary antibodies and Odyssey scanner system provides a wide linear dynamic range 

(16-250X chemiluminescence, Schutz-Geschwender et al., 2004) so that both strong and weak 

bands could be quantified on the same blot.  The blots were stripped and prepared to be re-
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probed with additional antibodies (Blot Restore Membrane Rejuvenation kit, Chemicon 

International, Temecula, CA).

2.5 Analysis

To analyze the bands, we scanned the blots (Odyssey Infrared Scanner) and quantified the 

bands using densitometry (Licor Odyssey Software version 3.0; Li-cor Biosciences; Lincoln, 

NE).  Density profiles were determined by performing a subtraction of the background, 

integrating pixel intensity across the area of the band, and dividing the intensity by the width of 

the band to control for variations in lane width.  GAPDH normalization was used as the loading 

control and for each sample the expression of the synaptic proteins was divided by GAPDH 

expression.  The control sample (Mixture of all samples) was run on all gels, and the density of 

each sample was measured relative to that control.

To visualize changes in the expression between experimental groups, we plotted histograms 

with the mean and standard error of the mean  for each group.  The groups were named and color 

coded as follows -- Normal (Normal, Black); Monocular Deprivation (MD, Red), Fluoxetine 

(Drug, Grey); Fluoxetine and Monocular Deprivation (Drug+MD, Green).  To determine overall 

changes in expression a one-way ANOVA was performed, and when significant 4 planned 

pairwise post-hoc comparisons between groups (Normal and MD, Normal and Drug, Normal and 

Drug+MD, Drug and Drug+MD) were made using an unpaired equal variance student's t-test.       

We quantified the relationship between pre- and post-synaptic proteins by calculating 2 

indices that measured the changes between the pairs of pre-synaptic (Synapsin and 

Synaptophsyin) and post-synaptic proteins (PSD-95 and Gephyrin).  The indices provide an 

indication of synaptic function because each pair of proteins is related: Synapsin and 
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Synaptophysin expression is required for pre-synaptic function and stabilization of pre-synaptic 

boutons (Hopf et al., 2002); interactions between PSD-95 and Gephyrin regulate the number of 

excitatory and inhibitory synapses and affect the physiological E-I balance (Keith & El-Husseini, 

2008; Lardi-Studler et al., 2007; Prange et al., 2004).  In addition, this type of contrast index is a 

common approach in signal processing to determine the quantity of the signal and here provided 

an analysis of pre- or post-synaptic function.  Pre-Synaptic Index -- [(Synapsin-Synaptophysin)/

(Synapsin+Synaptophysin)], Post-Synaptic Index -- [(PSD-95-Gephyrin)/(PSD-95+Gephyrin)].  

To determine overall changes in expression a one-way ANOVA was performed, and when 

significant post-hoc comparisons between groups were made using an unpaired equal variance 

students t-test.   

Ph.D. Thesis - J. Pinto! McMaster University - Neuroscience

126



Results

3.1 GAPDH as Loading Control

We used GAPDH expression as our loading control in this study and examined its 

expression across the 4 experimental groups.  GAPDH is a ubiquitous housekeeping protein 

involved in glycolysis.  We found that there were significant changes in GAPDH expression 

across the experimental groups (ANOVA: p<0.0005).  Monocular deprivation significantly 

reduced GAPDH expression relative to normals (Fig. 1; Student's t-test, p<0.005).  It was 

important to normalize our data to GAPDH to ensure all subsequent differences in protein 

expression reflect actual changes in protein expression, not overall changes in cortical metabolic 

activity.  

3.2 Fluoxetine does not effect pre-synaptic vesicle cycling mechanisms

To examine pre-synaptic changes we quantified the expression of  Synapsin and 

Synaptophysin.  Synapsin is the most specific marker for pre-synaptic terminals (Micheva et al., 

2010), present at all GABAergic and Glutamategic synapses.  Synapsin regulates the reserve 

pool of  synaptic vesicle available for exocytosis (Bahler et al., 1990), and maintains the 

organization and abundance of synaptic vesicles at pre-synaptic terminals (Bykhovskaia, 2011).  
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Synaptophysin is preferentially located at glutamatergic synapses (Micheva et al., 2010), it 

regulates the kinetics of synaptic vesicle endocytosis (Kwon & Chapman, 2011), and synaptic 

vesicle retrieval through interactions with synaptobrevin (Gordon et al., 2011).  

There were no significant changes in Synapsin (Fig. 2A; ANOVA: p=0.99), or 

Synaptophysin (Fig. 2B; ANOVA: p=0.79) expression between the experimental groups.  This 

suggests that adult plasticity, facilitated by fluoxetine, is not mediated by pre-synaptic vesicle 

cycling mechanisms.
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To address if there were any changes in the relationship between the pair of pre-synaptic 

proteins, we calculated an index of Synapsin and Synaptophysin expression that quantifies the 

balance between the pre-synaptic proteins.  This index provides a measure of pre-synaptic 

function, since Synapsin and Synaptophysin expression is required for stabilization of pre-

synaptic boutons (Hopf et al., 2002).  The index ranges from +1 to -1, with positive values 

indicating relatively more Synapsin, and negative values indicating relatively more 

Synaptophysin.  In normal animals, expression levels were balanced between Synapsin and 

Synaptophysin, which is a balance that we would be predicted from our developmental studies 

(Pinto et al., Submitted).  There were no significant changes in expression of the pre-synaptic 

index between the experimental groups (Fig. 2C; ANOVA: p=0.77).  This provides further 

support that pre-synaptic vesicle cycling mechanisms are not effected by fluoxetine driven 

plasticity in the adult visual cortex.

3.3 Fluoxetine causes robust changes in the post-synaptic density

Both glutamatergic and GABAergic mechanisms are involved in developmental synaptic 

plasticity, and the E-I balance is required for the initiation of the critical period in visual cortex.  

To examine changes in glutamatergic and GABAergic mechanisms, we quantified the expression 

of 2 post-synaptic scaffolding proteins, PSD-95, and Gephyrin.  PSD-95 anchors the excitatory 

GluA and GluN receptors, and is required for receptor function (Beique et al., 2006).  Gephyrin 

anchors the inhibitory GABAA receptors and is required for the stabilization of GABAergic 

synapses (Yu et al., 2007).  Together, they provide information about the relative number of 

excitatory and inhibitory synapses (Keith & El-Husseini, 2008) that contribute to the 

physiological E-I balance required for ocular dominance plasticity (Hensch & Fagiolini, 2005).  
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We found significant differences in PSD-95 expression between the experimental groups 

(Fig. 3A; ANOVA: p<0.001).  Monocular deprivation, or fluoxetine treatment alone had no 

significant effect on PSD-95 expression relative to normals.  However, the group that received 

fluoxetine treatment and monocular deprivation had a trend towards 50% increased PSD-95 

expression relative to normals (Fig. 3A; Student's t-test, p=0.058), and a significant 60% increase 

in expression relative to animals treated with only fluoxetine (Fig. 3A; Student's t-test, p<0.005).  

These results point to the combination of fluoxetine and a change in visual experience driving an 

increase in expression of excitatory, PSD-95, receptors.

We also found significant differences in Gephyrin expression between the experimental 

groups (Fig. 3B; ANOVA: p<0.0001).  Monocular deprivation significantly reduced Gephyrin 

expression relative to normal (Student's t-test, p<0.005), while fluoxetine alone had no effect.  

Ph.D. Thesis - J. Pinto! McMaster University - Neuroscience

130



Once again, the group that received fluoxetine treatment and monocular deprivation significantly 

increased Gephyrin expression relative to normals (Student's t-test, p<0.05), and fluoxetine alone 

(Student's t-test, p<0.05).  These results provide additional evidence for a combined effect of 

fluoxetine and monocular deprivation on the expression of receptors.  Taken together, these 

results show that fluoxetine alone does not expression of glutamatergic and GABAergic receptor 

anchoring proteins, but when combined with monocular deprivation there is a robust 

upregulation of both excitatory and inhibitory anchoring proteins.

3.4 Fluoxetine re-sets the E-I balance

We next wanted to address the relationship between the pair of post-synaptic proteins to 

determine if fluoxetine has an effect on the E-I balance.  We calculated an index of PSD-95 and 

Gephyrin, this index provides a relative measure of the number of excitatory and inhibitory 

synapses that affect the physiological E-I balance (Keith & El-Husseini, 2008; Lardi-Studler et 

al., 2007; Prange et al., 2004).  The index ranges from +1 to -1, with positive values indicating 

relatively more PSD-95, and negative values indicating relatively more Gephyrin.  In normal 

animals, expression levels were balanced between PSD-95 and Gephyrin, which would be 

predicted from our developmental studies (Pinto et al., Submitted).  There were significant 

changes in expression between the experimental groups (Fig. 3C; ANOVA, p<0.005).  

Monocular deprivation did not have a significant effect on the E-I balance relative to normals, 

but fluoxetine significantly shifted the E-I balance towards more Gephyrin expression (Student's 

t-test, p<0.05).  Interestingly, the shift in the E-I balance caused by fluoxetine moves the 

expression level of the E-I balance towards the level seen during the peak of the critical period 

for ocular dominance plasticity (P25-30) in rat visual cortex (Pinto et al., Submitted).  Animals 
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treated with monocular deprivation and fluoxetine cause a significant shift back to balanced 

expression relative to fluoxetine alone (Student's t-test, p<0.02).  These results indicate that 

fluoxetine facilitates ocular dominance plasticity by re-setting the E-I balance back to levels seen 

during the critical period.

3.5 Fluoxetine removes the brakes on plasticity

To address the other mechanisms that control ocular dominance plasticity, the structural 

brakes on plasticity, we quantified expression of Myelin Basic Protein (MBP) across the 

experimental groups.  MBP is a structural protein that maintains compaction of myelin in the 

central nervous system (Readhead et al., 1990), which is known to put the brakes on plasticity 

and close the critical period (Bavelier et al., 2010).  It is thought to put the brakes on plasticity by 

inhibiting neurite outgrowth (McGee et al., 2005), and therefore prevent the formation of new 

connections.  We found that there were significant differences in MBP expression between the 

experimental groups (Fig. 5; ANOVA: p<0.05).  Monocular deprivation had no significant effect 

on MBP expression, however, fluoxetine significantly reduced MBP expression relative to 

normal (Fig. 5; Student's t-test, p<0.05).  This points to fluoxetine re-instating ocular dominance 
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plasticity in rat adult visual cortex by removing the structural brakes on plasticity.  
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Discussion

The results of this study support a conclusion that fluoxetine reinstates ocular dominance 

plasticity in adult rats by re-setting the E-I balance to juvenile levels, and reducing MBP 

expression.  These two mechanisms have been proposed as ways to promote plasticity in 

adulthood (Bavelier et al., 2010).  The E-I balance is known to facilitate the onset of the critical 

period for ocular dominance plasticity during early development.  Early in development, the 

balance is shifted in favor of excitation, but a strong increase in inhibition bring it to a balance, 

and facilitates the onset of the critical period for ocular dominance plasticity.  In this study, we 

quantified PSD-95 and Gephyrin expression, which is a measure of the relative number of 

excitatory and inhibitory synapses that contribute to the physiological E-I balance.  Normally 

reared animals had balanced expression between PSD-95 and Gephyrin, and is consistent with 

previous measures in rats around that age (Pinto et al,. Submitted).  A month of fluoxetine shifted 

the balance towards more Gephyrin, to a level comparable to that of a rat at P30 (Pinto et al., 

Submitted), the timing of the peak of the critical period for ocular dominance plasticity.  This 

suggests that one way fluoxetine re-instates ocular dominance plasticity is by by shifting the E-I 

balance back in favor of Gephyrin.  Structural elements of the ECM, such as myelin and 

perineuronal nets close the critical period by putting the brakes on plasticity.  Removing these 

brakes on plasticity in young animals prevents the closure of the critical period (Bavelier et al., 

2010).  One of the primary brakes on plasticity, myelin basic protein, acts by inhibiting neurite 

outgrowth (McGee et al., 2005).  In this study, we found the fluoxetine reduces MBP expression, 

thereby reducing the brakes on plasticity.  Taken together, the results from this study show that 
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fluoxetine re-instates ocular dominance plasticity in the visual cortex of adult rats, by re-setting 

the E-I balance to a juvenile state, and reducing the structural brakes on plasticity.

We found increased expression levels of PSD-95 and Gephyrin in animals that received 

fluoxetine and monocular deprivation.  Increased PSD-95 and Gephyrin expression levels are 

known to stabilize excitatory and inhibitory synapses, respectively.  PSD-95 determines the 

strength of glutamatergic synapses  (Schnell et al., 2002; Stein et al., 2003; Ehrlich & Malinow, 

2004; Colledge et al., 2003), and post-synaptic densities compete for the available pool of 

PSD-95 (Gray et al., 2006).  Gephyrin cluster density is negatively correlated with motility 

(Kuriu et al., 2012), therefore increased expression helps to stabilize Gephyrin levels at 

inhibitory synapses.  In human visual cortex, there is an increase in expression of PSD-95 and 

Gephyrin in older children (Pinto et al., Submitted), which is the end of susceptibility for 

developing amblyopia.  This suggests that one week of monocular deprivation after chronic 

fluoxetine administration may be sufficient to at least begin to stabilize newly formed excitatory 

and inhibitory connections.

Rats between the age of P70 and P100 are typically considered adults because they become 

sexually mature at approximately P50, in contrast, humans become sexually mature relatively 

later in development at about the start of the teenage years (Quinn, 2005).  Recent work from our 

lab (Pinto et al., Submitted), has shown that rate of maturation of the visual cortex between rat 

and humans follows a different timeline.  We found that when comparing the development of 

total synaptic protein expression between rat and human visual cortex, that the maturation of rat 

visual cortex proceeds slower than previously thought.  According to our measure of total protein 

expression in visual cortex, the visual cortex of a rat between P70-100 is similar to a human 
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visual cortex between 8-9 years of age.  Other studies (Romijn et al., 1991) that compared the 

development of the cerebral cortex between rat and humans found that across all 4 factors 

studied, the cerebral cortex matures slower than would be expected from the timing of sexual 

maturity.  Therefore, the rats used for this study, and other studies that have demonstrated the re-

instatement of ocular dominance plasticity in adult rats, have cerebral cortices, and more 

specifically, visual cortex that more closely resemble older children than adults.  This suggests 

that these rats may have some sub-threshold level of residual plasticity when fluoxetine 

administration began at P70.  This may explain why a number of interventions have been able to 

re-instate ocular dominance plasticity in rats at this age.  To determine the viability of these 

interventions on re-instating ocular dominance plasticity in the visual cortex of adult humans, it 

may be useful to recreate these paradigms in older rats.

The results from this study have shown how fluoxetine re-instates ocular dominance 

plasticity in the visual cortex of adult rats by altering the two mechanisms that control the critical 

period.  This study concludes that fluoxetine affects the relative balance between the number of 

excitatory and inhibitory synapses, however, it does not address what is changing within these 

synapses.  Changes within the synapse can affect functional properties that are not reflected by 

simply measuring the protein expression levels.  Receptor subunit composition, and the relative 

balance between receptors and vesicles has the ability to alter the kinetics at the synapse, and 

susceptibility to change.  For example, there is a well known developmental shift in the GluN2 

subtype, from 2B to 2A, which is associated with faster receptor kinetics, a reduction in the 

susceptibility to change, this is known to occur during the critical period for ocular dominance 

plasticity.  Addressing how fluoxetine affects the functioning of excitatory and inhibitory 
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synapses is an important next step in refining our understanding of how drugs such as fluoxetine 

can re-instate critical period like plasticity in adult visual cortex.   
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Chapter 6. 

General Discussion
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In this thesis, I have made significant contributions towards the understanding of how 

synaptic plasticity mechanisms develop across species.  This thesis shows that using a 

conservative set of synaptic proteins provides a tremendous amount of information about cortical 

development.  Each chapter of this thesis demonstrates how a subset of functionally relevant 

synaptic proteins can provide insights about the mechanisms controlling developmental synaptic 

plasticity.  This is an important finding because it shows that proteomic studies can be hypothesis 

driven by using a small, conservative set of functionally relevant proteins.  The second chapter of 

this thesis quantified expression of Synapsin, Synaptophysin, PSD-95, and Gephyrin, and 

demonstrated that rat cortex develops as an integrated network.  The 4 proteins in this study 

provided a framework to compare the development among the 3 cortical areas, and was designed 

to address the question, does the cortex develop as a cascade or integrated network.  The third 

chapter of this thesis quantified the same 4 synaptic proteins to quantify the development of 

human visual cortex, and then compared the development of visual cortex between rat and 

human.  This study showed that the development of rat and human visual cortex can be directly 

compared using total protein expression, and that the composition of visual cortex of rats from 

P11-P93 is analogous to human visual cortex from birth to 8.5 years of age.  The fourth chapter 

of this thesis quantified the development of GABAergic mechanisms in human visual cortex 

across the lifespan.  The goal of this chapter was to quantify mechanisms that are known to 

control the critical period.  GAD65 is required for ocular dominance plasticity (Iwai et al., 2003), 

CB1 activation regulates activity dependent synaptic plasticity (Sjostrom et al., 2003), and the 

GABAAa1 subunit is necessary for critical period plasticity (Fagiolini et al., 2004).  We found 

that there were prolonged and complex patterns of change in the GABAergic mechanisms in 
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human visual cortex across the lifespan.  The fifth chapter of this thesis quantified the expression 

Synapsin, Synaptophysin, PSD-95, Gephyrin, and MBP, to determine how fluoxetine affects the 

mechanisms that control the induction and closure of the critical period for ocular dominance 

plasticity.  This study showed that fluoxetine re-instates plasticity in adult rat visual cortex by 

removing the brakes on plasticity (MBP), and re-setting the E-I balance to juvenile levels. 

The significance of this thesis pushes beyond the traditional scope of the field by directly 

quantifying the relationship between the development of total protein expression in rat and 

human visual cortex.  Transforming age relationships between rodents and humans has been a 

focus in the scientific community for a number of years.  Rodents are typically used to model the 

human biological system, therefore, it is vital to understand the biological relationship between 

the species, to accurately model the human condition.  Transforming age between the species is 

especially important in understanding developmental disorders such as amblyopia, and 

developmental process, such as synaptic plasticity.  There are two previous studies (Quinn, 2005; 

Romijn et al., 1991), that aimed to translate age between rodent and human, by using evidence 

from previous studies.  Both studies focused on determining how many rat days equate to one 

human year, given a number of biological factors.  What these studies neglect to account for is 

differences, or changes in the rate of development.  The comparison by Quinn (2005), looked at 

6 biological factors of development to determine how many rat days equate to one human year: 

total lifespan (13.8 days), nursing period (42.4 days), prepubescent period (4.3 days), adolescent 

period (10.5 days), reproductive senescence (11.8 days), and post-senescence (17.1 days).  The 

range of comparisons from this study indicates that a rat at P100 is equivalent to a human from 

2.4-23.3 years, depending on the measure.  The comparison by Romijn et al, (1991), looked at 4 
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factors of cerebral cortex development to determine when rats were equivalent to humans at 

birth; synapse formation at P14.9, GAD activity at P8.2, cholineacetyltransferase at P20.4, and 

electrical activity P12.5.  Extrapolating these factors, indicates that a rat at P100 has a cerebral 

cortex that is equivalent to humans from 4.9-12.2 years of age.  If we take into account all the 

measures from Quinn (2005), and Romijn et al., (1991), except prepubescent period, we find that 

a rat at P100 is child-like.  This is an important point, since the majority of experimental 

paradigms working on re-instating ocular dominance plasticity in "adult rats", use rats in the 

P70-100 age range.  The rational for using rats in this age range comes from comparative studies 

on sexual maturity (prepubescent period).  Sexual maturity is reached in rats at P50, and humans 

at 11.5 years, therefore it is assumed that a rat at P100 is adult-like.  This signifies the importance 

of comparing between these species on a systems by systems basis, which is exactly what I have 

done in chapter 3 of this thesis.  Using total protein expression as the metric, I have shown that 

rat and human visual cortex is comparable at visually relevant milestone in development.  The 

transformation showed that visual cortex of rats between P70-100 are comparable to older 

children, which suggests their visual cortices are not "adult-like".  This is a significant 

contribution to the field of neuroscience, since the visual system of rodents has provided 

tremendous amounts of information on neuroplasticity.  This transformation of visual cortex age 

between rats and humans will serve as a framework for developing future therapies that aim to 

more effectively treat neuroplasticity based disorders, such as amblyopia.         

There are strengths and limitations associates with all scientific research.  There are two 

main methodological strengths associated with work completed as part of this thesis.  The first 

major strength is the technique used, Western blotting.  This technique quantifies protein 
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expression levels, which are the functional units at the synapse.  It is also a technique that is quite 

robust and allowed for quantification of a number of samples, and is easily translatable across 

species.  The second major strength is the model fitting approach, which provides the optimal 

mathematical relationship between variables, and provides a strong basis for comparison among 

variables, studies, and species.  There are also some limitations that the techniques used in this 

thesis provide.  First, our measure of the E-I balance is a proxy for the physiological E-I balance 

that is known to facilitate the onset of the critical period for ocular dominance plasticity.  Second, 

Western blotting does not provide any information regarding where the synaptic changes are 

occurring, such as neuron type, or cortical layer, which could be addressed by anatomical 

studies.  

The work completed as part of this thesis lays the foundation for future studies that help 

advance the field.  There are 4 distinct sets of studies that can branch out from this work.  

 The first is to perform anatomical studies, using the same markers in visual cortex 

to identify the location of synaptic change.  This will help to elucidate the neuronal subtype and 

cortical layer where the changes are occurring, and further our understanding of developmental 

synaptic plasticity.  

 The second would be to study the same set of 4 synaptic proteins (Synapsin, 

Synaptophysin, PSD-95, and Gephyrin) in rat aging, to determine if total protein expression is 

comparable in rat and human aging.  Chapter 2 only extended until P93, which is fairly early in 

the lifespan of the rat, and it is worth evaluating whether total protein expression in rat visual 

cortex declines in aging as it does in humans.  This will help to clarify if rat and human visual 
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cortex truly follows the same trajectory throughout the lifespan, or if their paths diverge after 

early development.  

 The third would be to translate the developmental trajectories of the markers that 

control the brakes on plasticity, such as MBP and other extra-cellular matrix proteins.  This is a 

complimentary set of proteins known to play a significant role in developmental synaptic 

plasticity, that will help to determine if another subset of proteins can translate as well between 

the species.  

 The fourth is to determine if the paradigms that have shown they can re-instate 

ocular dominance plasticity in rats from P70-100, can re-instate ocular dominance plasticity in 

rats with adult-like visual cortices.  One of the paradigms, environmental enrichment, has shown 

that it is effective in re-instating ocular dominance plasticity in older rats (22-23 month; Scali et 

al., 2012).  This raises the possibility that the other paradigms could have the same efficacy, and 

should be thoroughly tested before these paradigms are applied to humans.  The work from this 

thesis has provided a strong foundation, and members of the lab are already pursuing some of the 

branches mentioned above.
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