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Lay Abstract

The ability to see the world constantly changes from birth to old age, and depends on the health
and function of our brain. The visual cortex is the part of the brain that processes vision, and it is
made up of millions of cells that connect to each other through billions of synapses. Fine-tuning
those connections and networks in the brain leads to better vision. The ability for connections to
be fine-tuned by experience is called plasticity, and it is necessary for developing good vision.
This thesis addresses the development of plasticity in the human brain by measuring levels of
proteins that are responsible for controlling plasticity and vision. My findings suggest that
humans have a longer period of plasticity for developing good vision than previously thought.
These findings will help identify new targets to rescue vision loss that occurs in aging or visual

disorders across the lifespan.
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Abstract

Human visual perception changes across the lifespan that relies on changes in synaptic plasticity
in the visual cortex. Anatomical studies of the visual cortex, however, suggest human V1
develops early and remains relatively constant from childhood and on. Animal models have pin-
pointed specific neurobiological mechanisms that are necessary for the development of visual
plasticity and receptive field properties in the visual cortex. Very little is known, however, about
how those synaptic mechanisms develop in the human visual cortex to support plasticity and
perception across the lifespan.

This thesis addresses this gap by providing new studies on the development of those
neurobiological mechanisms in postmortem human visual cortex cases that range in age from 20
days to 79 years. The main findings from this thesis support prolonged development of plasticity
mechanisms in human V1 that could be characterized in 5 stages of change across the lifespan:
booting up synaptic function in infancy, high neural variability in young childhood, peaks of
development in older childhood, prolonged plasticity in adulthood, and return to juvenile-like
state in aging. In addition, I show a contrasting development of synaptic plasticity mechanisms in
V1 and extrastriate areas that suggest higher order visual perception is processed differently. I
also highlight a modernized technique for isolating synaptoneurosomes in human brain that helps
quantify synaptic proteins using postmortem human tissue. Together these findings aid in the
translation of neurobiological mechanisms in animal models for identifying new therapeutic

targets for recovery in human visual disorders and vision loss.
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Chapter 1. General Introduction
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Preamble

Visual perception changes across the lifespan and is characterized by many developmental visual
milestones as well as changes in vision in aging. Perceptual, physiological, and anatomical
studies have pointed to the visual cortex as the source of visual processing necessary for the
normal development of human vision. Despite decades of research, however, our understanding
of how the human visual cortex develops remains conflicted. Many vision scientists rely on
animal models to help identify the neurobiological mechanisms in the cortex that underlie visual
perceptual abilities. Animal research has significantly moved the field forward in understanding
mechanisms of basic visual perception and neuroplasticity. Human vision is complex, however,
and the translation of those neurobiological mechanisms for understanding human visual
development has been slow. Thus, there is a call-to-action for investigating the neurobiological
mechanisms of visual perception in the developing human brain. Studies in this thesis provide a
link between those animal models and human visual development by characterizing the
development of neurobiological mechanisms for visual plasticity and perception in the human
visual cortex across the lifespan. In this introduction, I will discuss the foundation of research on
the human visual cortex that has led to our modern understanding of visual perception and my

hypotheses about the development of the human visual cortex.

1.1 Early development of the human visual cortex

The dominant view of human visual cortex development originates from early studies in
postmortem human brain samples that showed cytoarchitectonic features, including myelination,
lamination, and dendritic axonal processes of the human visual cortex, appear immature at birth

but become adult-like within the first few years (Conel, 1939-1967; Huttenlocher et al., 1982).
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However, animal studies showed that the development of the visual cortex is regulated by visual
experience. Dr. David Hubel and Dr. Torsten Wiesel discovered organization of the cat visual
cortex is dependent on binocular vision (Wiesel and Hubel, 1963), and that neurons in the visual
cortex have specific response properties for stimuli in the visual field (Hubel and Wiesel, 1959;
1962). Those studies inspired many investigations of structure and function in the human visual

cortex that underlie the development of vision.

Early visual milestones are dependent on visual experience

Although the single-cell receptive field (RF) properties studied in animal models are difficult to
measure in human visual cortex, both visual evoked potentials (VEP) and perceptual thresholds
have been used to estimate the development of neuronal RF properties in humans. VEP recorded
at the scalp over the visual cortex have revealed neurons with response selectivity to different
characteristics of visual stimuli, like orientation and spatial frequency (Campbell and Maffei,
1970). VEP measurements in infants showed that contrast sensitivity (Allen et al., 1996; Pirchio
et al., 1978), spatial frequency selectivity (Norcia and Tyler, 1985; Sokol and Jones, 1979) and
orientation selectivity (Morrone and Burr, 1986) develop within the first year of life. Behavioural
studies that use perceptual thresholds also provide evidence for visual development in the first
year of life. For example, such studies have tracked the development of grating acuity (Gwiazda
et al., 1980), orientation selectivity (Campbell and Kulikowski, 1966; Hood et al., 1992),

stereoacuity (Held et al., 1980), and binocular convergence (Thorn et al., 1994) during infancy.

Matched binocular visual experience is necessary for development of visual perception,

especially binocularity. In children, the sensitive period for binocularity begins with the onset of
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binocular vision at 4-6 months of age (Gwiazda et al., 1980) and peaks between 1 and 3 years of
age (Banks et al., 1975; Hohmann and Creutzfeldt, 1975). Abnormal binocular vision caused by
misalignment, unequal refraction (Birch et al., 2010), or opacity in one or both eyes (Leinfelder,
1962) during this sensitive period can result in amblyopia (Levi et al., 2011; McKee et al., 2003;
Mitchell et al., 1973). Amblyopia is marked by central visual field acuity loss (Agervi et al.,
2010), and deficits in visual evoked responses (Arden et al., 1974; Levi, 1975), contour
processing (Levi et al., 2007), motion processing (Luu and Levi, 2013; Tychsen and Lisberger,
1986), contrast sensitivity (Polat et al., 1997) and hyper acuity (Levi and Klein, 1982). Some of
those perceptual deficits can recover rapidly if binocular vision is restored in infancy. For
example, improvements in visual acuity occur in as little as 1 hour after cataract removal
(Maurer et al., 1999), although higher-level visual deficits persist into adulthood (Segalowitz et

al., 2017).

Structural development of human visual cortex

During prenatal development, axons of bipolar cells and pyramidal cells develop with long and
thin dendritic spines at around 14 weeks gestation. At 20 to 24 weeks gestation, the 6 cortical
layers in human V1 are differentiated (Takashima et al., 1980), while layers III and V mature
through prenatal development (Becker et al., 1984). Neuronal density is initially high with over 1
million cells/mm? at 21 weeks gestation, then decreases to about 90,000 cells/mm? at birth, and
reaches adult levels of about 40,000 cells/mm? by 4 months postnatally (Leuba and Garey, 1987).
Vertical intracolumnar connections develop 26-29 weeks gestation, and become adult-like in
patchiness around 8 weeks postnatal, while long-range horizontal intercolumnar connections in

layers IVB and V emerge later around 37 weeks gestation, and show adult-like patchiness around
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15 months postnatal (Burkhalter et al., 1993). Pyramidal neurons develop progressively by layer,
expressed in infragranular layers (V and VI) by the 1st postnatal day, expressed in layer IVB by 5
months, in supragranular layer III by 15 months, and reach adult levels of expression by 3 years

of age (Ang et al., 1991).

Postnatally, the human visual cortex is further refined, as visual experience begins to shape
functional organization. The number of synapses in human V1 is highest between 8 months and 2
years then declines to adult levels (Huttenlocher et al., 1982). This trajectory is paralleled by
counts of dendritic spines across development that peak around 5 months of age and decrease to
adult levels by 2 years (Michel and Garey, 1984). Measures of total neuronal density show the
same overshooting with neuron production increasing up to 8 months, with the highest rate of

loss found in layers II-IVA (Klekamp et al., 1991).

Human primary visual cortex (V1) carries feedforward signal to the second visual area V2, called
feedforward projections that mature 4 months of age (Burkhalter, 1993). Feedback matures later,
at around 2 years of age (Burkhalter, 1993). Thus, anatomical studies of the development the
human visual cortex suggested the majority of development in the primary visual cortex (V1)

matures within the first few years.

Noninvasive in vivo imaging of human cortex shows functional organization and prolonged
cortical development

The development of noninvasive high-resolution functional imaging allowed for in vivo
anatomical studies of the human cortex. In vivo imaging provided maps of functional

organization in the human visual cortex, as well as evidence for prolonged trajectories of
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development beyond the first few years. Positron-emission tomography (PET) scanning using
cerebral blood flow has been used to map the retinotopic receptive field (RF) in the visual cortex,
revealing individual functional zones that are separated by less than 3mm (Fox et al., 1986).

PET was used to map the higher-order dorsal and ventral visual pathways (Grady et al., 1992;
Haxby et al., 1991a; 1994), and showed those functional maps tied to higher-order visual
percepts in the human cortex were analogous to maps in nonhuman primates (Haxby et al.,
1991b). Spatial organization of higher order visual areas, such as the fusiform gyrus and lateral
occipital cortex, is present in the human brain by 4-6 months of age (Deen et al., 2017), but the
subsequent pace of maturation for both dorsal and ventral visual streams into adulthood are still

debated (Simic & Rovet, 2016).

Functional magnetic resonance imaging (fMRI) provides finer resolution for mapping RFs in
human visual cortex, revealing functional zones separated by less than 1.4mm (Engel, 1994).
fMRI was used to further refine retinal eccentricity maps on the visual cortex (Engel, 1994), and
patterns of response properties such as colour selectivity (Engel et al., 1997). RF sizes vary by
cortical areas, as the smallest RFs are located in V1 and become increasingly larger in each
higher order visual area, as well as with increasing retinal eccentricity (Smith et al., 2001). fMRI
has been used to measure single-cell visual summation of cortical neurons in human V1 that is

similar to mechanisms found in macaques (Nurminen et al., 2009).

Imaging studies show that intracortical myelin in human visual cortex develops well into
adulthood, peaking around 30 to 40 years of age (Rowley et al., 2017). Postmortem analysis of

human visual cortex supports the evidence for prolonged myelination into the third decade of life
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that is unique to humans (Miller et al., 2012). Gray matter density mapping shows a slow linear
decline of cortical thinning with age in the occipital cortex (Sowell et al., 2003; 2004), that
regression appears to mature sequentially across the cortical areas, with primary areas maturing
before higher-order association areas (Gogtay et al., 2004). This hierarchical development of
human cortical areas was revealed by synapse counting where synaptic density reaches adult
levels first in V1, then in the middle frontal gyrus, and finally in frontal cortex by 16 years
(Huttenlocher, 1990). Even within the visual cortical areas, there is still much debate on the pace
of development for the dorsal and ventral visual streams in humans, largely due to discrepancy in

development of those higher order visual abilities.

Dorsal and ventral visual streams are largely differentiated by thalamic magno- and parvo-
cellular visual input (Livingstone and Hubel, 1987), respectively, from segregated layers in the
lateral geniculate nucleus (LGN) (Denison et al., 2014). Those feedforward receptive field
properties that contribute to their functional organization in 2 visual processing streams in higher
order visual cortex (Livingstone and Hubel, 1988). In nonhuman primates the two pathways of
extrastriate visual processing exhibit functional specialization: The ventral stream, including
striate and inferior temporal areas, is important for object and form perception (Desimone and
Schein, 1987; Mishkin et al., 1983), whereas the dorsal stream, including striate and inferior
parietal areas, 1s important for motion and spatial processing (Albright et al., 1984; Distler et al.,

1996; Goodale and Milner, 1992; Mishkin et al., 1983; Van Essen and Gallant, 1994).

Imaging studies have provided evidence for higher-order visual abilities align with those

extrastriate areas that together develop later into adolescence and adulthood . fMRI shows that
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extrastriate areas that have functional specialization like face and scene processing actually
emerge within a few months after birth, but are not adult-like (Deen et al., 2017). The
development of face processing in the fusiform gyrus matures through childhood as fMRI
responses decrease to non-preferred visual categories (Cantlon et al., 2010). fMRI of the
fusiform gyrus, however, shows substantial increases of cortical tissue volume into adulthood
(Golarai et al., 2010), that could be explained by cortical proliferation and is linked to late
development of face processing (Gomez et al., 2017). In human extrastriate, the magno- and
parvo-cellular streams remain segregated throughout the cortical areas (V2, V3, V3a, V4)
(Tootell and Nasr, 2017). Some of the discrepancy between developmental delays in the dorsal
and ventral visual streams may be due to extrastriate cortical reorganization of visual processing
from infancy to adulthood, as global motion processing in infants is processed by area V5 (MT),
but in adults global motion is dominated by areas V3 and V6 (Wattam-Bell et al., 2010).

1.2 Prolonged development of visual perception and plasticity of human visual
cortex

Many aspects of human visual perception develop beyond the first few years of life, although
specific ages of maturity largely depend on the approach to measuring vision. For example, a
broad age range of maturity has been suggested for visual acuity between 5-15 years, and
contrast sensitivity between 8 and 19 years of age (Leat et al., 2010). Spatial contrast sensitivity
using vertical sine-wave gratings is adult-like by 7 years, and grating acuity adult-like by 6 years,
whereas temporal contrast sensitivity at high frequency is adult-like by 4 years, but at lower-
frequencies is adult-like around 7 years (Ellemberg et al., 1999). Global and biological motion

(Bogfjellmo et al., 2014; Bucher et al., 2006; Hadad et al., 2015; Hadad et al., 2011; Meier and
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Giaschi, 2017; Schrauf et al., 1999), as well as spatial integration of contours (Kovacs et al.,
1999) is mature in adolescence (i.e., 14-15 years of age). Face perception shows a slower pace of
maturation, developing through childhood and adolescence (Gao et al., 2010). Mondloch et al.,
suggest the slow development of face perception depends on configural face processing, or the
spacing between facial features rather than the shapes or contours of the features themselves
(Mondloch et al., 2002). Face learning and face recognition matures nearly a decade later than
that of motion perception, into mid 30s (Germine et al., 2011; Hartshorne and Germine, 2015;

Susilo et al., 2013).

Perceptual learning in adulthood: plasticity in adult vision

There is significant evidence for visual plasticity that extends into adulthood. The end of
susceptibility to developing amblyopia ends in humans between 6-10 years, however there are
sensitive periods for multiple aspects of visual development, including the sensitive period for
visually-driven normal development, and the sensitive period for recovery from amblyopia
(Lewis and Maurer, 2005). Although children older than 7 years of age have been found to be
less responsive to amblyopia treatment (Holmes, 2011), visual plasticity persists in the adult
visual cortex, depending on the type and amount of visual training, making treatment for
amblyopia possible and effective throughout adulthood (Karni and Bertini, 1997; Levi and Li,
2009; Sasaki et al., 2009). For example, perceptual learning of low-level perceptual abilities like
contrast sensitivity and letter-recognition can be learned in adulthood of amblyopic patients
whom did not develop these abilities during childhood (Polat et al., 2004). The perceptual
learning is persistent, that suggests long-term plastic changes in the underlying neural

mechanisms.
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Perceptual learning is effective using monocular high-contrast sine-wave gratings visual training,
but takes thousands of trials for improvement (Ding and Levi, 2011). In normal binocular adults,
perceptual learning of specific orientations can refine selectivity in V1 and the early extrastriate
areas (V2-V4), but takes up to 10,000 trials (Jehee et al., 2012). It has been suggested that
higher order visual areas participate strongly in perceptual learning, as perceptual learning for
complex stimuli, like faces are rapidly learned (McMahon and Leopold, 2012), and with
significantly fewer trials (Hussain et al., 2009) compared to simpler stimuli like orientated
gratings. These findings may be attributed to theories of attention in perceptual learning for
higher order stimuli (Dosher and Lu, 2006), suggesting differences in underlying neuroplasticity
mechanisms between V1 and extrastriate areas. Together with the prolonged development of
visual perception, perceptual learning in adulthood suggests significant experience-dependent

plasticity remains in the visual cortex well beyond the critical period in humans.

1.3 Aging human visual cortex

Aging in the visual cortex is characterized by changes in both structural and functional
abnormalities. Structurally, there is a significant loss of dendrite number and changes in
morphology of somata and dendritic aborizations of pyramidal cells in human visual cortex
(Mavroudis et al., 2015). Intracortical myelin in the visual cortex remyelinates with less compact
and with shorter segments that can negatively affect efficiency axonal conduction (Peters and
Sethares, 2003; Peters et al., 2000; Peters et al., 2008). Many animal studies have pointed to the
loss of intracortical inhibition as a mechanism of age-related losses in visual function, as treating

old monkeys with GABA improved degraded orientation selectivity in V1 (Leventhal, 2003).
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Functionally, many studies have shown loss of visual function through a variety of age-related
changes in visual receptive field properties. In normal heathy aging, there is an increase in
population receptive field size in foveal representations of V1 and V2 (Brewer and Barton,
2014), that could contribute to collective age-related changes in visual acuity. There are age-
related losses in basic visual perceptual abilities like visual acuity (Sekuler et al.,1980), contrast
sensitivity (Allard et al., 2013b; Owsley et al., 1983), and orientation selectivity (Betts et al.,
2007). There is however, a large effect of aging on higher-order visual stimuli (Habak and
Faubert, 2000), including face processing (Germine et al., 2011; Konar et al., 2013; Rousselet et
al., 2010; Wilson et al., 2011), and motion processing (Allard et al., 2013a; Bennett et al., 2007;
Betts et al., 2005; Fernandez et al., 2013; Kavcic et al., 2013).

1.4 Neurobiological mechanisms for plasticity and perception in animal
models

Despite the advances that human research has provided for understanding the complexity of
human vision, it is the animal studies of visual perception and plasticity that have moved the
field of visual neuroscience forward over the last 30 years. Those animal studies have provided
specific mechanisms the underlie fine-scale aspects of visual plasticity and perception that are
necessary for development of vision. The knowledge gained from animal models of visual
plasticity and perception that have inspired each of the chapters in my thesis to better understand

the development of those neurobiological mechanisms in the human visual cortex.

Neurobiological mechanisms that regulate critical period plasticity
The timing of the critical period (CP) for ocular dominance plasticity (ODP) is regulated by

development and visual experience that triggers changes in excitatory and inhibitory neurons.
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Inhibitory GABAergic transmission is necessary for experience-dependent plasticity during the
critical period (Hensch et al., 1998). It is the increase of GABAergic transmission that must
reach an inhibitory threshold in the visual cortex that activates the CP for monocular deprivation
in mice (Fagiolini and Hensch, 2000). When this inhibitory threshold is reached, there is a
excitatory-inhibitory (E-I) balance in the cortex that allows for synaptic consolidation. The E-I
balance is regulated at the individual cell level (Xue et al., 2014), and can be onset by many
factors including scaffolding proteins (Prange et al., 2004), visual experience (Beston et al.,
2010), cell adhesion molecules like polysialic acid and neuroligin (Di Cristo et al., 2007; Prange
et al., 2004). During development, binocular vision functionally organizes the visual cortex into
ocular dominance columns (OCD), that can be disrupted with monocular deprivation (Wiesel and
Hubel, 1963). During the CP, this disruption can result in a strengthening of the ‘good eye’ and
weakening of the deprived eye, resulting in the experimental model for CP plasticity (Hubel and
Wiesel, 1970). This experience-dependent strengthening or weakening affects many levels of the
visual cortex circuitry and has demonstrated 3 major types of plasticity in the visual system:
Hebbian plasticity (Kirkwood and Bear, 1994), homeostatic plasticity (Turrigiano and Nelson,
2004), and metaplasticity (Philpot et al., 2007). Those types of plasticity are not mutually-
exclusive in visual circuits, and together contribute to maintaining an efficient synaptic function
and visual processing. Furthermore, each of those models of plasticity rely on glutamatergic and

GABAergic mechanisms that I will describe in more detail below.

Glutamatergic synaptic plasticity and perception
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a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptors (AMPAR) and N-methyl-D-
aspartate receptors (NMDAR) are the 2 primary excitatory glutamatergic receptors, and have

individual roles in regulating plasticity and perception in the visual cortex.

AMPAR is an ionotropic glutamate receptor that regulates fast, excitatory transmission at the
post-synaptic membrane (Gan et al., 2014; Henley and Wilkinson, 2016). AMPARSs are
diheteromic tetramer glutamate receptors that are made up out of 4 possible subunits (GluAl,
GluA2, GluA3, and GluA4) that each regulate different binding properties, kinetics, and down
stream second-messenger pathways (Herguedas et al., 2016). Different AMPAR subunit
combinations can make up AMPAR that are dependent on development and brain area. Most
AMPARSs, however, are made up of either GluA2/GluA1 or GluA2/GluA3 combinations
(Herguedas et al., 2016; Rosenmund et al., 1998; Shepherd and Huganir, 2007), as GluA1/GluA3

AMPAR receptors are poorly translocated to the synaptic membrane (Sans et al., 2003).

The GluA2 subunit is Ca?*-impermeable, a unique property compared to the other AMPAR
subunits. GluA2-containing AMPAR are located on both pyramidal cells (Gutierrez-Igarza et al.,
1996), and parvalbumin-positive (PV+) inhibitory interneurons (He et al., 2001; Kooijmans et
al., 2014) in V1, predominately in layers II/IIl and V/VI (Van Damme et al., 2003). AMPAR
inclusion into the post-synaptic membrane is necessary for activating NMDAR-dominated silent
synapses (Liao et al., 2001). Furthermore, AMPAR receptor subunit composition may be
developmentally regulated as the number of Ca?* permeable AMPAR decreases with

development (Pellegrini-Giampietro et al., 1992), that is caused by a developmental increase in
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GluA2-containing AMPAR (Kumar et al., 2002). Furthermore, GluA2-containing AMPAR are

required for homeostatic synaptic scaling (Gainey et al., 2009; Sun and Turrigiano, 2011).

Transcription of GluA2 is regulated by neuronal activity (Bai and Wong-Riley, 2003) and
transcription factors specificity protein 4 (Sp4), NRF-1 (Dhar et al., 2009), and NRF-2 (Priya et
al., 2014a; 2014b) and is coupled with cytochrome oxidase ¢ (CO) in the visual cortex (Dhar et
al., 2009; Wong-Riley, 2002). In V1 and V2 GluA2/GluA3 clusters are colocalized strongly with
CO-rich regions (Xu et al., 2003). CO blobs are located in the center of ocular dominance
columns in monkey (Horton and Hubel, 1981) and in human visual cortex (Duffy et al., 2007). In
human V1, CO labelling is dense in layer [Vc and light in layer V, with patches about 1mm apart
in layers II/III (Horton and Hedley-Whyte, 1984). In human V2, CO labelling forms stripes
(Burkhalter and Bernardo, 1989). The functional significance of CO blobs are under
investigation, with evidence for overlapping with colour domains, but not with orientation
selective regions (Lu and Roe, 2008). CO organization functionally compartmentalizes the visual

cortex, and GluA2 may be an important part of this neuronal activity.

GluA2 expression can be regulated by many other neuronal factors, including suppressed by the
immature NMDAR subunit GIluN2B (Hall et al., 2007), endocytosed via activity through ECM-
ligand receptors B3-integrins (Cingolani et al., 2008; Pozo et al., 2012), and also through early
immediate gene Arc (Shepherd et al., 2006). GluA1 is necessary for open-eye potentiation during
monocular deprivation in the CP (Ranson et al., 2013). Finally, the interaction of GluA2 and
GAPDH, a cellular housekeeping protein, is necessary for axon and dendritic development in

neonatal brain (Lee et al., 2016).
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NMDAR receptors are heteromeric tetramers that bind glutamate and co-agonists glycine or p-
serine to allow for excitatory transmission into both pre- and post-synaptic membranes (Banerjee
et al., 2016; Bouvier et al., 2015; Carter and Jahr, 2016; Corlew et al., 2007). NMDAR subunits
include the obligatory subunit GluN1, and developmentally regulated subunits GIluN2A,
GIluN2B, GIuN2C, GluN2D, GIuN3A and GluN3B (Paoletti et al., 2013). In this thesis, I focus
on 3 of these receptor subunits: GluN1, GIuN2A, and GluN2B in the scope of understanding
development in the human visual cortex. GluN1 is an obligatory NMDAR subunit (Monyer et
al., 1994; Monyer et al., 1992), and therefore is a good marker for all NMDAR. GluN1 shows
that NMDAR have distinct lamination patterns, most densely labeled in layer IVC in human
visual cortex (Huntley et al., 1994). The NMDAR tetramer always has two GluN1 subunits, and
two other subunits, including options for two GIuN2B subunits, two GluN2A subunits, or one
GluN2A and one GIuN2B (Paoletti et al., 2013). The specific combination of GluN2A and
GluN2B subunits in the receptor controls the receptor kinetics, as well as the response selectivity

of the neuron to visual stimuli.

GIluN2A and GIuN2B subunits are developmentally regulated subunits (Monyer et al., 1994;
Sheng et al., 1994) that together regulate the potential for LTP and LTD in the synapse, or
metaplasticity (Yashiro and Philpot, 2008). GluN2B is the immature subunit that regulates a
slower EPSC and are highly expressed in early developing synapses (Sheng et al., 1994) and
through the critical period (Erisir and Harris, 2003). GluN2B is highly mobile (Groc et al., 2006),
and allows for NMDAR insertion to the synapses (Barria and Malinow, 2002). The upregulation
of GluN2A subunits into the receptor is driven by development (Flint et al., 1997; Sheng et al.,

1994) and by visual activity (Quinlan et al., 1999a; Quinlan et al., 1999b). The inclusion of even
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one GluN2A subunit accelerates the EPSC of the receptor (Flint et al., 1997). Even 1 hour of
visual experience can trigger the rapid inclusion of GluN2A-containing NMDAR (Quinlan et al.,
1999b). The decline of GIuN2B is paralleled by a decline of LTP (Yoshimura et al., 2003), and
the end of the CP (Erisir and Harris, 2003). The expression of GluN2A, however, is not
necessary for the timing of the CP, but is necessary for the maturation of orientation selectivity in
V1 neurons (Fagiolini et al., 2003). The timing of the developmental switch from GluN2B to
GIluN2A has been associated with the onset of the CP in the ferret visual cortex (Roberts and
Ramoa, 1999), at the peak of the CP in cat visual cortex (Chen et al., 2000). Interestingly, the
ratio of 2A:2B is 5x higher on PV+ interneurons compared to pyramidal neurons, indicating the

GluN2A is critical for the maintenance of PV+ function (Kinney et al., 2006).

The GIuN2A:GIluN2B (2A:2B) ratio is perhaps most famous for its role in regulating
metaplasticity (Yashiro and Philpot, 2008). The ratio of 2A:2B subunits alters the ‘sliding
modification threshold’ for a synapse, that can increase or decrease the probability for visual
activity to elicit LTP or LTD (Philpot et al., 2007; Philpot et al., 2003; Philpot et al., 2001;
Yashiro and Philpot, 2008). Specifically, increases in the GIuN2A subunit increase the
probability for eliciting LTD, while increases in GluN2B increase the probability for eliciting
LTP (Philpot et al., 2007). The 2A:2B ratio regulates ocular dominance plasticity in the critical
period, as monocularly deprived GluN2A-KO mice fail show to normal depression to the
deprived eye (Cho et al., 2009). The amount of NMDARs decrease in aging (Chen et al., 2000),
but the receptors that remain are sufficient to maintain LTP (Barnes et al., 1997). NMDAR
activity is required for experience-dependent synaptic modifications in the visual cortex, not

confined to the critical period (Kleinschmidt et al., 1987).
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Both NMDAR and AMPAR are bound to the synaptic membrane with excitatory scaffolding
protein post-synaptic density-95 (PSD-95) (Chen et al., 2015). The accumulation of PSD-95 is
linked to the end of the critical period (Huang et al., 2015), and is positively correlated with
synaptic strength and maturation (Chen et al., 2015). PSD-95 is also necessary for AMPAR

mediated synaptic scaling (Sun and Turrigiano, 2011).

GABAergic synaptic plasticity and perception

Inhibitory transmission is regulated by GABA receptors found on both excitatory and inhibitory
cells (Owens and Kriegstein, 2002). There are many pre- and post-synaptic GABAergic synaptic
proteins that contribute to the precise timing of inhibitory transmission, however, in this thesis I
focus on the GABAA receptor. The majority of GABAergic transmission is received through
either GABAA and GABAB receptors. GABAA receptors mediate most of the inhibitory
transmission in the cortex, as they are fast, ligand-gated, heteropentameric chloride channels that
are typically assembled by 2 a, 2 B, and 1 y subunit (Mele et al., 2016). Like the NMDAR and
AMPAR receptors, the GABAA receptor undergoes developmental subunit maturation that
determines the receptors binding affinity, kinetic properties, and second messenger pathways
(Chen et al., 2001). GABAA subunits a2 and a3 are present in early developing brains then
switch to predominantly more a1 subunits (Heinen et al., 2004) during the critical period (Chen
et al., 2001; Dunning et al., 1999). The developmental switch to al is correlated with a
significant acceleration in the decay of spontaneous IPSCs (Heinen et al., 2004; Vicini et al.,
2001). al is upregulated in mature visual cortex, and has a significantly higher density (7x) on
pyramidal cells innervated by PV+ interneurons than other types of synapses (Klausberger et al.,

2002), where as the immature subunits a2 are predominately located on PV-negative synapses
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(Nyiri et al., 2001). In addition, a1 subunit is necessary for the maturation of adult-like

mushroom shaped dendritic spines in the visual cortex (Heinen et al., 2003).

In adult human visual cortex, GABAA receptors are strongly expressed in layers [Vc, with
densest expression in layer IVCP, and lesser expression in layers IVCa, II/II1, and VI (Hendry et
al., 1994). Across the lifespan, expression of GABAaal mRNA showed a 3-fold increase in
development, and a 1.5-fold decrease in GABAaa2 mRNA in the human prefrontal cortex
(Duncan et al., 2010), that shows a similar developmental pattern in the genes as found in animal
models, and found previously in human V1 (Pinto et al., 2010). Importantly, GABA
transmission is necessary for monocular deprivation (Hensch et al., 1998), and the onset of
GABA inhibition is necessary for the onset of the CP for ODP (Fagiolini and Hensch, 2000;
Huang et al., 1999). Only al subunits, however, are necessary for driving cortical plasticity that
produces an OD shift (Fagiolini et al., 2004), as the other GABAa subunits, participate in other
aspects of regulating inhibitory transmission. For example, a2 subunits regulate neuronal firing

around the axon-initial segment (Fagiolini et al., 2004).

Expression of GABAA at the post-synaptic membrane are regulated by inhibitory scaffolding
protein Gephyrin (Petrini et al., 2014), that clusters GABAA to the post-synaptic membrane
(Mukherjee et al., 2011; Tretter et al., 2008; 2011) and increases inhibitory synaptic strength and

stability (Tyagarajan and Fritschy, 2014; Yu et al., 2007).

Extra-synaptic regulators of plasticity
The end of the CP is characterized by the consolidation of synapses, that become more resistant

to experience-dependent change. A major contribution to this consolidation is by the increase of
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structural boundaries physically limiting the plasticity of synapses, including intracortical
myelination (McGee et al., 2005; Raiker et al., 2010) and extracellular matrix (ECM) (Dityatev

and Schachner, 2006).

Myelin is composed of multiple layered membranes of oligodendrocyte sheaths that become
tightly packed with lipids and many different proteins (Aggarwal et al., 2011), the most abundant
proteins are proteolipid protein (PLP) and myelin basic protein (MBP) (Baumann and Pham-
Dinh, 2001). Myelination is driven by action potentials (Wake et al., 2011), and forms around
axons of pyramidal cells (Tomassy et al., 2014) and PV+ interneurons (Micheva et al., 2016).
While the primary role of myelin is supporting fast axonal transmission, but can also
communicate with axons with AMPAR (Kougioumtzidou et al., 2017) and NMDAR (Li et al.,
2013; Lundgaard et al., 2013; Micu et al., 2005). MBP, a protein involved in the compaction of
the myelin sheathes, increases in expression at the end of the CP in layers IV and V of mouse V1
(McGee et al., 2005). In addition, disruption to myelin-associated protein receptor Nogo-66,
reinstates CP plasticity in adult mouse V1 (McGee et al., 2005), suggesting myelin is part of the
brakes on plasticity (Bavelier et al., 2010). Interestingly, the myelin around PV+ axons are
composed of 20% more MBP than non-GABA cells, showing significant differences in myelin
composition of inhibitory and excitatory neurons in the cortex (Micheva et al., 2016). Myelin
and ECM associated regulation of PV+ interneurons play a role in the closure of the CP (Erchova

et al., 2017; Stephany et al., 2016).

The ECM is comprised of many molecules, including chondroitin proteoglycans (CSPQG), that

are secreted by neurons and astrocytes (Wiese et al., 2012) and form in the extracellular space
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around synapses (Dityatev and Schachner, 2003; 2006). At the end of the CP, CSPGs aggregate
at a high concentration around visual cortical synapses called perineuronal nets (PNN5s)
(Pizzorusso, 2002). Degrading these PNNs with a digestive enzyme, chondroitinase, reinstates
ODP in the visual cortex (Pizzorusso, 2002), showing that the maturation of those ECM
molecules into a net are part of what puts the brakes on CP plasticity (Carulli et al., 2010; Ye and
Miao, 2013). Interestingly, PNNs strongly wrap around mature, fast-spiking PV+ interneurons,
and play a role in protecting these cells from oxidative stress (Cabungcal et al., 2013).
Astrocytes, together with the pre- and post-synaptic elements were dubbed the ‘tripartite
synapse’ (Araque et al., 1999), that changed to the ‘tetrapartite’ synapse by including the ECM
(Dityatev and Rusakov, 2011; Smith et al., 2015). The bidirectional communications between
these synaptic elements are critical for regulation of both CP and adult plasticity necessary for

visual perception across the lifespan.

These animal models are seminal for the basis of each of the questions investigated in my thesis.
The physiological, behavioural, and anatomical characteristics of each of the synaptic and non-
synaptic mechanisms that regulate plasticity and perception in those studies have helped
elucidate some mechanisms of plasticity and perception in the human visual cortex, and are a

necessary link for translation between animal and human models.
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Preamble for Chapter 2

There is a gap in translation between mechanisms studied in animal models and use for humans.
Despite the mass quantity of animal models producing new findings on neurobiological
mechanisms that underlie specific aspects of visual system plasticity and visual receptive field
properties, it is not well known when, where, or how these mechanisms regulate visual
development in humans. While the resolution of most noninvasive imaging for human cortex
remains low, there are approaches that can identify expression of synaptic proteins in human
visual cortex including anatomy, but anatomical studies using postmortem human tissue are
difficult and precocious. Thus the gap remains in finding an approach to identify synaptic
plasticity mechanisms in the human visual cortex to translate important findings from animal
models.

This chapter addresses the need for tools to translate neurobiological mechanisms studied in
animal models for use in postmortem human tissue. This chapter describes in detail a method
that my lab and I have modernized and refined, in order accurately quantify expression levels in
synaptic proteins in postmortem human visual cortex. The chapter includes detailed protocols
that have been used to modernize the making of human synaptoneurosomes, a technique that was
used to study glutamatergic and GABAergic proteins in human visual cortex in Chapters 4 and 6.
My contribution to this chapter was in collecting data, preparing and testing protocols, and
writing the manuscript. This chapter is a collaboration with my colleagues Dr. Simon Beshara,

Justin Balsor, Steve Mancini, and Dr. Kathryn Murphy.

21



Ph.D. Thesis - C. Siu; McMaster University - Neuroscience

Preamble for Chapter 3

Myelin is well-known as an insulator of axonal transmission, that contributes toward an efficient
network of cortical processing. Recent studies have shown, however, that myelin plays more
roles in regulating neural transmission and circuit function that just insulation. Even myelin basic
protein (MBP) is translated into multiple isoforms, including Classic-MBP and Golli-MBP that
contribute differently to neuronal function. In animal models, the upregulation of intracortical
myelin in the visual cortex coincides with the end of the critical period for ocular dominance
plasticity. Even though the sensitive period for susceptibility to amblyopia ends between 6-10
years of age, noninvasive imaging studies in humans show that intracortical myelin continues to
develop across the lifespan. Thus the gap remains, when does intracortical myelin develop in the
human visual cortex?

This chapter addresses the questions when does myelin expression peak in human visual cortex
across the lifespan? Does the timing of the peak of myelin expression in human visual cortex
coincide with the end of susceptibility to amblyopia in human vision? Do the two different
developmentally regulated MBP proteins follow the same trajectory in human visual cortex?
The findings from this chapter suggest that the brakes on plasticity in human visual cortex are
fully expressed late into adulthood, well beyond the end of susceptibility to developing
amblyopia. We showed the two MBP proteins, Classic and Golli, develop with different and
complementary trajectories across the lifespan. Furthermore, this chapter suggests there is
prolonged potential for plasticity in the human visual cortex that extends well into adulthood.
This chapter is co-authored by my colleague Justin Balsor. My contribution for this chapter was

collecting the tissue samples, running the experiments, collecting and analyzing the data, writing
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the manuscript, making the figures. This chapter contributes to my thesis as my first study that

projected the potential magnitude of plasticity across the lifespan in the human visual cortex.
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Preamble for Chapter 4

There is a gap in understanding of the development of the human visual cortex, as structurally
anatomical studies have found human V1 quickly gains synapses that are subsequently pruned to
become adult-like within the first few years of life. Human vision, however, continues to develop
across the lifespan as many receptive field properties and visual perceptual abilities mature in
late childhood, adolescence and even into adulthood. Animal models have shown that many
visual response properties of neurons in V1 are dependent on glutamatergic proteins, as well as
being necessary for the critical period for ocular dominance plasticity, homeostatic synaptic
scaling, and metaplasticity in the visual cortex. Little is known about how the glutamatergic
proteins develop in the human visual cortex across the lifespan that could support the late
developing vision. Thus the gap remains, when do glutamatergic proteins in human V1 mature
across the lifespan?

This chapter addresses the questions of when do glutamatergic proteins that support synaptic
plasticity and visual perception in animal models develop in human V1? Findings from this
chapter showed that AMPAR and NMDAR glutamatergic proteins develop in multiple
trajectories across the lifespan that can support plasticity across 5 stages of development. In
particular, the GIuN2A:GluN2B balance showed prolonged development into adulthood that
suggests the trajectory for metaplasticity in human V1 development is extended well beyond the
sensitive period for amblyopia in humans. This chapter also shows evidence for a switch back to
a juvenile-like state of synaptic plasticity in older adulthood (>55 years) that may underlie age-

related changes in vision.
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This chapter is co-authored by my colleague Dr. Simon Beshara. My contribution to this study
was collecting and analyzing the data, writing the manuscript, and making the figures. This
chapter contributes to my thesis by showing evidence for prolonged glutamatergic plasticity

across the lifespan in human V1.

25



Ph.D. Thesis - C. Siu; McMaster University - Neuroscience

Preamble for Chapter 5

The last chapter found evidence for prolonged glutamatergic synaptic development in human V1
that extends into adulthood. Those findings suggest that glutamatergic synaptic transmission is
plastic across the lifespan in human visual cortex, that could support the late maturation of many
visual perceptual abilities. Glutamatergic synapses are made up out of many components that
regulate their expression and function, including components of the tetrapartite synapse that
include the pre- and post-synaptic compartments, astrocytes and the extracellular matrix.
Furthermore, excitatory synapses are predominately on dendritic spines, thus the question
remains do components of the tetrapartite synapse and dendritic spines develop like
glutamatergic mechanisms in human V1?

This short study was a step to address the development of some of the regulatory components of
glutamatergic synapses that I previously showed develop across the lifespan. Although there are
hundreds of proteins involved in tetrapartite synapse development, I chose to address this
question by mapping the trajectories of just a few components of astrocyte expression, ECM-
synapse signaling, and dendritic spine plasticity. The findings from this study suggest maturation
of excitatory dendritic spines support the prolonged glutamatergic development found in Chapter

4.
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Preamble for Chapter 6

According to anatomical studies, human cortical areas develop sequentially as primary sensory
areas develop early and higher cortical areas develop in hierarchy as the most ‘complex’
prefrontal areas develop last. Despite this, evidence for synaptic protein development suggests
that human primary visual cortex (V1) actually continues to mature well into adulthood, making
it hard to believe that subsequent visual areas develop even later. Many higher-order visual
abilities develop well into adulthood, including global motion and face processing that suggest
dorsal and ventral visual areas develop later in humans. In addition, perceptual learning using
higher-order visual stimuli elicit rapid training effects that suggest plasticity in the human
extrastriate areas. The question remains, do synaptic plasticity mechanisms develop sequentially
to human V1, as suggest by anatomical development?

This chapter addresses the development of glutamatergic, GABAergic, and presynaptic vesicle
plasticity proteins in postmortem human extrastriate cortical areas V2d and V4 between
childhood and older adults. The proteins studied in this chapter have each been previously
quantified across development of human V1, that allowed me the opportunity to compare
developmental trajectories in extrastriate to V1 to answer the question if those plasticity
mechanisms develop in sequence across cortical areas. The findings in this chapter suggest that
those synaptic plasticity mechanisms in human V2d and V4 do not follow one pattern of
development, but can be distributed into 3 categories: mechanisms that follow the same
developmental trajectory as V1, that are delayed, or that develop completely differently. In

particular, the GluN2A:GluN2B balance followed a trajectory in human V2d and V4 that was
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exactly opposite to the development in V1, suggesting mechanisms that support contrasting

forms of plasticity between V1 and extrastriate areas.
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Chapter 2. Use of synaptoneurosome samples to study
development and plasticity of human cortex

29



Ph.D. Thesis - C. Siu; McMaster University - Neuroscience

Abstract

Translation from animal models of visual system development and plasticity to human studies is
difficult due to many obstacles in comparing results. Animal models provide important data
about the neurobiological mechanisms that support cortical function and behaviour, but
identifying the same mechanisms in human cortex can be challenging. Many neurobiological
techniques used in animal models cannot be used in humans, hindering our understanding of
visual system development in the human brain. Western blotting using synaptoneurosomes
prepared from post-mortem human tissue, however, is a simple and reliable way to study
synaptic protein expression in both animal and human brains. Synaptic proteins are linked with
specific aspects of visual system development and plasticity necessary to establish functional
neural circuitry. Our lab has implemented a filtered synaptoneurosome preparation using human
cortical tissue to study the development of human visual cortex. This approach provides human
researchers with much needed information about neurobiological development and potential
targets for treatments or therapies of visual disorders that have been previously tested in animal
models. The protocol detailed in this chapter provides the step-by-step information needed for
making synaptoneurosomes from human post-mortem brain tissue, testing and equating
antibodies for Western blotting using human brain tissue, and studying the expression of synaptic
proteins. We provide strengths and limitations for using synaptoneurosomes to link structure and
function in the human brain. This chapter highlights Western blotting of human
synaptoneurosomes as an effective tool for studying the human brain and helping to narrow the

translation gap.
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2.1 Introduction

A fundamental problem in neuroscience is the difficulty translating discoveries from animal
models into clinical applications. One way to address this challenge is by using similar
techniques across species; yet, few techniques are amenable to this goal. In animal models,
especially rodents, there are many sophisticated neuroanatomical, neurophysiological, molecular
and imaging techniques that allow precise experimental control and generate rich data sets. Most
of those techniques, however, are either too invasive or impractical to use in human studies. One
technique, however, quantifying neural proteins using synaptosomes or synaptoneurosomes, has
emerged as a reliable approach for studying neurodevelopment and plasticity in both animal and

human brains.

Translation Challenges

In vivo single-cell neurophysiology provides unparalleled resolution for measuring the properties
of individual neurons and their contributions to perception and behaviour. The critical period for
ocular dominance plasticity and orientation columns in primary visual cortex (V1) were
discovered using single-cell physiology [1, 2]. In humans, in vivo physiology has been used to
study mirror-neurons [3], but is restricted to patients who are undergoing operations for
pathological conditions, such as epilepsy, because it is too invasive for common use and subject
to significant sampling bias. Pharmacological manipulation is another tool commonly used to
study the role of receptors and cell types in the developing brain. For example, application of

Diazepam, a GABA 4 receptor agonist, revealed the role of that GABA , receptors play in

controlling the timing of the critical period [4, 5]. Pharmaceuticals have also been used in studies
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of human visual perception to link specific receptors with visual behavior [6] but research in
humans is restricted by dose, delivery method, and eligible participants, all of which adds to the

translation challenge.

The emergence of precise genetic manipulations with in vivo control of neurons are revealing
how the function of neural circuits gives rise to behaviour [e.g. 5, 7]. Furthermore, optogenetic
manipulations allow for specific control of the membrane potential in a brain region, or single
cell type or subcellular location. All of that can be done with millisecond precision leading to
new insights into the role of different neural populations in V1 for visual perception [8-10]. This
remarkable spatial and temporal specificity is accelerating our understanding of the neural basis
of plasticity and function in animal models but it is not currently applicable for human studies.
Thus, while genetic and optogenetic manipulations provide precise experimentation in animals,

their findings are not readily translated to human cortical function.

Several imaging and neurophysiological recording techniques, like fMRI and EEG, have been
designed and optimized for studying in vivo human cortical activity. Those tools have been used
to make great strides linking structure [11, 12] with the function of human V1 [13-15]. There are
translation challenges, however, because MRI and EEG techniques have poor spatial resolution,
are indirect measures of the underlying neurobiology, and not commonly used in animal studies
[16]. Those reasons have made it hard to link findings from human brain imaging with the
modern high resolution imaging techniques (e.g. multiphoton) commonly used for animal

studies.

Synaptic proteins link structure and function in animal and human models
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Studying synaptic proteins has been a successful approach for linking development and plasticity
in V1 of animal models with function [17-23]. Synaptic proteins are highly conserved across
species making them ideal candidates for studying the human brain and comparing its
development with animal models. This approach has been applied to different cohorts, including
cases with neuropsychiatric disease [24-26, or cases representing different stages of the lifespan
[27-29]. Synaptic proteins, however, are low abundance and can be difficult to quantify in a
whole homogenate sample preparation hence the need to use a preparation such as filtered
synaptoneurosomes that enriches pre- and post-synaptic membranes 3-fold or more over
homogenate samples [30, 31]. Finally, Western blotting using synaptoneurosome samples is a
rapid, reliable, and relatively inexpensive technique to directly measure and compare synaptic

protein expression across species.

Figure 1 -- An example image of a multi-species test blot using synaptoneurosome samples
(25pg) from human, monkey, rat, and cat V1 that were loaded into adjacent wells in a gel. The
blot was probed with an antibody for the pre-synaptic protein synaptophysin and the image
shows the similar appearance of the bands among the 4 species.
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PSD95

—
(95 kDa)

Figure 2 — An example blot showing the relative expression for a synaptic protein (PSD-95) in
homogenate (HOM) versus synaptoneurosome (SYN) samples. Visual inspection shows that the
synaptoneurosome bands are brighter than the homogenate bands. When the bands were
quantified there was a 3-5 fold enrichment for synaptic proteins in synaptoneurosomes samples
prepared following the protocol described in this Chapter.

2.2 Materials

2.1 Laboratory Equipment for Human Synaptoneurosome Preparation and Western
blotting
1. -80°C Freezer for storing human tissue samples
2. Benchtop Homogenizer (Fast Prep-24 Tissue and Cell Homogenizer, MP Biomedicals)
located inside a Biosafety cabinet certified for using Human tissue (Note 5)
3. Scale
4.  Coarse filters (100um mesh pores) cut to fit holder and Swinnex Filter Holder (EMD
Millipore, Billerica, MA)
5. 3ml Syringes and 18.5 gauge needle tips (at least 2 per tissue sample), labelled with
sample code
6. Pipette (0.5-10ul) and Pipette tips (>25pul, gel loading) (Diamed Lab Services Inc.,
Mississauga, ON, Canada)

7.  Centrifugal filter units (fine filters) (Ultrafree-CL Durapore PVDF 5.0 um pore, EMD

Millipore, Billerica, MA)
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8. Scalpel, surgical blades, forceps, scoopula, 2ml centrifuge tubes, and weigh boats, all
placed in cooler with dry ice for use with frozen tissue

9. Centrifuge, cooled to 4°C (E.g. Sorvall Legend Micro 21R)

10. Personal Protective Equipment for working with human tissue; including gloves, face
masks, lab coats

11. 96-well microplate

12. iMark Microplate Absorbance Reader (Bio-Rad Laboratories, Hercules, CA, USA)

13. Incubator set to 45°C

14. Gel Tank & Gel Holder (Thermo Fisher Scientific, Carlsbad, CA, USA) and Power
source (PowerPac 200)

15. Immobilon-FL PVDF Blot Membrane, Wool Transfer pads, and Transfer Filter Paper, all
cut to approximately 6x8cm rectangles (Millipore Corporation, Billerica, MA, USA)

16. Plastic Square Petri Dishes for incubation of membranes in antibodies, PBS washing,
antibody blocking and antibody stripping solutions

17. Aluminum foil to protect membranes from light

18. Orbital Shaker (Thermolyne Rotomix, Type 50800, Marshall Scientific, Hampton, NH,
USA)

19. Transfer cassette and small glass vial to roll and flatten transfer layers

20. Large Styrofoam Box to house transfer tanks, filled with wet ice

21. Ice pack to place in transfer containers

22. Fluorescent Flatbed Scanner (Odyssey Infrared Scanner, Li-Cor, Lincoln, NE, USA)
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2.2 Chemicals for Human Synaptoneurosome Prep, Tissue Homogenization and Western

blotting
23. Dry & Wet Ice
24. Homogenization buffer (Note 4) chilled to 4°C

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

10% Sodium Dodecyl Sulfate (SDS) at room temperature, 1% SDS boiling (100°C)
Sample loading buffer (M260 NextGel® Sample Loading Buffer 4x, Amresco LLC,
Solon, OH, USA)

Laemmli buffer (Cayman Chemical Company, Ann Arbor, MI, USA)

BCA Protein Assay Reagents A & B (Pierce, ThermoFisher Scientific, Rockford, IL,
USA)

Bovine Serum Albumin (BSA) protein standards, diluted for 4 concentrations: 2mg/ml,
Img/ml, 0.5mg/ml, 0.25mg/ml (Pierce Bovine Serum Albumin Standard, 2mg/ml, Bio-
Rad Laboratories, Hercules, CA, USA)

Novex WedgeWell 4-20% Tris-Glycome Mini Gels, 15-well (Thermo Fisher Scientific,
Waltham, MA, USA)

Selected Primary and Secondary Antibodies

10x Tris/Glycine/SDS Running Buffer, 10x Tris/Glycine Transfer Buffer (Bio-Rad
Laboratories, Hercules, CA, USA)

Distilled Water

99% Methanol

ProSieve QuadColor Protein Marker, 4.6-300 kDa (Lonza Group, Basel, Switzerland)
PBS (PBS tablets) and PBS-Tween

Blocking Buffer (Li-Cor, Lincoln, NE, USA)
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38. Blot Restore Membrane Rejuvenation Kit, 10x (EDM Millipore, Temecula, CA, USA)
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2.3 Methods

To use human synaptoneurosome samples for effective and efficient quantification of synaptic
proteins, we have implemented a 3 stage approach to optimize consistency and reliability in our
samples even before probing with antibodies. Here we outline our approach for 1) obtaining, 2)
preparing, and 3) analyzing protein expression in human synaptoneurosomes for use in 4)
Western blotting.

3.1 Obtaining High quality human tissue samples
To ensure high-quality, reliable protein data from human synaptoneurosomes, it is important to

obtain human cortical samples from a brain bank with rigorous protocols for quality and
handling. Important considerations for postmortem tissue should maintain structural and cellular
integrity. For these reasons, we obtained our human brain samples from the University of
Maryland Brain and Tissue Bank, an organization that has a strong reputation for providing high-
quality human brain samples for some of the most important human developmental brain studies
over the last 20 years [7,17,22].

At the Brain and Tissue Bank, the brain and section of brainstem are carefully removed, typically
within 24 hours postmortem, and cooled on wet ice for 30 minutes to increase ease of sectioning.
The brain is then sectioned into right and left hemispheres; while the right hemisphere is
preserved in 10% formalin, the left is flash frozen by freezing in isopentane/dry ice at -30°C to
-40°C, and sectioned coronally in 1-cm intervals. Only the fresh frozen human tissue is suitable
to be used for semi-quantitative SDS-PAGE Western blotting, since formalin fixation causes
cross-linking of proteins, and this prevents proteins from being separated on gels based on linear

molecular weight. Coronal sections are rinsed with water and gently blotted dry, before being
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stored in a freezer at -80°C. This protocol is only modified if serious injury or disease prevents
typical sectioning. This standard protocol ensures that human postmortem tissue has undergone
minimal structural or cellular disruptions so that specific areas of interest can be easily
examined, sectioned, and prepared according to sulcal and gyral landmarks.

Once frozen coronal sections are obtained, there are many considerations for further sectioning a
suitable tissue piece to use for synaptoneurosome preparation. The coronal section must be
transferred immediately from a -80°C freezer to a dry ice cutting block covered in aluminum foil,
located inside a biosafety cabinet. Orient the coronal section and identify sulcal and gyral
landmarks before cutting a small sample from the area of interest. Use a very sharp scalpel to cut
through the frozen tissue and section a piece (about lcm x lem x 1ecm, ~50-100mg). This piece
must stay frozen until homogenization to avoid denaturing of proteins. To do this, freeze all tools
before touching the tissue piece, including the weigh boat and Lysing Matrix D tube to weigh

and homogenize the sample, respectively.

3.1.1 Human tissue collection protocol
All experiments with human tissues must be approved by the institute's guidelines set forth by
the Standard Operating Protocols and Research Ethics Board.
1. Label all vials with respective sample ID for each human case and each type of tissue
prepared (Homogenate, Synaptoneurosome, Supernatant), freeze all surgical tools, Lysing
Matrix D tubes, centrifuge tubes, weigh boats in preparation for working with frozen

tissue (Note 1)
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10.

Prepare inside of biosafety cabinet with a slab of dry ice covered in aluminum foil, frozen
tools, tubes, weigh boats kept on dry ice, and scale. (Note 2)

Tare scale with empty frozen weigh boat to zero

Retrieve frozen coronal sections stored in sealed plastic bags from -80°C freezer and
keep on crushed dry ice until ready to use.

Place whole coronal section on aluminum foil on top of the dry ice block. Determine the
orientation of the coronal section, and identify gyral and sulcal landmarks. Draw a
sketched map of the tissue, including gyral and sulcal landmarks and shape, and identify
area needed for tissue collection (i.e. V1 primary visual cortex)

Identify the area of interest, and using surgical blade, scalpel, and forceps, carefully cut a
Iecm x 1cm x 1em tissue piece with frozen blade. Quickly place sectioned tissue piece in
frozen weigh boat

Weigh frozen sample in weigh boat on the tared scale and record weight. If the sample is
too small (<50mg) or too large (>1mg), make note, and if necessary cut another small
piece or section tissue further (Note 3)

Using frozen forceps, place tissue piece into frozen Lysing Matrix D tube or frozen
centrifuge tube, and keep on crushed dry ice (Note 4)

Return original coronal section of human tissue to a sealed plastic bag on dry ice, to be
returned to the -80°C freezer

Repeat collection steps for each coronal sample, using a different frozen, labeled tube for

each region of interest and case
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11. If continuing synaptoneurosome preparation at a later time, keep tissues frozen by storing

each tissue piece in -80°C freezer (See Note 11)

3.2 Preparing human synaptoneurosome samples
Human brain tissue is non-perfused, and requires an extra filtration step added to the

synaptoneurosome preparation referred to in Chapter 1. Filtering the homogenized tissue sample
through a coarse mesh pore filter (100pm), cut to fit into a Swinnex Filter Holder, easily captures
large cellular debris like blood vessels that is otherwise perfused in an animal tissue preparation.
All other steps in the synaptoneurosome preparation remain the same for human tissue as other
tissues, including the subsequent use of Sum mesh pore fine filtering to filter other non-synaptic

components like organelles, which helps isolate for low abundance synaptic proteins.

3.2.1 Synaptoneurosome preparation for human tissues protocol

1.  Prepare homogenization buffer according to recipe, enough for about 3ml per sample and
keep chilled on ice (For buffer recipe see Note 5)

2. Transfer lcm x 1cm x lem frozen tissue pieces into labeled Lysing Matrix D tubes.

3. Add the appropriate amount of homogenization buffer to each frozen sample (see Note 3)

4.  Homogenize human tissue in the Fast Prep-24 benchtop homogenizer using Lysing
Matrix D tubes for 40 seconds at 6m/s. If the tissue is not visibly homogenized, then run
Fast Prep-24 again

5. Insert 100um coarse filter into Swinnex filter holder

6. Add 10ul of %10 SDS to each of the centrifuge tubes labeled ‘Homogenate' and

‘Supernatant.’
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7. Pipette 90ul of homogenized tissue into centrifuge tubes labeled ‘Homogenate' and keep
chilled on ice

8.  Take up the remaining amount of homogenized tissue in 3ml syringe from the Lysing
Matrix D tube, replace needle tip with prepared Swinnex filter holder

9. Using constant pressure, filter the tissue through the coarse filter into the centrifuge tube
labeled "Supernatant”" (see Note 6)

10. Once human homogenate tissue is filtered, follow the remainder of the synaptoneurosome
preparation should exactly as listed in Chapter 1 beginning with the fine filtration step
using fine filter Ultrafree Spin tubes (Chapter 1, 3.2.3)

11. Continue to protein assay step or store synaptoneurosome samples in -80°C freezer until

ready to use (Note 12)

3.3 Synaptoneurosome tissue protein assay
Synaptic proteins are the machinery that executes the function of a synapse in the cortex.

Accurate measurements of these low abundance proteins can be difficult, however, especially in
human samples that have inherent variability. Synaptoneurosome preparation of postmortem
cortical tissue is one way to address measuring meaningful changes in synaptic proteins in
humans. As outlined in this book, however, there are many ways to make synaptoneurosomes,
and many places for variability that can allow for misleading quantifications of synaptic proteins.
One important way to assess the reliability and efficiency of the synaptoneurosome protocol is to
test for protein concentration in a bicinchoninic acid (BCA) assay against known albumin protein
standards. BCA assay is an important control for ensuring each sample has equal amounts of

protein before being loaded into a gel for Western blotting. To ensure a high-quality
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measurement, the experimenter must be a high-quality pipetter, using a high-quality pipette

(Note 10). The correlation between expected and observed (R*=0.99) protein standard

concentration expression must be met to consider the protein assay data reliable (Note 18).

Validation of protein concentration through the BCA assay ensures that Western blotting data can

be reliably quantified, an otherwise difficult task. These steps can take the place of a traditional

loading control for Western blotting with human synaptoneurosome tissue. The

synaptoneurosome preparation rids the sample of large amounts of typical ‘loading controls' such

as cytoskeletal or housekeeping proteins found predominately in the cell body (See 3.5 for more

details on loading controls in synaptoneurosomes).

3.3.1 Protein assay protocol

I.

Collect diluted BSA protein standards (2.0, 1.0, 0.5, 0.25 pg/ml) and synaptoneurosome
protein samples out of the freezer to thaw (See Note 12 & 13)

Organize an assay map so that each sample, including the protein standards and
synaptoneurosomes, are loaded three separate times. Also, include a full column of blank
wells for control (See Note 14)

Prepare BCA assay solution for about 300ul/sample loaded + blank lanes (See Note 15)
Vortex and load 3l of each protein standard and synaptoneurosome sample into well-
plate according to the assay map organization

Add 300ul of BCA solution to each of the wells that have samples, standards, and also to
the designated ‘blank' wells (See Note 16)

Incubate plate for 45 minutes in an incubator set to 45°C. (See Note 17)
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7. After incubation, insert plate into Microplate Absorbance Reader and obtain absorbance
measurement values for each well

8. Record absorbance values for protein standards, calculate the average of the three runs
for each standard, and calculate the correlation of observed absorbance values against
expected.

9.  Obtain the correlation (R?) value for a standard curve fit to the data points. The R? value
of the standard curve must be equal or greater than 0.99 to proceed with quantification of
assay results. If the R? value is not 0.99 then the plate with protein standards must be run
again. (See Note 18)

10. Calculate the average absorbance of each synaptoneurosome samples loaded into the
three wells, and using the slope and y-intercept of the protein standards to calculate the
protein concentration with the following equation: [(average sample absorbance/slope) +
y-intercept] (See Note 19)

11. Calculate and add the appropriate amounts of 4x Sample buffer and Laemmli buffer to
each sample to equal 1ug/ul protein concentration (See Note 20)

12. Continue to Western blotting protocol, or store prepared samples in -20°C freezer. (See

Note 11)

3.4 Post mortem interval quantification of human synaptoneurosome samples
The postmortem interval, or length of time from death until tissue collection can range

significantly, and can affect the quality of the tissue; including synaptic protein integrity,
cytoskeletal levels and receptor binding stability [41,42,11]. To ensure that variability in protein

expression across samples is not affected by the length of postmortem interval, the total protein
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concentration from each sample can be tested against postmortem interval in hours. We found
that neither total protein expression or individual synaptic protein expression is affected by
postmortem interval within 24 hours in the visual cortex of human synaptoneurosome samples

obtained from specimens prepared at the Human Brain and Tissue Bank [32,43].

3.5 Western blotting using human synaptoneurosomes
Western blotting can provide robust quantitative data on protein expression from

synaptoneurosome samples if careful considerations are made when planning the experiment,

including amount of protein loaded, antibody concentrations, and control samples.

Experimenter loading error is typically controlled for by probing with antibodies for ubiquitous
cellular housekeeping or cytoskeletal proteins that ensure the amount of protein in each well is
loaded consistently across a gel, and was transferred to membranes evenly. If the same amount of
protein is loaded into each well, the expression of the loading control does not change across
different samples or lanes, as these housekeeping and cytoskeletal proteins are assumed to be
stable under various conditions as well as ages.

Synaptoneurosomes, however, are enriched for the pre- and post-synaptic membranes and
adjacent synaptic compartments, and do not express high levels of housekeeping or cytoskeletal
proteins that are mostly found in cell bodies. Diminishing large amounts of housekeeping
proteins by eliminating cell bodies in the synaptoneurosome preparation will reduce the
expression and therefore increase sensitivity to otherwise negligible changes in loading control
proteins. Normalizing the expression level of synaptic proteins to the expression of housekeeping

proteins in the synapse may lead to misleading results by artificially inflating synaptic protein

45



Ph.D. Thesis - C. Siu; McMaster University - Neuroscience

enrichment. Even in homogenous tissue, these loading controls often display high variability
[19]. The size and shape of dendritic spines and synapses change across development [25,30] and
aging, [4] which compounds this artificial enrichment when studying developmental trajectories
of synaptic proteins [33]. Therefore, it is necessary to be cautious when choosing a loading
control for Western blotting with human synaptoneurosome tissue and to collect and prepare the
tissue with a highly reliable and thoughtful protocol to limit the potential of variability in
loading.

A control sample of human tissue must be made by mixing a small amount of each human
synaptoneurosome sample and running one lane on each gel. Expression of protein from each
sample on the blot is divided by the expression of the control sample to allow for comparison
samples run on different blots.

Lastly, Western blotting requires the use of antibodies as a means of quantifying protein
expression. These antibodies cannot be validated by traditional knock-out methods typically
available to animal models, but can be validated through other means; including, testing the
antibodies on a multi-species blot to ensure consistency across species for molecular weight and
expression (See Note 21). We also ensure accurate protein quantification by titrating a range of
primary and secondary antibody concentrations on each sample to identify bands within a linear
dynamic range (see Note 22). Also, many of the antibodies used in our human studies are
verified antibodies in the Human Protein Atlas ([38] www.proteinatlas.org). The blots are imaged
on a sensitive near-infrared scanner (Odyssey Infrared Scanner, Li-Cor, Lincoln, NE, USA) to

ensure low background and a high linear dynamic range.
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3.5.1 Western Blotting with human synaptoneurosomes protocol

1.

Organize gel maps, to use as a guide for loading each gel (i.e., Protein ladder, Control
Sample, Sample 1, Sample 2...)

Prepare transfer, running, and blocking buffers for the desired number of blots

Load gels into tank and fill with running buffer, inside and outside of the gels, and open
the wells by aspirating some running buffer into each well, ensuring there are no bubbles
Pipette 1.5ul of protein ladder into the first well

Pipette 25-30pg of control sample into the second well

Pipette the same amount (titrated between 20-30ug) of each sample into the following
wells, using a gel loading tipped pipette with a slow speed setting, according to the gel
map. The last lane is typically not loaded to ensure to equal transfer among all lanes
Cover the gel box with the lid and plug leads into the power source set to 150V for about
1 hour, watching to ensure the bands do not run off the gel, add more time if the bands
have not run far enough or if you are interested in heavier proteins.

Cut PVDF (Immobilon-FL) membranes into rectangular squares large enough to fit a gel
(typically about 6x8cm), soak in methanol for 10 seconds and put in Transfer buffer for
10 minutes under agitation

Soak wool pads and transfer paper in Transfer buffer and prepare transfer sandwiches for
gels in the following order: Wool pad, transfer paper, gel, PVDF membrane, transfer

paper, wool pad. This step helps eliminate bubbles between layers.
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10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

Close the transfer sandwich in the cassette and fit into the transfer tank according to tank
specifications. Fill with transfer buffer, an ice pack, and surrounded completely by ice, as
the tank and contents will become hot while it is running.

Connect the transfer box to a power source and start the transfer at 40V for 2 hours.
Once transfer is over, remove the blot membrane from the cassette, place in methanol for
10 seconds, then PBS for 10 minutes to prepare for the blocking process.

Add 20ml of blocking buffer and place blot on Orbital Shaker for 1 hour. Take primary
antibody out of -20°C freezer to thaw at this time. After 1 hour, pour the blocking buffer
back into the original container as it can be reused for approximately one month.

Add ~20ml of primary antibody diluted to a working concentration (Note 23), place on
orbital shaker plate in the 4°C fridge and incubate for 14-18 hours or overnight.

Take off primary antibody, rinse and wash blots with PBS-Tween 3 x 10min, on an orbital
shaker. Primary antibody can be reused typically about 4-6 times.

Rinse with PBS, and add 20ml of secondary antibody diluted to a working concentration
(Note 23). Cover petri dish with aluminum foil to shield from the light (Note 24), and
place on an orbital shaker for 1 hour at room temperature.

Take off secondary antibody; it can be reused typically about 6-10 times. Rinse and wash
blots with PBS-Tween 3 x 10min on an orbital shaker, under aluminum foil to keep blots
in the dark.

Rinse with PBS and then bring covered blots to scanner

Scan blots according to specifications of the scanner, and using the corresponding

wavelength of laser appropriate for the secondary antibody. Identify the molecular weight
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of the band(s) against the ladder loaded in lane 1, making sure this band represents the
protein of interest. Quantify the integrated intensity value of each band, divided by the
width of the lane. Normalize the expression value of each sample to the value of the
control band on the same blot.

20. Blots can be stripped using a membrane blot restore stripping solution, and re-probed
with additional antibodies typically 4-6 times without any decrease in the quality of the

blot.
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2.4 Notes

1. Labeling all of the vials is an important part of planning the experiment. Before any
tissue is disturbed from the -80 freezer, organize all tools and equipment, so tissue is not
lost due to unnecessary thaw. Before beginning tissue collection, ensure that all
experimenters are prepared with lab notebooks to record notes and that checkpoints are in
place in case it is necessary to stop the procedure and start again at another time.
Typically, the tissue collection (3.1) can be done on a separate day from preparing the
tissue (3.2) and protein assay (3.3), and subsequently, Western blotting (3.5) can be done
at a later time . We recommend, however, that the tissue preparation (3.2) and protein
assay (3.3) be completed on the same day to avoid an additional freeze-thaw cycle that
might damage the proteins.

2. The tools used to dissect a piece of human tissue from the larger block should be cooled
using dry-ice to avoid the scalpel blade or forceps from thawing the tissue when cutting
or picking up the small tissue samples. Keeping the tissue frozen preserves the integrity

of the proteins to be analyzed by Western blotting.

3. It is important to record the weight of the sample to determine how much homogenization
buffer to add. The amount of homogenization buffer added to the sample depends on the
weight of the excised piece. For example, approximately 1ml buffer for 50mg, 1.25ml

buffer for 75mg, 1.5ml buffer for 100mg.

50



Ph.D. Thesis - C. Siu; McMaster University - Neuroscience

4.  If continuing to homogenization step, then frozen tissue pieces can be put into frozen
Lysing Matrix D tubes. Otherwise, put samples into 2ml centrifuge tubes and store in the
-80°C freezer.

5. Homogenization buffer recipe, makes S0mL (see more details in Chapter 1):

SmL, 10mM HEPES

S5mL, 2mM EDTA

5mL, 2mM EGTA

125uL, 0.5mM DTT

500uL, 10mg/L Leupeptin

500uL, 50mg/L Soybean Trypsin Inhibitor
50uL, 100nM Microcystin 24

33.825mL Water

6. Filtering non-perfused homogenate tissue may require replacing the coarse filter with a
new one as a filter may become clogged with debris. As the filter becomes clogged the
force needed to push the syringe plunger will increase indicating that it is time to change

the filter. The filter may have to be changed multiple times even for one sample.

7. Novex WedgeWell 4-20% Tris-Glycine Mini Gels can easily accommodate large volumes
of tissue, which is necessary when loading synaptoneurosome tissue. A single gel
contains 15 wells and each well can hold up to 35ul of sample, which minimizes the
amount (and hence cost) of chemical reagents and saves on experimenter time.

8. When making the transfer sandwiches, use a small glass vial to pour small amounts of

transfer buffer between the layers; this ensures there are no bubbles. Between each layer,
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10.

11.

12.

except for the gel, roll the glass tube horizontally across the layer with equal pressure to
facilitate a smooth transfer surface.

Biosafety cabinet must be certified by the establishments' biosafety office for use with
human brain tissue, the type of cabinet may vary depending on the kind of experiment
and must be apart of the labs Standard Operating Procedures for using human tissue in
the lab.

To ensure that the experimenter can dispense a consistent volume from the pipette, it is
useful to practice pipetting and calibrating the experimenter. This is done by pipetting
small volumes of dH20O into a weight-boat sitting on an analytic balance, then recording
the weight of each amount pipetted and analyzing the variability to ensure that it is within
the error specifications from the pipette manufacturer. The pipette should also be sent out
annually for servicing that includes certification. Our lab has tried various pipettes and
concluded that the Picus Electronic Pipette (Sartorius, Goettingen, Germany) is optimal

for this application.

Human brain tissue samples must be stored in a -80°C freezer before they are prepared
with Sample loading and Laemmli buffers. Once the samples have been prepared with the
correct amounts of buffers, they may be stored in the -20°C freezer for up to 1 month, and

in the -80°C freezer for longer periods.

It is best to limit the number of freeze/thaw cycles for each synaptoneurosome sample.
Therefore, if possible it is ideal to plan to homogenize, prepare the tissue, and perform a

western blot all on the same day.
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13.

14.

15.

16.

17.

18.

Albumin Protein standards are bovine serum albumin (BSA) protein solutions that
provide reference standards for use in most protein assays. This standard is typically
supplied with a concentration of 2mg/ml (Pierce Bovine Serum Albumin Standard
Ampules, ThermoFisher Scientific) and must be diluted with homogenization buffer to
make the following concentrations: 1.0, 0.5, 0.25mg/ml to use in the assay. These
standards can be stored in -20°C freezer for future use.

Assay map must show a diagram of a 96 well-plate with each sample, including protein
standards, labeled in 3 different wells, and must also contain one blank column of wells.
The BCA solution provides selective colorimetric detection that produces an intense
purple-coloured reaction dependent on the amount of protein concentration in the sample,

for more details refer to https://www.thermofisher.com/order/catalog/product/23225

Blank wells loaded with BCA solution only and no protein will provide a lane of controls
that establish a baseline for zero protein concentration. If the blank wells show some
amount of protein after the assay is complete, the BCA solution must be re-made, and the
assay must be completed again.

The length of time and temperature of incubation determine the rate of colour
development of the BCA solution with the proteins in the sample. Ensure the
spectrophotometer in the microplate reader is set to a wavelength of 562nm, or the
appropriate wavelength for your solution.

Calculate a standard curve by plotting the average absorbance of each protein standard on
a scatter plot, with expected protein concentration (0.25, 0.5, 1.0, 2.0) on the x-axis and

observed concentration on the y-axis. Fit a linear trend-line to the points and use this to
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19.

20.

21.

identify the slope, y-axis and R? of the fit. The correlation value R? must be at least 0.99
to be used as a protein standard for the assay. If R? is not >0.99, the entire assay must be
run again. This value can be difficult to achieve and is usually dependent on the
experience of the experimenter in pipetting and titration of samples.

Once the average protein concentration is obtained for each sample, calculate the amount
of samples buffers needed to dilute the sample to 1pug/ul (see Note 20). Calculate how
many runs (of 25ug) are possible for each human synaptoneurosome sample to be used in
Western blotting.

Sample loading buffer (M260 NextGel® Sample Loading Buffer 4x, Amresco LLC,
Solon, OH, USA) and Laemmli Buffer (Cayman Chemical Company, Ann Arbor, MI,
USA) are added sample buffers for protein denaturation, as well as adding a dye and
density to the sample to make them easier to run on SDS-PAGE. Sample loading buffer
must be diluted 1 part buffer: 3 parts protein sample. After that, enough Laemmli buffer is
added to dilute the sample to 1ug/ul protein concentration. Do not dilute the samples to
less than 1ug/ul.

One way to verify antibodies used on human synaptoneurosome tissue is to probe on a
multi-species blot. To do this, prepare a single blot with at least three different species run
(twice each). For example, we run a multi-species blot with 2 control samples of cortical
tissue from each: rat, cat, rabbit, monkey, human. This blot is run with multiple different
antibodies at different concentrations to test that a band(s) of the same molecular weights

are found across species. If the band is found in the human tissue at the same molecular
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22.

23.

weight and expression as the other species, it is considered a reliable antibody to use to
quantify accurate data.

Different primary and secondary antibodies can work within their linear dynamic range at
many different concentrations depending on the type of tissue, protein concentration, the
age of antibody or even amount of freeze/thaw cycles. It is important to test the dilution
factor of each antibody before use by performing a titration starting with the suggested
working dilution. It is possible and helpful to mix primary antibodies that probe for
proteins of differing molecular weights or correspond to different secondary antibodies to
create a ‘cocktail’. This is most useful when testing a new antibody to mix with a known
antibody that shows dependable antigenicity so that any error in the new antibody will
not be mistaken for sample error, as the known antibody will show consistent expression.
Keep secondary antibody in the dark at all times. The aluminum foil is used as a cover to
protect the blots from the light of the room; an option is to also turn the lights off or down
in the lab to further protect the fluorescence of the secondary antibody from light

exposure.
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Chapter 3. Classic and Golli Myelin Basic Protein have
distinct developmental trajectories in human visual cortex
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Abstract

Traditionally, myelin is viewed as insulation around axons, however, more recent studies have
shown it also plays an important role in plasticity, axonal metabolism, and neuroimmune
signaling. Myelin is a complex multi-protein structure composed of hundreds of proteins, with
Myelin Basic Protein (MBP) being the most studied. MBP has two families: Classic-MBP that is
necessary for activity driven compaction of myelin around axons, and Golli-MBP that is found in
neurons, oligodendrocytes, and T-cells. Furthermore, Golli-MBP has been called a 'molecular
link' between the nervous and immune systems. In visual cortex specifically, myelin proteins
interact with immune processes to affect experience-dependent plasticity. We studied myelin in
human visual cortex using Western blotting to quantify Classic- and Golli-MBP expression in
post-mortem tissue samples ranging in age from 20 days to 80 years. We found that Classic- and
Golli-MBP have different patterns of change across the lifespan. Classic-MBP gradually
increases to 42 years and then declines into aging. Golli-MBP has early developmental changes
that are coincident with milestones in visual system sensitive period, and gradually increases into
aging. There are 3 stages in the balance between Classic- and Golli-MBP expression, with Golli-
MBP dominating early, then shifting to Classic-MBP, and back to Golli-MBP in aging. Also
Golli-MBP has a wave of high inter-individual variability during childhood. These results about
cortical MBP expression are timely because they compliment recent advances in MRI techniques
that produce high resolution maps of cortical myelin in normal and diseased brain. In addition,
the unique pattern of Golli-MBP expression across the lifespan suggests that it supports high

levels of neuroimmune interaction in cortical development and in aging.
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3.1 Introduction

The last decade has seen renewed interest in studying myelin in the cortex because it is
involved in neuroplasticity, neurodegeneration and neuroinflammation. As maturation of cortical
myelin limits developmental plasticity (McGee et al., 2005), changes in aging are linked with
cognitive decline (Peters et al., 2008), and myelin abnormalities contribute to neurodegenerative
and neuropsychiatric disease (Roussos and Haroutunian, 2014; Mighdoll et al., 2015). Novel
brain imaging techniques are producing high resolution maps of myelin in human cortex (Shafee
et al., 2015; Grydeland et al., 2013; Glasser and Van Essen, 2011) that can follow these changes
in cortical myelin during adaptive or maladaptive plasticity. Myelin, however, is a complex
multi-protein structure and we need to know more about the expression of proteins that make up
myelin in the human cortex to link these new brain imaging techniques with disease-related

changes in myelin proteins.

In the cortex, oligodendrocytes are the second most abundant type of neuroglial cell and they
form myelin. Myelin is made up of hundreds of proteins, many of which have multiple families
and isoforms. The most commonly used marker for myelin expression is Myelin Basic Protein
(MBP). MBP makes up about 30% of all myelin proteins and is composed of two families,
Classic- and Golli-MBP, each with multiple isoforms and post-translational modifications (Pribyl
et al., 1996; Harauz et al., 2009; Harauz and Boggs, 2013) that individually contribute to
myelination (Jacobs et al., 2005; 2009; Harauz et al., 2009). Classic-MBP isoforms (18.5 - 21.5
kDa in human) are found in mature oligodendrocytes and myelin sheaths, and have a key role in
activity driven compaction of myelin around axons (Wake et al., 2011). Expression of Classic-

MBP increases during cortical development (Miller et al., 2012) and immunohistochemical
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labeling of Classic-MBP is correlated with traditional myelin staining. In contrast, Golli-MBP
isoforms (33 — 35 kDa) are found in early developing oligodendrocytes, neurons and immune
cells, with functions that extend beyond the myelin sheath and include regulating
oligodendrocyte proliferation and migration (Paez et al., 2011). Golli-MBP is highly expressed
prenatally in neurons and oligodendrocytes, even before the process of myelination begins (Tosic
et al., 2002) and has been called a ‘molecular link’ between the nervous and immune systems

(Pribyl et al., 1993).

The primary sensory cortices are heavily myelinated (Geyer et al., 2011) and are good cortical
regions to study developmental changes in expression of both families of MBP. Expression of
MBP and myelination in the visual cortex is affected by neuropsychiatric disease and genetic
manipulation of Golli-MBP. In schizophrenia, there is reduced MBP mRNA in human visual
cortex, as well as other cortical areas, suggesting that MBP expression in visual cortex is
vulnerable to neuropsychiatric disease (Matthews et al., 2012). Furthermore, abnormalities in
genes that code for Golli-MBP are linked with significant risk for schizophrenia (Baruch et al.,
2009). Although Golli-MBP is not part of the myelin sheath, it is necessary for normal
development of myelination (Jacobs et al., 2005). Golli-MBP knockout (KO) mice have an
abnormal balance between Golli- and Classic-MBP that leads to profound hypomyelination
restricted to the visual cortex (Jacobs et al., 2005). While Golli-MBP overexpressing mice have
delayed development of myelination (Jacobs et al., 2009). Several lines of evidence have linked
myelin (McGee et al., 2005) and neuroimmune signaling (Syken et al., 2006) with the end of the

sensitive period in the visual cortex. Since Golli-MBP has been called a ‘molecular link’ between
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the nervous and immune systems (Pribyl et al., 1993) it is timely to characterize its expression in

human visual cortex.

To address how the two families of MBP proteins change across the lifespan, we used Western
blotting to quantify expression of Classic- and Golli-MBP in post-mortem tissue samples from
human primary visual cortex. We used model fitting to characterize developmental trajectories
that capture how Classic- and Golli-MBP change across the lifespan. We analyzed changes in
the relative expression of Classic- and Golli-MBP to determine how the balance between these
families of MBP vary in human visual cortex. Finally, we compared inter-individual variability
in expression of Classic- and Golli-MBP to determine if there are times in development with

higher inter-individual variability.

3.2 Materials and Methods

Samples and Tissue
Tissue samples from human primary visual cortex were obtained from the Brain and Tissue

Bank for Developmental Disorders at the University of Maryland (Baltimore, MD, USA) and
were approved for use by the McMaster University Research Ethics Board. Samples were taken
from the posterior pole of the left hemisphere of human visual cortex, and included both superior
and inferior portions of the calcarine fissure, according to the gyral and sulcal landmarks.
Cortical samples were obtained from individuals with no history of mental health or neurological
disorders, and all causes of death were natural, or with minimal trauma. Samples were obtained
within 23 hours post-mortem, and were rapidly frozen at the Brain and Tissue Bank after being

sectioned coronally in 1-cm intervals, rinsed with water, blotted dry, placed in a quick-freeze
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bath (dry ice and isopentane), and stored frozen (-80°C). A total of 31 cases were used in this

study, ranging in age from 20 days to 79 years (Table 1).

Table 1. Cases used in the study.

Age Group Age Post-mortem| Sex
Interval (Hrs)
Neonatal 20 days 9 M
Neonatal 20 days 14 F
Neonatal 86 days 23 F
Neonatal 96 days 12 M
Neonatal 98 days 16 M
Neonatal 119 days 22 M
Neonatal 120 days 23 M
Infant 133 days 16 M
Infant 136 days 11 F
Infant 273 days 10 M
Young Children |1 year 123 days 21 M
Young Children |2 years 57 days 21 F
Young Children |2 years 75 days 11 F
Young Children |3 years 123 days 11 F
Young Children |4 years 203 days 15 M
Young Children |4 years 258 days 17 M
Older Children 5 years 144 days 17 M
Older Children 8 years 50 days 20 F
Older Children 8 years 214 days 20 F
Older Children 9 years 46 days 20 F
Teens 12 years 164 days 22 M
Teens 13 years 99 days 5 M
Teens 15 years 81 days 16 M
Teens 19 years 76 days 16 F
Young Adults 22 years 359 days 4 M
Young Adults 32 years 223 days 13 M
Young Adults 50 years 156 days 8 M
Young Adults 53 years 330 days 5 F
Older Adults 69 years 110 days 12 M
Older Adults 71 years 333 days 9 F
Older Adults 79 years 181 days 14 F
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Tissue-Sample Preparation
Small pieces of tissue samples (75-150 mg) were cut from 1-cm thick coronal slices of

primary visual cortex (area V1), and suspended in cold homogenization buffer (1 ml buffer:50
mg tissue; 0.5 mM DTT, 1 mM EDTA, 2 mM EGTA, 10 mM HEPES, 10 mg/L leupeptin, 100
nM microcystin, 0.1 mM PMSF, 50 mg/L soybean trypsin inhibitor). Samples were homogenized
using the FastPrep®-24 Tissue and Cell Homogenizer (MP Biomedicals, Solon, OH, USA) by
placing the piece of tissue and buffer in a lysing matrix D homogenization tube (MP
Biomedicals, Solon, OH, USA) and homogenizing for 40s at 6/ms. After homogenization,
sodium-dodecyl-sulfate 10% (SDS) was added to each sample to further unravel proteins in
preparation for gel electrophoresis. Total protein concentrations were determined using a
bicinchonic acid (BCA) assay (Pierce, Rockford, IL, USA). A control sample was made by

combining a small amount of the homogenized tissue sample from each case.

Immunoblotting
Homogenized tissue samples (20ug) were separated on SDS polyacrylamide gels (SDS-

PAGE) and transferred to polyvinylidene difluoride (PVDF-FL) membranes (Millipore, Billerica,
MA, USA) using electroblotting in BupH Tris Glycine Transfer Buffer (Thermo Scientific,
Waltham, MA, USA). Each sample was run 3 times. Each blot was loaded with a protein
standards ladder and a control sample. Blots were pre-incubated for 1 hour in blocking buffer
(Odyssey Blocking Buffer 1:1 with PBS; Li-cor Biosciences; Lincoln, NE, USA), then in
primary antibody overnight at 4°C using the following concentrations: Anti-GAPDH, 1:8000
(Imgenex, San Diego, CA); Anti-B-Tubulin, 1:4000 (Imgenex, San Diego, CA); Anti-Myelin

Basic Protein (MBP), 1:4000 [AB62631] (Abcam, Cambridge, MA, USA). The blots were
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washed with PBS containing 0.05% Tween (Sigma, St. Louis, MO, USA) (3 x 10min), and
incubated for 1 hour with the appropriate secondary antibody (1:8000 IRDye, Li-cor
Biosciences, Lincoln, NE, USA). The blots were washed again in PBS-Tween (3 x 10min) and
bands were visualized using the Odyssey scanner (Li-cor Biosciences, Lincoln, NE, USA). The
blots were stripped (Blot Restore Membrane Rejuvenation kit, Millipore, Billerica, MA, USA)

and then reprobed with another primary antibody.

Analyses
To quantify protein expression, blots were scanned using Odyssey Infrared Imaging System

(Li-cor Biosciences, Lincoln, NE, USA) and the bands were quantified using densitometry (Li-
cor Odyssey Software Version 3.0, Li-cor Biosciences, Lincoln, NE, USA). The density of each
band was determined by subtracting the background, integrating the pixel intensity of the band,
and dividing that intensity by the width of the band to control for variations in lane width.
GAPDH was used as the loading control in this study after determining that GAPDH expression
was not affected by either age or length of post-mortem interval (PMI, see Results). The
expression of Classic- and Golli-MBP in each lane of the blot was divided by GAPDH
expression in the same lane. To compare protein expression levels across blots, a control sample
(mixture of all samples) was run on every gel, and for each sample on a blot the density was
normalized to the density of the control sample. Finally, for each MBP protein, expression levels

across runs were normalized using the average expression of the protein.

To analyze the developmental changes in Classic- and Golli-MBP we began by plotting
scatterplots, showing the results from every run (grey dots) as well as the average for each

sample (black dots), and histograms binning all the data into different age groups. We applied a
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model-fitting approach (Christopoulos and Lew, 2000) to determine the best fitting curve to the
data presented in the scatterplots (grey dots) using Matlab. Significant curve fits are plotted on
the scatterplots. We found that quadratic functions were good fits to each data set (y=PeakExp +
A*(x - PeakAge)"2) and the best fitting curves were determined by least squares giving the
goodness-of-fit (R), statistical significance of the fit (p), and 95% confidence interval (CI) for the
age at the peak of the function. The age when mature levels of protein expression were reached
was calculated from the parameters of the curve-fits and was defined as the age when protein

expression first reached 90% of peak expression.

We compared differences among developmental stages by binning the data into the following
age groups: neonatal (< 0.4 years), infants (0.4 -1 years), young children (1-4 years), older
children (5-11 years), teens (12-20 years), young adults (21-55 years), and older adults (>55
years). Histograms were plotted using the mean and standard error of the mean (SEM) for each
age bin. Statistical comparisons among age groups were made using an analysis of variance
(ANOVA) and when significant (p<0.05), Tukey's post-hoc comparisons were done to determine

which age groups were significantly different.

We quantified changes in the relative expression of Classic- to Golli-MBP by calculating an
index using the formula (Classic-MBP - Golli-MBP)/(Classic-MBP + Golli-MBP). The two
families of MBP are genetically and functionally related so this index provides information about
their combined development. The index can vary from -1 to +1 and this type of contrast index is
commonly used in signal processes to reduce noise. Here we applied the index to analyze the
balance between Classic- and Golli-MBP across the lifespan, where negative values represent

more Golli-MBP and positive values more Classic-MBP. The index was plotted as described
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above. Briefly, a quadratic function was fit to all the index data and an analysis of variance was

done to compare changes in the index among age bins.

In a previous study, we identified stages in cortical development when there was high inter-
individual variability in the expression of various synaptic proteins (Pinto et al., 2015). We
applied the same approach in this study to examine changes in inter-individual variability in
expression of Classic- and Golli-MBP by calculating the Fano Factor (Variance-to-Mean Ratio,
VMR) for each MBP protein. The VMR at each age was calculated using the average protein
expression for each case and determining the mean and variance in expression within a window
that included the case and the two adjacent ages. The VMRs for Classic- and Golli-MBP were
plotted as scatterplots to visualize whether there are ages in development with high inter-

individual variability.

3.3 Results

Loading control and postmortem interval
Our first step was to determine the best loading control for this study by quantifying

expression of the two most commonly used loading controls, GAPDH and B-Tubulin. We were
looking for a loading control that had similar expression in human visual cortex across all ages.
We found that B-Tubulin declined across the lifespan (Fig 1A; R=0.5669, p<0.0001; Fig 1B;
ANOVA, F=18.71, p<0.0001). In contrast, GAPDH expression did not change across the
lifespan as neither the ANOVA or curve-fits were significant (Fig 1C,D), therefore we selected
GAPDH to use as the loading control. Next, we compared GAPDH expression with PMI and

found no effect of the length of PMI on GAPDH expression (R=0.05, n.s.). Finally, we assessed
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the effect of PMI on expression of Classic- and Golli-MBP to determine if any samples needed to
be removed because the PMI was too long. We found no correlation with PMI for either myelin

protein (Classic: R=0.307, n.s.; Golli: R=0.143, n.s.) so all samples were included in the study.
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Figure 1. Developmental changes in B-Tubulin (A,B) and GAPDH (C,D) expression in
human visual cortex. (A, C) Scatterplots show grey dots for the results from each run, with
significant curve fits, and black dots for the average expression for each sample. Example bands
from the Western blots are displayed above the graphs. (B, D) Histograms show group means
and the standard error for each developmental group. (A) A quadratic function was fit to the -
Tubulin data points (R=0.567, p< 0.0001). (B) There was a significant difference in expression of
B-Tubulin (ANOVA, F=18.715, p < 0.0001) and Tukey’s post-hoc comparisons were made
between groups (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). (C) There was no significant
change in GAPDH expression across the lifespan. (D) There was no significant difference in
expression of GAPDH between the developmental age groups.
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Developmental of Classic- and Golli-MBP
To study Classic- and Golli-MBP expression in human visual cortex, we used two approaches:

model fitting to describe the developmental trajectories, and age binning of the data to compare
among stages of development. We found a gradual increase in expression of Classic-MBP that
continued into adult years, before a roll off in aging. That trajectory was well fit by a quadratic
function (y=1.999-0.0008182%(x-42.01)"2; R=0.59, p<0.0001) showing that Classic-MBP rose
through development, increasing about 4-fold to the peak of expression at 42 years (95% CI +/-
4.26 years)(Fig 2A). We defined the age when Classic-MBP matures as the age when expression
reached 90% of the peak. For Classic-MBP that occurred at about 38 years of age showing the

very slow and prolonged development of this myelin protein in human visual cortex.

We compared expression of Classic-MBP across developmental stages and found significant
differences among the various stages (ANOVA; F=10.25; p<0.0001)(Fig 2B). Classic-MBP
expression in neonates (<0.4 years) was less than all of the other age groups (Fig 2B; p values
range 0.0001 - 0.01). There was a jump in expression between neonates and infants (0.4-1 year)
(p <0.01), another significant increase between children (5-12 years) and young adults (20-55
years)(p < 0.01), followed by a trend to decline into aging (>55 years)(p = 0.14). Together, the
curve-fitting and developmental stage comparisons showed that Classic-MBP in human visual

cortex had prolonged development and substantial increase in expression.

The developmental trajectory for Golli-MBP was very different from Classic-MBP. Golli-
MBP expression was very low in neonates (<0.4 years) and increased abruptly in slightly older
infants. This early postnatal jump in Golli-MBP could be seen in both the scatterplot and age

binned histogram (Fig 2C,D). Because of this pattern, we chose to apply model fitting to analyze
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development for cases older than 0.4 years of age. Expression of Golli-MBP expression for cases
older than 0.4 years was well fit by an inverse quadratic function (y=0.6301+0.15*(log(x)-
log(10.31))"2; R=0.61; p<0.0001) (Fig 2C). Golli-MBP expression dropped from high levels to
reach a minimum at about 10 years of age (Fig 2C; minimum = 10.3 years 95% CI +/- 3.8) and
then increased through adults into aging. Analysis of the age binned groups found similar results
(Fig 2D; ANOVA; F=10.95, p<0.0001). Golli-MBP expression in infants (0.4 - 1 year) was
significantly higher than all of the other age groups (Fig 2D; p values range < 0.0001 - 0.01).
Children (5-12 years) had the lowest level of Golli-MBP followed by a 2-fold increase in
expression into aging (p<0.0001). Thus, the rate of development of Golli- was faster than
Classic-MBBP, the peaks were at different ages, Golli- decreased while Classic-MBP increased

through childhood, then they flipped and Golli- increased while Classic-MBP decreased into

aging.
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Figure 2. Developmental changes in Classic- (A,B) and Golli-MBP (C,D) expression across
the lifespan in human visual cortex. (A, C) Scatterplots show grey dots for the results from each
run, with significant curve fits, and black dots for the average expression for each sample.
Example bands from the Western blots are displayed above the graphs. (B, D) Histograms show
group means and standard error for each developmental group. (A) A quadratic function was fit
to all Classic-MBP data points (R=0.59, p<0.0001), and a peak in expression was reached at 42
years of age (peak = 42 years 95% CI +/- 4.26 years). (B) There was a significant difference in
expression of Classic-MBP (ANOVA, F=10.248, p < 0.0001) and Tukey’s post-hoc comparisons
were made between groups (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). (C) An inverse
quadratic function was fit to all the Golli-MBP data points older than 0.4 years of age (R=0.61;
p<0.0001), and reached minimum expression at about 10 years of age (minimum = 10.3 years
95% CI +/- 3.8). (D) There was a significant difference in expression of Golli-MBP (ANOVA,
F=10.955, p<0.0001) and Tukey’s post-hoc comparisons were made between groups (*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001).
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Balance between Classic- and Golli-MBP
Often changes in Classic- and Golli-MBP are described as moving in opposite directions.

Even the current results, especially the histograms (Fig 2B,D) appeared to be complementary, but
when we analyzed the relationship between Classic- and Golli-MBP we found no correlation
(R=0.177, n.s.), suggesting that there is no simple linear relationship for the amount of protein
expressed by these two MBP families. However, there is a functional link between Golli- and
Classic-MBP through calcium signaling (Smith et al., 2011; Paez et al., 2009), and in addition
Golli-MBP KO mice have profound hypomyelination in the visual cortex (Jacobs et al., 2005).
Those two findings provide evidence of a relationship, and so we analyzed the relative
expression of Classic-to-Golli-MBP. We calculated an index ((Classic-MBP - Golli-MBP)/
(Classic-MBP + Golli-MBP)) that could vary from -1 (only Golli-MBP) to +1 (only Classic-
MBP) and provided information about how the balance between Classic- and Golli-MBP
changed in human visual cortex across the lifespan. The scatterplot and age binned histogram of
the Classic-to-Golli-MBP index showed gradual changes that continued across the entire lifespan
(Fig 3 A,B). A quadratic function was a good fit to the index results
(y=0.6308-0.0006492*(x-38.92)"2; R=0.65, p<0.0001) and captured the gradual shift from more
Golli- to more Classic-MBP, then back to relatively more Golli-MBP in older adults (Fig 3A).
The function crossed from more Golli- to more Classic-MBP at 7.6 years of age, reached a peak
with more Classic-MBP at about 38 years of age (38.3 years, 95% CI +/- 2.7 years) and crossed
back to more Golli-MBP at about 68 years (Fig 3A). There were also significant differences
among the developmental stages (Fig 3B; ANOVA, F=16.35, p<0.0001). Teens (12-20 years)
and young adults (20-55 years) had relatively more Classic-MBP than the other age groups. The

initial shift in the index was driven by the more rapid loss of Golli-MBP, then the switch to
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Classic-MBP by the prolonged increase in Classic-, and the change into aging by complementary
decrease and increase in Classic- and Golli-MBP, respectively. These results suggest three phases
of development, an early stage (<8 years) when Golli-MBP is changing, an intermediate stage (8
- 67 years) when Classic-MBP changes and a late stage (>68 years) when both families of MBP

change.
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Figure 3. Developmental changes of Classic- to Golli-MBP index across the lifespan in
human visual cortex. (A) Scatterplot shows grey dots for the index results from each run, with a
significant curve fit, and black dots for the average value for each sample. (B) Histogram shows
group means and standard errors for each developmental group. (A) A quadratic function was fit
to all the Classic:Golli index data points (R= 0.653, p<0.0001) and showed relatively more
Classic-MBP at 7.6 years, showed peak Classic-MBP expression at 38 years (38.3 years, 95% CI
+/- 2.7 years) then showed more Golli-MBP at 68 years of age. (B) There was a significant
difference in the Classic:Golli MBP index expression (ANOVA, F=16.35, p<0.0001) and
Tukey’s post-hoc comparisons were made between groups (*p<0.05, **p<0.01, ***p<0.001,
*HA%p<0.0001).

Inter-individual variability
In our recent paper, we discovered stages in development of human visual cortex when there

was a high degree of inter-individual variability in expression of synaptic proteins (Pinto et al.,

2015). To assess if Classic- or Golli-MBP had similar waves of inter-individual variability we
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calculated the Fano factor (Variance-to-Mean Ratio, VMR) for a running window of 3 adjacent
ages for each protein, and plotted the VMR across the lifespan. The VMR for Classic-MBP was
low at all ages, suggesting that there was little inter-individual variability in expression of
Classic-MBP in visual cortex (Fig 4A). In contrast, Golli-MBP had a period with higher inter-
individual variability between about 0.4 and 5 years of age that peaked at 1.4 years
(y=0.920387*exp(-0.285089/x-0.151975*x) (Fig 4B). These findings highlight another way that
expression of the two families of MBP differ and raises the possibility that the wave of high
inter-individual variability for Golli-MBP reflects a period of vulnerability in development of

human visual cortex.
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Figure 4. Development of the Variance-to-Mean Ratio (VMR) for Classic-MBP (A) and
Golli-MBP (B). (A) Classic-MBP had no change in VMR across the lifespan. (B) A quadratic
function was fit to all Golli-MBP VMR data points, and had a period of high VMR early on with
a peak at about 1.4 years of age.
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3.4 Discussion

The changes in Classic- and Golli-MBP found in this study of human visual cortex highlight
the complex nature of myelin expression in the brain. We found that these two families of MBP
follow different developmental trajectories, have 3 stages of a Classic:Golli balance, and only
Golli-MBP has high inter-individual variability during childhood. We have 3 main conclusions

from this study.

Different developmental trajectories for Classic- and Golli-MBP in human visual cortex
First, Classic- and Golli-MBP follow different trajectories during development and aging of

human visual cortex. Classic-MBP had a prolonged period of development that extended well
into adulthood and then declined into aging. The pattern of prolonged development is consistent
with findings from anatomical and brain imaging studies of myelin in human cortex. Anatomical
measurements of myelin sheath density from postmortem human cortex showed that maturation
continued well into the third decade of life (Miller et al., 2012). Brain imaging of myelin content
in human cortex also showed that grey matter myelin continued to increase into adulthood
(Grydeland et al., 2013; Shafee et al., 2015). Together, those results confirm that myelin
development in human visual cortex extends well beyond the window of time (6-10 years of age)
that represents the end of the sensitive period for development of lazy-eye (amblyopia)
(Epelbaum et al., 1993; Keech and Kutschke, 1995; Lewis and Maurer, 2005). Our study also
identified that Classic-MBP expression continued to change in older adults by declining into
aging. The loss of Classic-MBP into aging is similar to findings from in vivo imaging of cortical
myelin (Grydeland et al., 2013) and may be related to degeneration of myelin sheath integrity in

aging monkey visual cortex (Peters et al., 2008).
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The development of Golli-MBP was different from Classic-MBP providing additional
evidence that the various myelin proteins follow different developmental trajectories (Miller et
al., 2012). We found an abrupt increase in Golli-MBP at about 4-6 months of age, a peak around
1 year followed by a decline to the minimum level at about 10 years, and then a gradual increase
into aging. The abrupt increase in Golli-MBP corresponds with the start of the sensitive period
for development of binocular vision (Banks et al., 1975) and matches the timing of rapid changes
in the balances among pre- and post-synaptic proteins in human visual cortex (Pinto et al., 2015).
Perhaps the coincidence in timing of abrupt changes in Golli-MBP and synaptic proteins helps to
trigger the start of a period of heightened plasticity when visual experience readily sculpts

maturation of circuits in the visual cortex.

It is interesting to consider how the early changes in Golli-MBP could contribute to
mechanisms that facilitate and limit experience-dependent plasticity in the developing visual
cortex. We chose to study Golli-MBP because it has been called a 'molecular link' between the
nervous and immune systems (Pribyl et al., 1993), and its functions during neural development
are consistent with Golli-MBP contributing to sensitive period plasticity. Golli-MBP is found in
developing oligodendrocytes (Campagnoni et al., 1993), neurons (Landry et al., 1996), T-cells
(Feng et al., 2000; 2004) and macrophages (Papenfuss et al., 2007), and is a major regulatory
protein for calcium influx into both oligodendrocytes (Paez et al., 2007) and T-cells (Feng et al.,
2004). Its expression during early development increases cell migration, proliferation, extension,
and retraction which contributes to maturation of neuroglia (Paez et al., 2009) and is consistent

with supporting developmental plasticity. Golli-MBP is an intrinsically disordered protein that
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provides many sites for protein-protein interactions (Ahmed et al., 2007) that may be candidate

sites to mediate experience-dependent plasticity.

At the other end of the lifespan, we found an age-related increase of Golli-MBP in visual
cortex. Golli-MBP plays an important role in myelin repair, since Golli over-expressing mice
have increased survival and proliferation of remyelinating oligodendrocytes (Paez et al., 2012).
The age-related increase in Golli-MBP may reflect an increase in oligodendrocytes and changes
in myelination such as thicker and shorter myelin segments that have been found in visual cortex
of old monkeys (Peters et al., 2001; Peters and Sethares, 2004; Peters et al., 2008). Therefore, as
a molecular link between the nervous and immune systems, Golli-MBP may bridge those
systems and contribute to neuroimmune driven neurodegenerative diseases. Unfortunately, there
have been no studies of Golli-MBP function in the aging brain and to the best of our knowledge
our finding of increased Golli-MBP expression in human visual cortex is the first report of Golli-
MBP in the aging brain. Clearly, more studies are needed to determine how Golli-MBP
functions in the aging cortex and what role it plays in neuroimmune processes involved in

neurodegeneration.

Three stages of MBP development
Our second conclusion is that the balance between Classic- and Golli-MBP in human visual

cortex has 3 stages. We found an early stage during childhood (<8 years) when Golli-MBP
dominated, an intermediate stage (8 - 67 years) when there was more Classic-MBP, and a late
stage (>68 years) that shifted back to more Golli-MBP. The 3 stages were driven by the different
trajectories for Classic- and Golli-MBP. The early stage was marked by rapid changes in Golli-

MBP expression while the intermediate stage had relatively constant Golli- and gradually
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increasing Classic-MBP. Finally, the aging stage reflected both an increase of Golli- and loss of
Classic-MBP. Examining the balance between Classic- and Golli-MBP is a new way to study
MBP changes across the lifespan and although these proteins do not interact directly, Golli-MBP
can affect expression of Classic-MBP. For example, over-expression of Golli-MBP significantly
delays expression of Classic-MBP and the process of myelination, (Jacobs et al., 2009) while
knocking out Golli causes permanent hypomyelination of the visual cortex (Jacobs et al., 2005).
Perhaps, higher expression of Golli-MBP during development of human visual cortex delays
myelination, thereby holding off one of the brakes on critical period plasticity (McGee et al.,

2005).

The timing of the shift to more Classic-MBP corresponds with the end of the sensitive period
for development of amblyopia in children (Epelbaum et al., 1993; Keech and Kutschke, 1995;
Lewis and Maurer, 2005). That stage of the Classic-:Golli-MBP balance may contribute to a
period of stability in the visual cortex as Classic-MBP expression increases into adulthood.
Traditionally, myelination is viewed as supporting signal transduction by enabling saltatory
propagation of neural impulses. More recently, myelin has been shown to be important for
supporting (Fields, 2005; 2014) or limiting synaptic plasticity (McGee et al., 2005), and
transporting metabolites to axons (Saab et al., 2013; Nave and Werner, 2014). Glutamate release
promotes formation of the myelin sheath around axons and increases synthesis of Classic-MBP
thereby linking myelination with electrically active axons (Wake et al., 2011). In our recent
study of synaptic proteins in human visual cortex (Pinto et al., 2015), we found that the
glutamate receptor scaffolding protein, PSD-95, increases during late childhood at a similar point

in development when Classic-MBP expression takes off. Interestingly, Classic-MBP has an SH3
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ligand that can bind to the SH3 binding site on PSD-95 (Polverini et al., 2008), thereby providing
a mechanism where Classic-MBP may contribute to SH3-mediated establishment of a stable
lattice of PSD-95 molecules at the post-synaptic density (Sturgill et al., 2009). Myelin also
functions to supply axons with metabolites and neurotrophic factors that are necessary to
maintain healthy neural connections (Nave and Werner, 2014). These 2 lines of evidence suggest
that the stage when Classic-MBP dominates is driven by an increase in excitatory activity and

supports a period of optimal axonal energy metabolism.

The late stage of the Classic-:Golli-MBP balance was the shift to relatively more Golli-MBP.
There have been no studies of Golli-MBP function in the aging cortex, but its roles in
demyelination and remyelination (Paez et al., 2012), and multiple sites for protein-protein
interactions make it an ideal candidate for regulating changes to myelination in the aging cortex.
In addition, this loss of Classic-MBP suggests that one component of impaired circuit function in

the aging cortex may be reduced metabolic support for axons.

A wave of Golli-MBP inter-individual variability during childhood
Our third conclusion is that Golli-MBP goes through a period of high inter-individual

variability in childhood. In our previous study of synaptic protein development in human visual
cortex, we found protein specific waves of high inter-individual variability throughout childhood
(Pinto et al., 2015). In the current study, only Golli-MBP had a wave of high inter-individual
variability in childhood, while Classic-MBP had low variability across the lifespan. The timing
of the wave of Golli-MBP variability was similar to the wave for PSD-95 (Pinto et al., 2015)
with both being low in neonates, high during infancy and childhood, then dropping to low levels

in adults. The difference in variability between Golli- and Classic-MBP suggests that Golli-
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MBP expression is more dynamic than myelin structural proteins such as Classic-MBP. Since
Golli-MBP is involved in signaling between neurons, oligodendrocytes, and immune cells, the
wave of variability in childhood is likely a complex interaction reflecting a period of
vulnerability between neural and immune systems. Perhaps it is linked to the high risk of
infection during childhood. In contrast, we were surprised by the lack of inter-individual
variability for Golli-MBP in aging, especially since neuroimmune regulation is impaired in age-

related neurodegeneration (Frank-Cannon et al., 2009).

Studying myelin in visual cortex
Myelin proteins bind to Nogo and PirB receptors to inhibit axon regeneration (Hu and

Strittmatter, 2004; Atwal et al., 2008), and in the visual cortex both of those receptors limit
experience-dependent plasticity (McGee and Strittmatter, 2003; Syken et al., 2006). Mutations
to or blocking either Nogo-66 or PirB receptors allow ocular dominance plasticity to continue
into adulthood (McGee et al., 2005; Syken et al., 2006; Bochner et al., 2014) showing a link
between myelin proteins, neuroimmune processes, and visual experience-dependent plasticity.
Over-expression of Golli-MBP significantly delays myelination (Jacobs et al., 2009) while
knocking out Golli-MBP causes profound hypomyelination that is restricted to the visual cortex
(Jacobs et al., 2005). Thus, both too much or no Golli-MBP affect myelination. The specific
effect of knocking out Golli-MBP on myelination of the visual cortex suggests that it plays a

special role in maturation of that cortical area.

In this study, we found that the shift from more Golli- to more Classic-MBP in human visual
cortex coincides with the end of the sensitive period for development of amblyopia.

Futhermore, MBP mRNA is reduced in the visual cortex of patients with schizophrenia
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(Matthews et al., 2012) suggesting that it may contribute to the pathophysiology underlying
changes in their visual perception. Thus, the visual cortex is an interesting cortical area for

studying the role of myelin proteins in disease.

Previous studies of myelin in the human brain have focused on white matter maturation (e.g.
Guleria and Kelly, 2014; Paus, 2010) and diseases related to changes in the white matter (Fields,
2008). In contrast, our study quantified Classic- and Golli-MBP expression in human visual
cortex. The findings are timely because novel MRI techniques are driving renewed interest in
the role of myelin function in human cortex (Glasser et al., 2014). Furthermore, the changes in
Golli-MBP expression in human visual cortex raise new questions about its role as a molecular

link between neural and immune systems at different stages of the lifespan.
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Chapter 4. Development of glutamatergic proteins in human
visual cortex across the lifespan
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Abstract

Traditionally, human primary visual cortex (V1) has been thought to mature within the first few
years of life, based on anatomical studies of synapse formation, and establishment of intra- and
inter-cortical connections. Human vision, however, develops well beyond the first few years.
Previously, we found prolonged development of some GABAergic proteins in human V1 (Pinto
et al., 2010). Yet as over 80% of synapses in V1 are excitatory, it remains unanswered if the
majority of synapses regulating experience-dependent plasticity and receptive field properties
develop late like their inhibitory counterparts. To address this question, we used Western blotting
of post-mortem tissue from human V1 (12 female, 18 male) covering a range of ages. Then
quantified a set of post-synaptic glutamatergic proteins (PSD-95, GluA2, GIuN1, GluN2A,
GluN2B), calculated indices for functional pairs that are developmentally regulated
(GluA2:GluN1; GluN2A:GIluN2B), and determined inter-individual variability. We found early
loss of GIuN1, prolonged development of PSD-95 and GluA2 into late childhood, protracted
development of GluN2A until ~40 years and dramatic loss of GIuN2A in aging. The
GluA2:GluN1 index switched at ~1 year but the GluN2A:GluN2B index continued to shift until
~40 year before changing back to GluN2B in aging. We also identified young childhood as a
stage of heightened inter-individual variability. The changes show that human V1 develops
gradually through a series of 5 orchestrated stages, making it likely that V1 participates in visual

development and plasticity across the lifespan.
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Significance

Anatomical structure of human V1 appears to mature early, but vision changes across the
lifespan. This discrepancy has fostered 2 hypotheses: either other aspects of V1 continue
changing, or later changes in visual perception depend on extrastriate areas. Previously, we
showed that some GABAergic synaptic proteins change across the lifespan but most synapses in
V1 are excitatory leaving unanswered how they change. So we studied expression of
glutamatergic proteins in human V1 to determine their development. Here we report prolonged
maturation of glutamatergic proteins, with 5 stages that map onto life-long changes in human
visual perception. Thus, the apparent discrepancy between development of structure and function

may be explained by life-long synaptic changes in human V1.
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4.1 Introduction

Anatomical development of human visual cortex (V1) proceeds quickly over the first few
years (Huttenlocher et al., 1982; Zilles et al., 1986; Burkhalter, 1993; Burkhalter et al., 1993) but
maturation of vision is slow, changing through childhood, adolescence, adulthood and aging
(Kovacs et al., 1999; Lewis and Maurer, 2005; Germine et al., 2011; Owsley, 2011). The
discrepancy between development of structure and function led to the idea that prolonged
maturation of vision might depend on features of V1 not captured by anatomical studies (Taylor
etal., 2014). For example, some GABAergic and myelin proteins involved with plasticity
continue developing into adulthood in human V1 (Pinto et al., 2010; Siu et al., 2015). Most V1
synapses, however, are excitatory (Beaulieu et al., 1992) and glutamatergic receptors regulate
experience-dependent plasticity (Hensch, 2004; Turrigiano and Nelson, 2004; Cooper and Bear,
2012; Levelt and Hiibener, 2012) and receptive field properties (Ramoa et al., 2001; Rivadulla et
al., 2001; Fagiolini et al., 2004; Self et al., 2012). Currently, little is known about expression of
glutamatergic proteins in human V1 (Huntley et al., 1994; Scherzer et al., 1998) and less about

how they change across the lifespan (Pinto et al., 2015).

Animal models found that activation of glutamate receptors, NMDA (N-methyl-D-aspartate)
and AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid), regulate plasticity in V1
(Kleinschmidt et al., 1987; Daw et al., 1992; Turrigiano and Nelson, 2004; Yashiro and Philpot,
2008; Smith et al., 2009; Cooke and Bear, 2014; Turrigiano, 2017). The recruitment of AMPARSs
to silent synapses starts the critical period (CP) (Rumpel et al., 1998) and an increase in the
glutamate receptor scaffolding protein, PSD-95, consolidates synapses to end the CP (Huang et
al., 2015). The composition of AMPARs and NMDARSs regulates juvenile ocular dominance
plasticity starting with weakening of deprived eye responses by the rapid loss of GluA2 (Heynen

et al., 2003; Lambo and Turrigiano, 2013) and increase of GluN2B (Chen and Bear, 2007).
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Next, open eye responses are strengthened by an increase of GluA2 (Lambo and Turrigiano,
2013) and decrease of GIuN2A (Smith et al., 2009). The developmental shift from more
GluN2B to more GluN2A (2A:2B balance) regulates metaplasticity since GluN2B allows more
Ca2+ to enter the synapse and activate LTP mechanisms (Yashiro and Philpot, 2008). The 2A:
2B balance shifts during the CP (Sheng et al., 1994) when visual experience drive a loss of
GluN2B (Philpot et al., 2001), an increase of GIuN2A (Quinlan et al., 1999a; 1999b), and

reduces ocular dominance plasticity (Philpot et al., 2003; 2007).

Receptive field properties in V1 are also regulated by glutamate receptors. The dense
expression of glutamate receptors in layers 2/3 and 4 (Huntley et al., 1994; Kooijmans et al.,
2014) supports AMPARs dominated feed-forward and NMDARs dominated feed-back drive
(Self et al., 2012). Furthermore, development of orientation preference is prevented by
suppressing NMDARs (Ramoa et al., 2001) and requires the GIuN2A subunit (Fagiolini et al.,

2003).

Here, we investigate development of glutamate receptors in human V1 (PSD-95, GIuN1,
GluN2A, GluN2B and GluA2) from birth to 80 years of age. We find changes that could

contribute to visual processing and plasticity throughout the lifespan.
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4.2 Materials and Methods

Samples

The post-mortem tissue samples from human visual cortex used in this study were obtained
from the Brain and Tissue Bank for Developmental Disorders at the University of Maryland
(Baltimore, MD, USA) and the study was approved by the McMaster University Research Ethics
Board. Cortical samples were from individuals with no history of brain disorders, and all causes
of death were with minimal trauma. Samples were collected within 23 hours post-mortem,
sectioned coronally in 1cm intervals, flash frozen at the Brain and Tissue Bank, and stored at
-80°C. Visual cortex samples were taken from the posterior pole of the left hemisphere and

included both superior and inferior portions of the calcarine fissure. A total of 30 cases were used

and ranged in age from 20 days to 79 years (Table 1).

Age Age Group Sex PMI
(Hours)
20 days Neonate M 9
86 days Neonate F 23
96 days Neonate M 12
98 days Neonate M 16
119 days Neonate M 22
120 days Neonate M 23
133 days Infant M 16
136 days Infant F 11
273 days Infant M 10
1 year 123 days Young Children M 21
2 years 57 days Young Children F 21
2 years 75 days Young Children F 11
3 years 123 days Young Children F 11
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4 years 203 days Young Children M 15
4 years 258 days Young Children M 17
5 years 144 days Older Children M 17
8 years 50 days Older Children F 20
8 years 214 days Older Children F 20
9 years 46 days Older Children F 20
12 years 164 days Teens M 22
13 years 99 days Teens M 5
15 years 81 days Teens M 16
19 years 76 days Teens F 16
22 years 359 days Young Adults M 4
32 years 223 days Young Adults M 13
50 years 156 days Young Adults M 8
53 years 330 days Young Adults F 5
69 years 110 days Older Adults M 12
71 years 333 days Older Adults F 9
79 years 181 days Older Adults F 14

Table 1. Human V1 tissue samples used in this study. Each case is identified by their age in years
and days, age group assignment, sex, and post-mortem interval (PMI).

Sample preparation

A small piece of tissue (50-100mg) was cut from the calcarine fissure of each frozen block of
human V1, suspended in cold homogenization buffer (1ml buffer: 50mg tissue, 0.5mM DTT,
2mM EDTA, 2mM EGTA, 10mM HEPES, 10mg/L leupeptin, 100nM microcystin, 0.ImM
PMSF, 50mg/L soybean trypsin inhibitor), and homogenized in a glass-glass Dounce hand
homogenizer (Kontes, Vineland, NJ, USA). To enrich for synaptic proteins, we used a

synaptoneurosome preparation. Homogenate samples were filtered through coarse (100 pg) and
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fine (5 pg) pore hydrophilic mesh filters (Millipore, Bedford, MA, USA), and then centrifuged at
1000 x g for 10 minutes to obtain the synaptic fraction. The synaptoneurosome pellet was
resuspended in boiling 1% sodium-dodecyl-sulfate (SDS), heated for 10 minutes and stored at
-80°C.
Synaptoneurosome protein measurement and equating

Low abundance synaptic proteins are enriched 3- to 5-fold by the synaptoneurosome
preparation (Murphy et al., 2014) which facilitates the reliable detection of synaptic proteins by
Western blot analysis. In contrast, housekeeping proteins used as loading controls, such as
GAPDH or B-tubulin, are reduced about 10-fold in a synaptoneurosome preparation because the
small synaptoneurosome volume is dominated by synaptic proteins (Balsor & Murphy,
unpublished observation). Moreover, those loading controls are known to exhibit high
variability (Lee et al., 2016) and change under many conditions including experience (Dahlhaus
et al., 2011) and development (Pinto et al., 2015). For these reasons, normalizing an enriched
synaptoneurosome preparation with a diminished loading control can lead to the undesirable
outcome of inflating the apparent expression of synaptic proteins, especially early in
development. It is important, however, for Western blot analyses to accurately quantify total
protein and to load equivalent amounts. To achieve these, we used a stringent 3 stage protocol to
measure and equate protein concentrations among the samples and then load equivalent volumes

into each gel.

To measure and equate protein concentration for each synaptoneurosome sample, we used a
bicinchoninic acid (BCA) assay (Pierce, ThermoFisher Scientific, Rockford, IL, USA) and
compared the samples with a set of protein standards (0.25, 0.5, 1.0, 2.0 mg/ml) (Bovine Serum
Albumin (BSA) protein standards, Bio-Rad Laboratories, Hercules, CA, USA). We mixed a

small amount of each sample and standard (9 pl) with BCA assay solution (1:100), and loaded 3
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aliquots (each 300 pl) into separate wells of a 96-well microplate. The plate was incubated at
45°C for 45 minutes to activate the reaction, then scanned in an iMark Microplate Absorbance
Reader (Bio-Rad Laboratories, Hercules, CA, USA) to quantify the colorimetric change. Next,
we plotted the absorbance values of the standards relative to their known concentrations, and fit a
linear correlation to the data. The fit for the correlation had to be R*>0.99, and if it did not reach
that level, the BCA assay was re-run. The absorbance of the human samples was measured and
averaged for the 3 aliquots. This sample absorbance value and the linear equation fit to the
standards were used to determine the amount of Laemmli buffer (Cayman Chemical Company,
Ann Arbor, MI, USA) and sample buffer (M260 Next Gel Sample loading buffer 4x, Amresco
LLC, Solon, OH, USA) needed to achieve protein concentrations of 1pug/ul. Finally, to ensure
loading of equivalent volumes into each well of the gel we used a high-quality pipette (e.g.
Picus, Sartorius Corp Bohemia, NY USA) and performed regular calibrations.
Immunoblotting

Synaptoneurosome samples (20 pg) were separated on 4-20% SDS-polyacrylamide gels
(SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes (Immobilon-FL
PVDF, EMD Millipore, Billerica, MA, USA). Each sample was run multiple times and a control
sample, made by combining a small amount of the synaptoneurosome preparation from each of
the 30 cases, was run on each gel. Blots were pre-incubated in blocking bufter for 1 hour
(Odyssey Blocking Buffer 1:1 with phosphate buffer saline (PBS)) (Li-Cor Biosciences; Lincoln,
NE, USA), then incubated in primary antibody overnight at 4°C using these primary antibodies:
Anti-NMDARI, 1:4000 (RRID: AB_ 396353, BD Pharmingen, San Jose, CA); Anti-NR2A,
1:1000 (RRID: AB_ 95169, EMD Millipore, Billerica, MA, USA); Anti-NMDAR2B, 1:1000
(RRID: AB_ 2112925, EMD Millipore, Billerica, MA, USA); Anti-GluA2, 1:1000 (RRID:
AB 2533058, Invitrogen, Waltham, MA, USA); Anti-PSD95, 1:16000 (RRID: AB 94278, EMD

Millipore, Billerica, MA, USA). These antibodies were selected after testing them on a multi-
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species blot that included samples from human, monkey, cat, and rat to ensure that the human
samples had bands comparable with the other species. The blots were washed with PBS-Tween
(0.05% PBS-T, Sigma, St. Louis, MO, USA) (3x10 minutes) and incubated for 1 hour at room
temperature with the appropriate IRDye labeled secondary antibody, (Anti-Mouse, 1:8000,
RRID: AB 10956588; Anti-Rabbit, 1:10,000, RRID: AB 621843; Li-Cor Biosciences, Lincoln,
NE, USA), and washed again in PBS-Tween (3x10 minutes). The bands were visualized using
the Odyssey scanner (Li-Cor Biosciences; Lincoln, NE, USA) and we determined that the
amount of protein loaded into each well and the antibody concentrations were within the linear
range of the Odyssey scanner. After scanning, the blots were stripped using a Blot Restore
Membrane Rejuvenation Kit (EMD Millipore, Billerica, MA, USA), re-scanned to ensure

complete stripping, and then re-probed with another antibody.

Band analysis
To analyze the bands, blots were scanned on an Odyssey infrared scanner and quantified

using densitometry (Li-Cor Odyssey Software version 3.0; Li-Cor Biosciences; Lincoln, NE,
USA). A density profile for each band was calculated 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. A control sample, made by
combining a small amount from each sample, was run on each gel and the density of each sample
was quantified relative to the control (sample density/control density).
Band image manipulation

Bands shown on figures are representative samples and were added to the figures in
Photoshop (Adobe Systems Inc, San Jose, CA, USA, RRID:SCR _014199). Horizontal and
vertical transformations were applied to size and orient the bands for each figure. A linear
adjustment layer was applied uniformly to all bands for each protein, preserving the relative

intensities among bands.
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Receptor subunit index

To quantify the balance between functional pairs of proteins, we calculated a difference ratio,
often called a contrast index, that is commonly used in signal processing to determine the quality
of a signal. We calculated 2 indices that reflect the balance between pairs of proteins that are
developmentally regulated: AMPA:NMDA index -- (GluA2-GluN1)/(GluA2+GluN1); and
NMDAR subunit 2A:2B index -- (GIluN2A-GIluN2B)/(GluN2B+GIuN2A). These indices can

have values between -1 and +1.

Curve-fitting and statistical analyses
The results were plotted in two ways to visualize and analyze changes in expression across the

lifespan. First, to describe the time course of changes in protein expression, scatterplots were
made for each protein showing the expression level from each run (grey dots) and the average of
the runs (black dots). To determine the trajectory of changes across the lifespan we used a
model-fitting approach (Christopoulos and Lew, 2000) and found the best curve-fit to the data
using Matlab (The MathWorks, Inc, Natick, MA, RRID: SCR_001622). A single-exponential
decay function (Y=A*exp(-(x/t))+B) was fit to the data for GluN1. A Gaussian function
(Y=A*exp(-((log(x/n)?)/(2*(c?)))+B) was fit to the data for PSD-95, GluA2, GluN2B, and the
2A:2B index. A quadratic function was fit to the AMPA:NMDA balance (Y=A+B*log(x)
+C*log(x)?). Finally, a weighted average was used to describe the trajectory for GluN2A. The
fits were found by least squares, and the goodness-of-fit (R?) and statistical significance of the fit
(p) were determined. For the decay function, we calculated the time constants (t) and defined 3t
(when 87.5% of the change in expression had occurred) as the age when mature expression was
reached with the 95% confidence interval (95% CI) around that age. For Gaussian functions, the

age at the peak was calculated and the 95% CI determined.

Second, to compare changes among different stages across the lifespan, samples were binned

into age groups (<0.3 years, Neonates; 0.3-1 year, Infants; 1-4 years, Young Children; 5-11 years,
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Older Children; 12-20 years, Teens; 21-55 years, Young Adults; >55 years, Older Adults) and
histograms were plotted showing the mean and standard error of the mean (SEM) for each group.
We used bootstrapping to make statistical comparisons among the groups since this method
provides robust estimates of standard error and CI, which are especially useful for human studies
constrained to smaller sample sizes. The statistical software R (R Core Team (2014), R: A
language and environment for statistical computing. R Foundation for Statistical Computing,

Vienna, Austria, URL http://www.R-project.org/, RRID: SCR_001905) was used for the

bootstrapping and we began by simulating a normally distributed dataset (1,000,000 points) with
the same mean and standard deviation of the group being compared. We used this normally
distributed dataset to determine if the observed means for the other age groups were significantly
different. A Monte Carlo simulation was used to randomly sample from the simulated dataset N
times, where N was the number of cases in the other age groups. This simulation was run 10,000
times to generate an expected distribution for the N number of cases. Confidence intervals (CI)
were calculated for that simulated distribution (i.e. 95%, 99% CI) and compared with the
observed group means. The age groups were considered to be significantly different (i.e.
p<0.05) when the observed mean was outside the 95% CI.
Analysis of Inter-individual variability

Previously we identified ages during infancy and childhood with waves of high inter-
individual variability (Pinto et al., 2015; Siu et al., 2015). To analyze if the glutamatergic
proteins studied here have similar waves of inter-individual variability we calculated the Fano-
Factor (Variance-to-Mean Ratio - VMR) for each protein and examined how it changed across
the lifespan. The VMR around each case was determined by calculating the mean and variance
for the protein expression within a moving box that included 3 adjacent ages and then dividing
the variance by the mean. Scatter plots were made to show how the VMRs changed across the

life span and functions were fit to those data to identify ages when there was high inter-
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individual variability. The VMRs were fit with the same Gaussian function described above, and
a wave of higher inter-individual variability was identified when 4 or more points at the peak fell

above the 95% CI for lower bound of the curve.
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4.3 Results

Postmortem interval
We examined whether glutamate protein expression levels were affected by post-mortem

interval (PMI). First, we verified that immunoreactivity was present and then analyzed the
correlation between PMI and protein expression. There were no significant correlations between
PMI and expression of the 5 glutamatergic proteins (PSD-95: R=0.05, p=0.66; GluA2: R=0.17,
p=0.13; GluN1: R=0.26, p=0.11; GluN2A: R=0.17, p=0.41; GluN2B: R=0.16, p=0.24) so all of

the data was included in the following analyses.

Slow development of PSD-95, earlier but opposite development of GluA2 and GluN1
We began analyzing development of glutamate proteins in human V1 by measuring expression

of PSD-95, a scaffolding protein involved in anchoring AMPA and NMDA receptors (Kim and
Sheng, 2004), controlling visual developmental plasticity (Yoshii et al., 2003), and ending the
CP for ocular dominance plasticity (Huang et al., 2015). We found a steady increase in
expression of PSD-95 in the synaptoneurosome preparation used in this study and analyzed the
results in two ways (Fig. 1). First, by model-fitting to all the data to determine the best curve to
capture changes across the lifespan, and second, by binning the data into age groups and using
bootstrapping for statistical comparisons between groups. Development of PSD-95 peaked at 9.6
years (+/- 4.1 years; R>=0.457, p<0.0001) (Fig. 1A). This result was similar to our previous
findings using whole homogenate samples (Pinto et al., 2015). The magnitude of the peak in the
synaptoneurosome, however, was about half that found using the whole homogenate ((Pinto et
al., 2015) figure 3), suggesting there could be a large mobile pool of PSD-95 during late
childhood. Comparing the age-binned results showed a 3-fold increase in PSD-95 expression
during development that reached a peak in older children (5-11 years, p<0.001) before dropping
about 30% into aging (p<0.001) (Fig. 1B). The PSD-95 peak corresponded with the age when

children are no longer susceptible to amblyopia (Lewis and Maurer, 2005) and may signify that
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PSD-95 contributes to ending the CP for ocular dominance plasticity in humans similar to its role

in mouse V1 (Huang et al., 2015).

Next, we quantified development of GluA2 and GIluN1, which identify the 2 main classes of
ionotropic glutamate receptors AMPARs and NMDARs, respectively. Development of these
subunits followed a similar pattern to that found in animal studies, where GluA2 increased, while
GluN1 decreased during development (Fig. 1C-F). GluA2 expression increased about 40%
during childhood and then declined a similar amount into adulthood and aging. The GluA2
developmental trajectory peaked at 3.1 years (+/- 1.8 years, R=0.131, p<0.01) (Fig. 1C).
Comparison of GluA2 expression among the age groups, however, identified a slightly later peak
during late childhood (5-11 years) (Fig. 1D). The uncertainty about the peak for GluA2 probably
reflects variability in expression during childhood and the modest increase between neonates and

older children.

The trajectory of GluN1 expression started high under 1 year of age, then rapidly decreased to
a relatively constant level for the rest of the lifespan (Fig. 1E,F). The change in GluN1
expression was fit with an exponential decay function (R?>=0.482, p<0.0001) that fell to mature
levels (31) by 4.2 years (+/- 1.7 years) (Fig. 1E). The same pattern was found when we
compared among age groups where GluN1 levels were higher under 1 year and dropped by
almost half during young childhood (1-4 years) (p<0.001) and remained at that level for the rest

of the lifespan (Fig. 1F).
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Figure 1 - Development of PSD-95, GluA2 , and GIuN1 expression in human V1. (A) A
scatterplot of PSD-95 expression across the lifespan fit with a Gaussian function (R?=0.457,
p<0.0001) with peak expression at 9.6 years (+/- 4.1 years). (B) Age-binned results for PSD-95
expression. (C) A scatterplot of GluA2 expression across the lifespan fit with a Gaussian
function (R?=0.131, p<0.01), with peak expression at 3.1 years (+/- 1.8 years). (D) Age-binned
results for GluA2 expression. (E) A scatterplot of GluN1 expression across the lifespan fit with
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an exponential decay function (R?>=0.482, p<0.0001), and fell to mature levels (31) at 4.2 years
(+/- 1.7 years). (F) Age-Binned results for GIuN1 expression. For the scatterplots, grey dots
represent each run, black dots represent the average for each case and age was plotted on a
logarithmic scale. For the histograms, protein expression was binned into age groups (< 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) showing the mean and
SEM. Representative bands are shown above each age group. (*p<0.05, **p<0.01, ***p<0.001).

Comparing the changes across the lifespan for PSD-95, GluA2, and GluN1 we found different
timing (GluA2 and GluN1 matured before PSD-95), different directions (PSD-95 and GluA2
increased while GluN1 decreased), and different amounts of protein change. Thus, even these 3

tightly associated proteins had different developmental trajectories.
Early shift from more NMDA to more AMPA in human V1

Animal studies have shown that there is an early developmental shift from NMDAR-
dominated silent synapses to functional synapses with AMPARs (Isaac et al., 1997; Rumpel et
al., 1998). Here we examined development of the AMPA:NMDA balance in human V1 as an
indication of functional maturation of glutamatergic transmission. We calculated an
AMPA:NMDA index where a value of -1 indicated only GluN1 expression, 0 indicated equal
expression, and +1 indicated only GluA2 expression. We found an early switch from more
GluN1 under 1 year of age to more GluA?2 after 1 year (Fig. 2). The AMPA:NMDA balance was
fit with a quadratic function (R?=0.406, p<0.0001) that captured the shift from GluN1 to GluA2
that peaked at 10.7 years (95%CI 4.8-23.7 years) before slowly returning to equal expression
during aging (Fig. 2A). The age-binned results showed the same pattern of a significant switch
at 1 year, GluA2 peaking during late childhood, and returning to balanced expression in older
adults (Fig. 2B). The changes in this AMPA:NMDA balance suggest an early stage of human V1

development during infancy (<1 year) that may characterize unsilencing of glutamate synapses
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followed by AMPAR dominated excitatory drive during childhood and young adults before

regressing to balanced AMPAR and NMDAR expression in aging.
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Figure 2 - Development of the AMPA:NMDA balance ((GluA2-GluN1)/(GluA2+GIluN1)) in
human V1. (A) A scatterplot of the AMPA:NMDA balance across the lifespan fit with a quadratic
function (R?=0.406, p<0.0001), which peaked at 10.7 years (95% CI 4.8-23.7 years). (B) Age-
Binned results for the AMPA:NMDA balance. Scatterplot, histogram and significance levels
plotted using the conventions described in Figure 1.

GluN2A and GluN2B subunit expression in human V1
We examined developmental changes in expression of 2 NMDAR subunits, GluN2A and

GluN2B because they affect development of receptive field tuning and ocular dominance
plasticity. In particular, the rise of GluN2A and concomitant loss of GluN2B during the CP is
one mechanism that causes reduced ocular dominance plasticity in adult cortex (Philpot et al.,
2007). The scatterplot of GluN2B expression showed a modest peak during childhood and
relatively constant expression through teens, young adults, and older adults (Fig. 3A&B). The
GIuN2B trajectory was fit by a Gaussian function (R?=0.176, p<0.01) that peaked at 1.2 years
(+/- 0.7 years) (Fig. 3A). We compared GluN2B expression among the age groups and found
higher levels during childhood (5-11 years) relative to teens, young adults, and older adults (Fig.

3B) (p<0.01).
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The developmental trajectory for GluN2A was different from GluN2B. Initially, GluN2A
expression was low, then variable during childhood and teenage years (8 cases with low and 3
cases with high GIuN2A expression) followed by high expression in young adults and ending
with a large (~75%) decline into aging. The variability during childhood reduced the goodness-
of-fit for a Gaussian function so instead we plotted a descriptive weighted curve (Fig. 3C).
Interestingly, the 3 childhood cases with high GIuN2A expression also had high GIuN2B
expression. Binning the results into age groups showed that young adults had more GluN2A
expression than infants (p<0.001), young children (p<0.01), teens (p<0.01), and older adults

(p<0.001) (Fig 3. D).
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Figure 3 - Development of GIuN2B and GIuN2A in human V1. (A) A scatterplot of GluN2B
expression across the lifespan fit with a Gaussian function (R?>=0.176, p<0.01), with peak
expression at 1.2 years (+/- 0.7 years). (B) Age-Binned results for GluN2B expression. (C) A
scatterplot of GIuN2A expression across the lifespan fit with a weighted curve. (D) Age-Binned
results for GluN2A expression. Scatterplots, histograms, and significance levels plotted using the
conventions described in Figure 1.

NMDARs are tetrameric channels with diheteromeric nascent receptors comprised of GIluN1/
GluN2B that shift during development with the majority becoming triheteromers comprised of
GluN1/GluN2A/GIuN2B (Sheng et al., 1994). Since GluN1 is a component of all NMDARs we

normalized expression of GIuN2A and GluN2B to the expression of GluN1 to determine if high
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variability during childhood was driven by variability in the total pool of NMDARs.
Normalizing with GluN1 expression reduced the variability for both GluN2A and GluN2B
throughout childhood, it also enhanced the GIuN2B peak in late childhood (Fig. 4 A&B) and the
GIluN2A peak in adulthood (Fig. 4 C&D). The GluN1 normalization, however, did not eliminate

variability of GluN2A and GluN2B during childhood.
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Figure 4 - Development of GluN2B and GluN2A normalized to GluN1 in human V1. (A) A
scatterplot of GIuN2B expression normalized to GluN1 across the lifespan fit with a Gaussian
function (R?=0.106, p<0.05), with peak expression at 3.2 years (+/-1.8 years). (B) Age-Binned
results for GluN2B normalized to GIuN1 expression. (C) A scatterplot of GluN2A normalized to
GluNT1 expression across the lifespan fit with a weighted curve. (D) Age-Binned results for
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GluN2A normalized to GluN1. Scatterplots, histograms, and significance levels plotted using the
conventions described in Figure 1.

2A:2B balance: protracted change across the lifespan
Visual experience shifts the 2A:2B balance in favour of GIluN2A (Quinlan et al., 1999a;

1999b) and that regulates the synaptic modification threshold for engaging long-term
potentiation (LTP) versus long-term depression (LTD) (Philpot et al., 2007). Since the 2A:2B
balance is a key mechanism regulating visual experience-dependent metaplasticity, we analyzed
it for human V1 by calculating an index of 2A:2B expression for each case. Here we found an
orderly progression from more GluN2B under 5 years of age, to roughly balanced GluN2B and
GluN2A during the teen years, to a peak with more GluN2A during adulthood, followed by a
shift back to more GIuN2B in aging (Fig. 5 A&B). These changes in the 2A:2B balance were fit
by a Gaussian function (R?=0.633, p<0.0001) that peaked at 35.9 years (+/- 4.6 years) (Fig. 5A).
The binned results illustrate the progressive shift towards significantly more GluN2A in
adulthood and then shifting back to GIuN2B in aging (Fig. 5B). The orderly shift in the 2A:2B
balance, especially through childhood, was somewhat surprising since the individual subunits
showed a lot of variability at that stage. The low variability of the 2A:2B index suggests that the
balance between this pair of subunits, rather than the absolute amount of each, is a critical
component for GluN2A and GluN2B regulation of developmental plasticity. Importantly, when
compared with animal models where the shift to GluN2A is complete by the end of the CP
(Sheng et al., 1994; Quinlan et al., 1999a; Beston et al., 2010), the 2A:2B shift in human V1
continued for 25 years beyond the age for susceptibility of developing amblyopia (Lewis and

Maurer, 2005).
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Figure 5 - Development of the 2A:2B balance ((GluN2A-GluN2B)/(GluN2A+GluN2B)) in
human V1. (A) A scatter plot of the 2A:2B balance across the lifespan fit with a Gaussian
function (R?=0.633, p<0.0001), with peak expression around 35.9 years of age (+/- 4.6 years).
(B) Age-Binned results for the 2A:2B balance. Scatterplot, histogram, and significance levels
plotted using the conventions described in Figure 1.

Waves of inter-individual variability during childhood
Many studies of human brain development and function have found large inter-individual

variations including our studies of synaptic and non-synaptic proteins in human V1. We analyzed
inter-individual variability and found waves of higher variability in childhood (Pinto et al., 2015;
Siu et al., 2015). Here we applied the same approach and calculated the Fano factor to determine
how the variance-to-mean ratio (VMR) changed across the lifespan for the current set of

glutamatergic proteins.

We found that each glutamatergic protein had a wave of higher inter-individual variability
during childhood that was well fit by a Gaussian function (Fig. 6 A-E). There was a progression
in the peak age of inter-individual variability (VMRs) that began with GluN1 and GluN2B at 1.1

years (GluN1, +/- 0.2 years, R*= 0.8, p < 0.0001)(GIuN2B, +/- 0.3 years, R?>= 0.618, p < 0.0001),
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to GIuN2A at 1.6 years (+/- 0.4 years, R?>= 0.694, p < 0.0001), to GIuA2 at 2.1 years (+/- 0.6
years, R>= 0.641, p <0.0001), to PSD-95 at 2.5 years (+/- 0.5 years, R?>= 0.778, p < 0.0001) (Fig
6 A-E). We plotted the progression of peak ages for inter-individual variability with their 95%
ClIs to show that variability occurred between 1-3 years of age and the peaks started with GluN1

and GluN2B then progressed to GIuN2A, GluA2 and ended with PSD-95 (Fig. 6F).
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Figure 6 - Development of the VMR for PSD-95, GluA2, GluN1, GluN2A, and GluN2B in
human V1. Black dots are the VMR for a moving window of 3 cases. Each protein’s scatterplot
were fit with a Gaussian function, and the data were normalized to the peak of the function. (A)
PSD-95 VMR peaked at 2.5 years (+/- 0.5 years) (R?>=0.778, p<0.0001). (B) GluA2 VMR peaked
at 2.1 years (+/- 0.6 years) (R?>=0.641, p<0.0001). (C) GIuN1 VMR peaked at 1.1 years (+/- 0.2
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years) (R>=0.8, p<0.0001). (D) GluN2A VMR peaked at 1.6 years (+/- 0.4 years) (R?>=0.694,
p<0.0001). (E) GluN2B VMR peaked at 1.1 years (+/- 0.3 years) (R=0.618, p<0.0001). (F) A
summary chart showing the progression of peaks of inter-individual variability (vertical black
line) and the 95% CI (colored bar) for each protein.

4.4 Discussion

Our results show that development of glutamatergic synaptic proteins in human V1 mirror
changes in visual perception across the lifespan. Human visual perception matures in stages
(Ellemberg et al., 1999; Kovacs et al., 1999; Braddick et al., 2005; Owsley, 2011; Hartshorne and
Germine, 2015), and the glutamate receptor proteins studied here revealed 5 stages of
development (Fig. 7). Those stages can support structural maturation of the intrinsic network,
visually driven plasticity, closure of the CP, synaptic stability, and degeneration in human V1.
These results are similar to the maturation of GABAergic proteins in human V1 (Pinto et al.,
2010) and suggest that synaptic changes in V1 are likely to impact visual perception and

plasticity across the lifespan.
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Figure 7 - Summary of the 5 stages of development for the glutamatergic proteins. Changes
for the individual glutamatergic proteins are illustrated with grey-levels where black represents
the maximum expression and lighter grey less expression. GluN1 peaked during the first year
(stage 1), GIluN2B, GluA2, and PSD-95 in late childhood (stage 3), and GIuN2A at ~40 years
(stage 4) before declining in aging (stage 5). Changes for the 2 indices (2A:2B, GluA2:GIuNT1)
are color-coded. For the 2A:2B balance red indicates more GluN2B and green more GIuN2A,
and for the AMPA:NMDA balance red indicates more GluN1 and green more GluA2. The shift
to more GluN2A peaked in adulthood (stage 4) and then returned to more GluN2B in aging
(stage 5). The switch to more GluA2 happned at ~ 1 year and continued until late childhood
(stage 3). The waves of inter-individual variability for each protein are present with dark blue
identifying maximum variability that occurred in young childhood (stage 2) and lighter blue
indicating stages with low variability.

Glutamatergic proteins regulate fundamental aspects of excitatory neurotransmission (Cull-
Candy et al., 1998), visual plasticity (Turrigiano, 2008; Yashiro and Philpot, 2008; Cooke and
Bear, 2014; Turrigiano, 2017), and receptive field properties in V1 (Ramoa et al., 2001;
Rivadulla et al., 2001; Fagiolini et al., 2004; Self et al., 2012). Quantification of these proteins
by Western blotting is one of the few methods that can track the maturation of human V1 to link

changes in synaptic function, network structure, and visual perception. Protein analysis,
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however, does not address the cell types, layers, and circuits that are changing. Nor does it
separate pre- and post-synaptic NMDARs which play different roles in neurotransmission and
experience-dependent plasticity (Banerjee et al., 2016). The current results may provide a
blueprint to focus anatomical and other studies of human V1 on key stages of development.

Five stages of glutamatergic protein development in human V1
Stage 1: the first year -- structural maturation of the intrinsic network

Initially, GluN1 expression was high and then a rapid reduction at ~1 year caused a switch in
the AMPA:NMDA balance to more GluA2. That pattern suggests initial dominance by
NMDAR-containing silent synapses that are rapidly replaced by AMPAR-containing active
synapses (Isaac et al., 1997; Rumpel et al., 1998). The loss of GluN1 at ~1 year coincides with a
loss of the endocannabinoid receptor CB1 (Pinto et al., 2010) and since CB1 plays a central role
in establishing excitatory connections (Harkany et al., 2008), the high levels of CB1 and GluN1
may contribute to the functional maturation of intra-cortical (Burkhalter et al., 1993) and inter-

cortical connections (Burkhalter, 1993).

We found that GIuN2B dominated the 2A:2B balance throughout stages 1 to 3. Many animal
studies have shown that the 2A:2B balance contributes to developmental plasticity in V1 and
emergence of visual function (Quinlan et al., 1999a; Erisir and Harris, 2003; Philpot et al., 2007;
Cho et al., 2009; Smith et al., 2009; Durand et al., 2012). The dominance of GluN2B suggests
that the synaptic modification threshold favors LTP (Philpot et al., 2007; Yashiro and Philpot,
2008) and V1 neurons are more receptive to potentiation of an open eye's inputs (Cho et al.,
2009). This may explain why just 1 hour of visual experience in an infant is enough to improve
acuity of an eye treated for congenital cataracts (Maurer et al., 1999). Thus, this stage reflects

the establishment of nascent excitatory synapses and initiation of plasticity in V1 circuits.
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Stage 2: young children (1-4 years) -- visually driven plasticity

During the second stage of V1 development, we found progressive increases in GluA2,
PSD-95, and GluN2A but the dominant feature was the wave of inter-individual variability. The
variability was similar to our previous findings for pre- (Synapsin, Synaptophysin), post-synaptic
(Gephyrin, PSD-95), and a non-neuronal protein (Golli myelin basic protein, MBP) (Pinto et al.,
2015; Siu et al., 2015). Variability peaking with GluN1 and GIuN2B at ~1 year, GluN2A at ~1.5
years, GluA2 at ~2 years, and ending with PSD-95 at ~2.5 years. Those waves may reflect true
inter-individual variability in young children with cortical development taking off at different
ages. The waves may also represent high levels of intra-individual variability driven by the
dynamics of network states where expression of each synaptic protein could be high one day and
low the next. Since the data here are cross-sectional, we cannot differentiate between these 2
ideas, but the implications for them on cortical development are different. For example, if the
waves reflect on-going dynamics then they could function similar to how feedback about the
network state shifts processing of olfactory circuits in C. elegans (Gordus et al., 2015). In that
model, environmental or other factors could modulate the state of synaptic plasticity. Rather
than thinking about the waves as random or unpredictable, they may reveal a feature of visually

driven plasticity needed to develop adaptive circuits that support visual processing.

Stage 3: older children (5-11 years) -- closure of the critical period
Expression of GluN2B, PSD-95, GluA2 and the AMPA:NMDA balance peaked in the third

stage. These changes could end the CP for ocular dominance plasticity (Erisir and Harris, 2003;
Huang et al., 2015). For example, in mouse V1 PSD-95 peaks at the end of the CP and
consolidates AMPA-containing synapses (Huang et al., 2015). This stage also coincides with the
end of susceptibility for children developing amblyopia (Epelbaum et al., 1993; Keech and

Kutschke, 1995; Lewis and Maurer, 2005).

118



Ph.D. Thesis - C. Siu; McMaster University - Neuroscience

By the end of stage 3, the 2A:2B balance was roughly equal. A shift to more GluN2A in V1 is
driven by visual experience (Quinlan et al., 1999b) and the findings here show that the 2A:2B
shift begins in young children, but is still not complete by the end of the CP for developing
amblyopia. In contrast, the 2A:2B shift in animal models is complete by the end of the CP
(Sheng et al., 1994; Quinlan et al., 1999a; Beston et al., 2010). Perhaps the slow 2A:2B shift in
combination with peak expression of GluA2 allows for strong engagement of both Hebbian and

homeostatic forms of experience-dependent plasticity (Turrigiano, 2017).

Stage 4: teens and young adults (12-55 years) -- synaptic stability

Through teens and young adults there was continued development as the 2A:2B balance
switched to favor GIuN2A and peak expression of GluN2A did not occur until ~40 years. This
may seem like surprisingly slow development for human V1, but it was comparable to the
development of some GABAergic proteins (GAD65 and GABAaa1) (Pinto et al., 2010) as well

as cortical myelin (classic-MBP) (Siu et al., 2015).

In mouse V1, the developmental shift to more GluN2A is slower for parvalbumin-positive
(PV+) inhibitory interneurons than pyramidal neurons (Mierau et al., 2016). Perhaps the slow
2A:2B shift in human V1 reflects late maturation of PV+ cells. Fast-spiking PV+ cells also have
GluA2-containing AMPARs (Kooijmans et al., 2014), so they are a site where changes in visual
experience could activate inhibitory and excitatory aspects of short-term plasticity in human V1
(Lunghi 2011) (Lunghi et al., 2015a; 2015b). Interestingly, blocking NMDARSs prevents
surround-suppression in monkey V1 (Self et al., 2012) and even a low dose of the non-
competitive NMDAR antagonist, ketamine, impairs the performance of human observers on a

spatial integration task (Meuwese et al., 2013).
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The late 2A:2B shift is likely to adjust the synaptic modification threshold making it more
difficult for visual experience to engage LTP (Yashiro and Philpot, 2008). More GluN2A will
also shorten the decay time of NMDARSs (Stocca and Vicini, 1998; Vicini et al., 1998) even for
triheteromeric receptors (Hansen et al., 2014). In addition, GluN2A-containing NMDARSs are
more stable in the synapse (Groc et al., 2006) and their activation promotes cell survival (Liu et
al., 2007). These features of GluN2A-containing receptors suggests that this stage reflects a time

of synaptic stability in human V1.

Stage 5: aging (>55 years) -- degeneration

The last stage saw a dramatic ~75% loss of GluN2A expression, bringing it back to levels
found in infants (<I year of age). In contrast, there was no change in GluN2B expression so the

2A:2B balance switched back to GIluN2B in aging.

Age-related changes in human vision (Bennett et al., 2007; Betts et al., 2007) and monkey
receptive field properties (Leventhal et al., 2003; Wang et al., 2005; Zhang et al., 2008) have
been described as resulting from poor signal-to-noise caused by a loss of inhibition. Our
previous study of GABAergic proteins in human V1 found a modest loss of GAD65 (Pinto et al.,
2010), but that was much less than the loss of GuN2A found here. Since GIuN2A-containing
NMDARs are dense on PV+ inhibitory interneurons in young mice (Mierau et al., 2016), the loss

of GluN2A in aging human V1 may involve PV+ cells.

The age-related 2A:2B shift to more GluN2B is likely to cause slower decay times and weaker
conductances at NMDARs (Cull-Candy et al., 1998; Vicini et al., 1998; Hansen et al., 2014). It
could also slide the synaptic modification threshold so that visual experience can more readily
engage LTP. That plasticity, however, may come at the cost of higher metabolic stress, GluN2B-
activated excitotoxicity (Liu et al., 2007) and other vulnerabilities linked with NMDARs changes

in aging (Magnusson et al., 2010). It is clear that the aging cortex does not simply become
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juvenile-like (Williams et al., 2010) and the specific loss of GluN2A found here could be a

harbinger of degeneration in human V1.

Summary

The current results and our other investigations of human V1 show that synaptic and non-
synaptic proteins develop through a series of orchestrated stages that extend across the lifespan
(Murphy et al., 2005; Pinto et al., 2010; Williams et al., 2010; Pinto et al., 2015; Siu et al., 2015).
The glutamatergic proteins studied here are central players in visually-driven plasticity, receptive
field properties, and visual function. We found a late shift in the 2A:2B balance and a gradual
maturation of GluA2. These findings will enable researchers to test the efficacy of specific

neuroplasticity-based therapies at different stages of the lifespan.
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Chapter S. Development of the tetrapartite synapse in
human primary visual cortex (V1)
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Abstract

Recently, I have shown evidence for prolonged development of glutamatergic synaptic proteins
in human V1 that suggest excitatory synapses are plastic to experience-dependent modification
across the lifespan. In addition to pre- and post-synaptic elements, glutamatergic synapses also
contain astrocytes and extracellular matrix (ECM) that together comprise the 'tetrapartite’
synapse. Many studies have shown astrocytes and ECM have integral roles in development of
neural circuits and function. In human brain, astrocytes and ECM are uniquely complex in
structure and function, yet little is known about how the tetrapartite synapse develops in the
human visual cortex that could support changes in plasticity and perception across the lifespan.I
used Western blotting to study the expression of the astrocyte marker glial fibrillary acidic
protein (GFAP), ECM receptor subunit B3-Integrin, and dendritic spine protein Drebrin
(Developmentally Regulated Brain protein) in postmortem samples of human V1 that ranged in
age from 20 days to 79 years. I found that development of Drebrin expression increases into
adulthood. There was a loss of Drebrin and 3-integrin in aging that may contribute to aberrant
spines in this stage. GFAP expression peaked early in infancy, a period well characterized by
synapse production and elimination that suggests the participation of astrocytes in synaptic
refinement in human V1. This study is the first to identify the lifelong development of
mechanisms in the tetrapartite synapse that regulates glutamatergic dendritic spine plasticity in

human V1.
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5.1 Introduction

Recently, I showed that a set of glutamatergic synaptic proteins in human primary visual cortex
(V1) develops over 5 stages that suggests V1 participates in plasticity and visual development
across the lifespan (Siu et al., 2017). Dendritic spines are the main sites of glutamatergic
synapses, and rapidly change in shape, size, and number in response to changes in activity
(Fischer et al., 1998; Rocha and Sur, 1995; Trachtenberg et al., 2002). This structural-plasticity in
dendritic spines is dependent on Drebrin, a protein that regulates actin-based spine morphology
(Hayashi and Shirao, 1999; Hayashi et al., 1996). In addition to pre-and post-synaptic elements,
however, glutamatergic synapses are closely regulated by astrocytes and the extracellular matrix
(ECM) that led to the terms ‘tripartite’ (Araque et al., 1999) and ‘tetrapartite’ synapses (Dityatev
and Rusakov, 2011; Park and Goda, 2016). Since the expression of glutamatergic proteins in
human V1 continue to develop and change across the lifespan, I sought to examine the
expression of other tetrapartite synapse markers to determine their developmental trajectories
(Figure 1).

The insertion of AMPAR activates silent synapses (Huang et al., 2015), stabilizes spine strength
by decreasing actin-based motility and rounding the shape of the synapse (Fischer et al., 2000),
and increases Drebrin clustering in spines (Takahashi et al., 2009). This clustering of Drebrin is
necessary for clustering of PSD-95 to the synapse (Takahashi et al., 2003) that terminates the
critical period (CP) for ocular dominance plasticity (ODP) in V1 (Huang et al., 2015). In cat V1,
the expression of Drebrin dramatically decreased at the end of the CP , indicating it may play a
role in experience-dependent modification of synapses in the visual cortex (Imamura et al.,

1992). In my study of glutamate proteins in human V1, I found that both PSD-95 and GluA2
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increase in expression until 8-10 years of age, roughly the end of the period for susceptibility of

developing amblyopia (Siu et al., 2017).

Figure 1 - The tetrapartite synapse. I studied expression levels of GFAP (yellow), a marker for
Astrocyte expression; B3-integrin (green), receptors for extracellular matrix ligands found on
pre-synaptic, post-synaptic and astrocytic membranes; and Drebrin (pink), a dendritic spine
plasticity protein bound to actin filaments. Together these molecules regulate different aspects of
synaptic plasticity.

The ECM is composed mainly of chondroitin sulfate proteoglycan proteins (CSPGs) that develop
around synapses to restrain motility in the adult visual cortex (Berardi et al., 2004; de Vivo et al.,

2013). Integrin receptors are synaptic receptors for ECM ligands and have a unique role of

regulating synaptic strength by ECM and glia signalling (Park and Goda, 2016). For example,
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B3-integrin activity-dependent trafficking of GluA2-containing AMPA is necessary for
homeostatic synaptic scaling (Cingolani et al., 2008; Pozo et al., 2012). Expression of $3-
integrin receptors are necessary for the coordinated pre- and post-synaptic activity required for
the development of the NMDA receptor GIluN2A:GluN2B (2A:2B) subunit switch (Chavis and
Westbrook, 2001). In my study of human V1, I found that the 2A:2B switch developed until 40
years of age, providing evidence for prolonged development of synaptic strength in human visual
cortex.

Astrocytes closely monitor glutamatergic synapses and regulate synaptic strength by releasing
glutamate to both pre- and post-synaptic receptors (Bezzi et al., 1998; Lehre and Rusakov, 2002;
Min and Nevian, 2012; Montana, 2004). In the visual cortex, astrocytes regulate receptive field
(RF) properties of pyramidal neurons (Perea et al., 2014), meanwhile are themselves selective to
visual stimuli that map onto RF properties of V1 neurons (Schummers et al., 2008), and undergo
experience-dependent plasticity to monocular deprivation (Hawrylak and Greenough, 1995).
Astrocytes secrete many neuronal factors including hevin, that is required for developmental
refinement of thalamic input to V1 (Risher et al., 2014) and ECM molecules (Wiese et al., 2012)
like SPARC that inhibits B3-integrin and causing changes in AMPAR surface levels (Jones et al.,
2011). The expression of glial fibrillary acidic protein (GFAP) is strongly associated with size
and complexity of astrocytic processes, and has been used as a marker to show that a single

human astrocyte can cover up to 2 million synapses (Oberheim et al., 2009).

I chose to study those tetrapartite synaptic proteins that contribute to dendritic spine plasticity:
Drebrin -- actin-binding dendritic spine protein, B3-integrin -- ECM receptor, and astrocyte

marker (GFAP) (Eng, 1985) in postmortem human V1 samples from cases aged 20 days to 79
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years. These results support my previous finding of 5 stages of glutamatergic synaptic
development in human V1 (Siu et al., 2017). These results show the complex development of

different components of the tetrapartite glutamatergic synapse.
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5.2 Materials and Methods

Samples
The samples used in this study were all collected from a set of postmortem human cases obtained

from the Brain and Tissue Bank for Developmental Disorders at the University of Maryland
(Baltimore, MD, USA). The use of postmortem human tissue in our study was approved by the
McMaster University Research Ethics Board. The samples were collected within 23 hours post-
mortem, were from individuals without any history of brain disorders who died with little or no
trauma. Primary visual cortex (V1) samples were collected from the posterior pole of the left
hemisphere and included both superior and inferior areas of the calcarine fissure. Samples were
flash frozen in isopentane and dry ice at the Brain and Tissue Bank, then stored at -80°C. A total

of 31 human cases were used that ranged in age from 20 days to 79 years (Table 1).

Age Sex Post Mortem Cause of Death
Interval (Hrs)

20 days M 9 Asphyxia
20 days F 14 Pneumonia
86 days F 23 Unknown
96 days M 12 Bronchopneumonia
98 days M 16 Tetralogy of Fallot
119 days M 22 Bronchopneumonia
120 days M 23 Pneumonia
133 days M 16 Accident
136 days F 11 Pneumonia
273 days M 10 SIDS
1 year 123 days M 21 Dehydration
2 years 57 days F 21 Acute Myocarditis
2 years 75 days F 11 Meningitis
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Age Sex Post Mortem Cause of Death
Interval (Hrs)

3years 123 days | F 11 Drowning

4 years 203 days | M 15 Accident, drowning

4 years 258 days | M 17 Drowning

5years 144 days | M 17 Accident, drowning

8 years 50 days F 20 Compressional Asphyxia

8years214days | F 20 Rejection of Cardiac
Allograft Transplantation

9 years 46 days F 20 Asthma

12 years 164 days | M 22 Cardiac Arrthymia

13years99days | M 5 Asphyxia by Hanging

15years 81 days | M 16 Multiple Injuries

19years 76 days | F 16 Multiple Injuries

22 years 359 days | M 4 Multiple Injuries

32 years 223 days | M 13 Ruptured aortic aneurysm

50 years 156 days | M 8 Cardiovascular Disease

53 years 330 days | F 5 Pulmonary
Thromboembolus

69 years 110 days | M 12 Coronary Artery Disease

71 years 333 days | F 9 Multiple medical disorders

79 years 181 days | F 14 Drug Overdose

Table 1 -- List of human cases used in this study. For each human case listed age, sex,
postmortem interval (in hours), and cause of death.

Sample Preparation
To study expression of all elements of the tetrapartite synapse, I prepared postmortem human V1

tissue samples using a homogenate tissue preparation.
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First, a piece of tissue (50 - 100mg) was cut from the frozen section of human V1.. Frozen tissue
pieces were suspended in the appropriate amount of cold homogenization buffer (1ml buffer:
50mg tissue, 0.5mM DTT, 2mM EDTA, 2mM EGTA, 10mM HEPES, 10mg/L leupeptin, 100nM
microcystin, 0.1mM PMSF, 50mg/L soybean trypsin inhibitor) before being homogenized by
hand in a glass-glass Dounce homogenizer (Kones, Vineland, NJ, USA). I measured total protein
concentration of each sample using Bicinchoninic Acid (BCA) Assay (Pierce, Rockford, IL,
USA) and equated each sample to the same protein concentration (1pg protein/ml) by diluting
each sample with appropriate amounts of sample loading buffer (M260 Next Gel®Sample
loading buffer 4x, Amresco LLC, Solon, OH, USA), and Laemmli buffer (Cayman Chemical
Company, Ann Arbor, MI, USA). This step is necessary for quantiative Western blotting to
ensure equal amounts of protein are loaded into each of the wells. This step helps normalize the
samples before measuring relative levels of protein expression, especially in a developmental
study where many of the proteins measured are developmentally regulated. A control sample was
made by taking a small amount of each of the 31 homogenized human V1 samples and

combining them into one, then 11 lane of each blot was loaded with this control sample.

Immunoblotting

I loaded equal amounts (20 pg) of each of the homogenate samples on 4-20% SDS
polyacrylamide gels (SDS-PAGE), and separated the samples by molecular weight using gel
electrophoresis and transferred the gels to polyvinylidene difluoride (PVDF-FL) blot membranes
(EMD Millipore, Billerica, MA, USA). Each human sample was run multiple times on different

blots. I pre-incubated blots in blocking buffer for 1 hour (Odyssey Blocking Buffer 1:1 with
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phosphate blocking buffer (PBS)) (Li-Cor Biosciences, Lincoln, NE, USA), then incubated in
primary antibody overnight at 4°C under agitation. I used the following primary antibodies: Anti-
Drebrin (1:1000, [10R-D117A], Fitzgerald Industries International, Acton, MA, USA), Anti-
IntegrinB3 (1:1000 [AB2984], Millipore, Billerica, MA, USA), and Anti-GFAP (1:2000
[MAB360], Millipore, Billerica, MA, USA). I washed the blots with PBS-Tween (0.05% PBS-T)
(Sigma, St. Louis, MO, USA) (3x10min), followed by 1 hour incubation in the appropriate
IRDye labeled secondary antibody (Anti-Mouse, 1:8000; Anti-Rabbit, 1:10,000) (Li-Cor
Biosciences, Lincoln, NE, USA), and washed again in PBS-T (3x10min). The blots were
stripped using Blot Restore Membrane Rejuvenation kit (EMD Millipore, Billerica, MA, USA)

to re-probe with each primary antibody.

Band analysis & image manipulation

I visualized the blots on an Odyssey Infrared scanner (Li-Cor Biosciences, Lincoln, NE, USA)
and quantified the bands using densitometry (Li-Cor Odyssey Software Version 3.0) (Li-Cor
Biosciences, Lincoln, NE, USA). The density of each band was calculated by dividing the
integrated intensity of the area of the band by the width and subtracting the background. The
density of each sample was divided by the control sample that was run on the same blot in order

to compare expression across blots while controlling for inter-blot variability.

Curve fitting and statistical analysis
I plotted the results using scatter plots to visualize the developmental trajectories of each run

(grey dots) and the average of all the runs (black dots) for each protein across the lifespan.
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Developmental trajectories were fit to all the data points using model-fitting (Christopoulos and
Lew, 2000) by evaluating curve-fits with the goodness of fit (R?), statistical significance (p<0.05)
and the least sum of squares using Matlab (The Mathworks, Inc, Natick, MA). In scatter plots,
Drebrin data were well-fit using a quadratic function (Y=a + bx + cx?), B3-integrin data were fit
using a linear function (Y=mx + b), and GFAP data was described using a weighted average. I
also binned the results into developmental age groups to compare among different stages across
the lifespan: <0.3, Neonates; 0.3-1 years, Infants; 1-4 years, Young Children; 5-11 years, Older
Children; 12-20 years, Teens; 21-55 years, Young Adults; >55 years, Older Adults. I plotted the
histograms using the mean and standard error of the mean (SEM) of protein expression in each
age group, and compared statistical significance between the groups using bootstrapping to
randomly sample from a simulated data set using the mean and standard deviation from the
group being compared. Bootstrapping was done using R statistical software package (R Core
Team, 2014, R: A language and environment for statistical computing. R Foundation for
Statistical Computing, http://www.R-project.org, RRID: SCR_001905), by simulating a normally
distributed data set (with 1,000,000 points) of the comparison age group using the standard error
and the mean. I compared the mean from all other age groups to this simulated data set, using a
Monte Carlo simulation -- randomly sampling N number of cases, where N is the number of
cases in the other age groups. This simulation was run 10,000 times to populate an expected
distribution for N cases. I calculated the confidence intervals (95%, 99%, 99.9%) for the
simulated data set and compared the observed group means. Age groups were considered to be
statistically significantly different when the mean was outside the 95% confidence interval.

Significances are represented on histograms by p<0.05*, p<0.01**, and p<0.001***,
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Analysis of inter-individual variability

In previous studies of human V1 development, waves of inter-individual variability have been
found across development of synaptic and non-synaptic proteins that suggests a unique phase of
variability in early childhood (Pinto et al., 2015; Siu et al., 2017; Siu et al., 2015). I analyzed the
inter-individual variability for the proteins used in this study by calculating the Fano Factor
(Variance-to-Mean Ratio, VMR) for each protein by dividing the variance by the mean for a
moving window of 3 age-adjacent human samples. I presented the VMR data using scatter plots.
I presented the data using model-fitting approach to show the trend of variability in the data

when possible, and when no fit was appropriate the data was described using a weighted average.
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5.3 Results

Postmortem interval

First, I tested the correlation of protein expression with postmortem interval (PMI) of the
collected human V1 samples. I did not find a significant correlation between PMI and protein
expression for any of the proteins used in this study (B3-Integrin, R>=0.04, n.s.; GFAP, R*=0.05,

n.s.; Drebrin, R?>=0.11, n.s.), therefore I did not exclude any human cases from the study.

Prolonged development of dendritic spine plasticity in human V1

I analyzed the prolonged development of the tetrapartite synapse in human V1 by identifying the
expression of markers for dendritic spine morphology, ECM-synapse signalling, and astrocyte
development in human V1. Drebrin is an actin-binding protein localized to the post-synaptic
excitatory dendritic spines (reviewed in (Sekino et al., 2007)) that governs spine morphogenesis
(Hayashi and Shirao, 1999) and clustering of PSD-95 to the synapse (Takahashi et al., 2003).
Interestingly, the activity of GluA2-containing AMPAR specifically promote clustering and
stabilization of Drebrin in spines (Takahashi et al., 2009). Furthermore, Drebrin expression has
been found to span the CP in cat V1, and is reduced at the end of the CP (Imamura et al., 1992).
I identified expression of Drebrin in the human V1 across the lifespan, and found it has
prolonged development well into adulthood (Fig 2A, B). Drebrin development was well-fit by a
quadratic function that peaked around 44 years of age, then declined in older adulthood
(R?=0.34, p<0.01) (Fig 2A). I binned the data into age groups and used bootstrapping statistics
to compare group means and found Drebrin expression was significantly higher in young adults
(21-55 years) compared to all other age groups across the lifespan (p<0.05) (Fig 2B). This

prolonged development of Drebrin in human V1 matches similar prolonged development of
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other synaptic plasticity regulating mechanisms like myelin basic protein (Siu et al., 2015) and
the 2A:2B balance (Siu et al., 2017) that each develop well into adulthood, and suggests
prolonged plasticity of excitatory synapses that reaches peak maturation in the 4th decade,

followed by a significant loss in aging (p<0.05).
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Figure 2 -- Development of Drebrin expression in human V1 across the lifespan. (A) A
scatterplot of Drebrin expression across the lifespan fit with a quadratic function (R>=0.34,
p<0.01) with peak expression ~44 years. (B) Age-binned results for Drebrin expression. For the
scatterplots, grey dots represent each run, black dots represent the average for each case and age
was plotted on a logarithmic scale. For the histograms, protein expression was binned into age
groups (<0.3 years, Neonates; 0.3-1 years, Infants; 1-4 years, Young children; 5-11 years, Older
children; 12-20 years, Adolescence; 21-55 years, Young adults; 55+ years, Older adults) with
bars that show the mean and standard error of the mean (SEM). (*p<0.05, **p<0.01,
**%p<0.001).

Loss of p3-Integrin in aging human V1

B3-Integrin is an ECM-ligand receptor found on pre- and post-synaptic excitatory (Chavis and
Westbrook, 2001; Cingolani et al., 2008) and inhibitory (Charrier et al., 2010) synapses, as well
as on astrocytic membranes (Jones et al., 2011). The activation of f3-Integrin receptors is

dependent on intracellular and extracellular signalling from ligands excreted by both ECM (Jalali
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et al., 2001) and glial cells such as TNF-a (Gao et al., 2002). B3-Integrin regulates synaptic
strength through both GluA2-containing AMPAR (Cingolani et al., 2008), is necessary for the
developmental switch from GluN2B to GluN2A (Chavis and Westbrook, 2001), and mediates
dendritic spine plasticity through NMDA receptors (Shi and Ethell, 2006). 1 quantified the
expression of B3-Integrin receptor subunit across the lifespan in human V1 and found high
expression in infancy, that was reduced in childhood remaining steady until adulthood, then
declined in aging (55+ years) (Fig 3A, B). The scatterplot of f3-Integrin human V1 development
was best fit by a linear function that decreased into aging (R?>=0.29, p<0.0001) (Fig 3A).
Bootstrap comparison across age groups showed a peak of B3-Integrin expression in neonates
(<0.3 years) that declines in infancy (0.3-1 years, p<0.01), older children (5-11 years, p<0.01),
adolescence (12-20 years, p<0.001), young adults (21-55 years, p<0.001), and has a 4-fold loss

in older adults (55+ years, p<0.001) (Fig 3B).
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Figure 3 -- Development of $3-Integrin expression in human V1 across the lifespan. (A) A
scatterplot of B3-Integrin expression across the lifespan fit with a linear function (R?=0.29,
p<0.0001). (B) Age-binned results for f3-Integrin expression. Scatterplot, histogram, and
significance levels are plotted using the conventions described in Figure 1.
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Astrocyte-marker GFAP multiple changes in human V1
Astrocytes are a major component of synaptic formation, and maturation (Chung et al., 2015),

and release proteins that are necessary for development of synaptic connectivity and refining
dendritic spines (Risher et al., 2014). Human astrocytes are especially complex compared to
other species, as a single astrocyte can covers up to 2 million synapses compared to a rodent
astrocyte covering to 120,000 (Oberheim et al., 2009). Glial fibrillary protein (GFAP) is the
major protein marker for intermediate filaments in astrocytes (Eng, 1985) and expression of
GFAP is proportional to the size and complexity of the astrocytic processes (Oberheim et al.,
2009). I quantified the expression of GFAP across the lifespan in human V1 and found variable
GFAP expression that was not well-fit by a model, so I described the trend using a weighted
average (Fig 4A). I compared GFAP data in age groups and found a significant 2.5x increase in
expression within the first year of development (p<0.001), a significant decrease in young
childhood (1-4 years, p<0.001) and back to neonate levels in late childhood (5-11 years,
p<0.001). GFAP expression in infants was higher than adolescents (12-20 years, p<0.001), and
young adults (p<0.05), but was not significantly different from older adults (>55 years) (Fig 4B).
The notable increase in astrocyte expression in infancy coincides with a time of rapid

synaptogensis in human V1 (Huttenlocher et al., 1982).
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Figure 4 -- Development of GFAP expression in human V1 across the lifespan. (A) A scatterplot
of GFAP expression across the lifespan was described using a weighted average. (B) Age-binned
results for GFAP expression. Scatterplot, histogram, and significance levels are plotted using the
conventions described in Figure 1.

Interindividual Variability

I measured the interindividual variability for f3-Integrin, Drebrin, and GFAP by calculating the
variance-to-mean ratio (VMR) for a sliding window of 3 adjacent ages. There was a wave of
inter-individual variability in GFAP protein expression, that well-fit by a gaussian curve that
peaked around 2.3 years of age before declining across the rest of the lifespan (R>=0.38,
p<0.001) (Fig 5C). The VMR for Drebrin showed a trend toward high interindividual variability
in childhood, with 4 points that are have high VMR, but are balanced by an equal amount of
points that have low VMR within the same age range. This trend was described using a weighted
average that showed this period of VMR variability around 2 years of age (Fig 5B). There was
no change in VMR for B3-Integrin expression in human V1, that was described using a weighted
average (Fig 5A). Interestingly, the wave of interindividual variability for GFAP expression

overlaps with VMR waves found in glutamatergic receptors (Siu et al., 2017), pre- and post-
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synaptic proteins (Pinto et al., 2015) and oligodendrocyte protein golli-MBP (Siu et al., 2015),

providing further evidence for this variable stage of development in V1.
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Figure 5 -- Development of the VMR for
B3-Integrin (A), Drebrin (B), and GFAP (C)
in human V1 across the lifespan. (A) 3-
Integrin VMR expression showed no peak,
described with a weighted average (B)
Drebrin VMR expression described using a
weighted average (B) GFAP VMR
expression fit with a Gaussian curve that
peaks ~2.3 years of age (R=0.38,
p<0.001). Black dots are the VMR for a
moving window of 3 cases adjacent in age.
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5.4 Discussion

This study provides evidence for how elements of the tetrapartite synapse: extracellular matrix
and astrocytes, develop in human V1 across the lifespan. I found changes in infancy, early
childhood, young adulthood, and aging that support previously characterized stages of prolonged
synaptic and cortical myelin development in human V1 (Pinto et al., 2015; Siu et al., 2015;
2017). Together these studies provide evidence for a system of structural and functional
molecular mechanisms in human V1 that develop across the lifespan to support experience-

dependent plasticity and visual perception across the lifespan.

Quantification of markers for dendritic spines, astrocytes, and ECM development using Western
blotting in postmortem cortical tissue must be evaluated with caution considering the nature of
rapid structural changes associated with each of these components. For example, GFAP is a
marker for astrocytic processes and quantification of global GFAP expression is a good measure
to quantify relative changes in size or number of astrocytic processes. Human astrocytes are
uniquely complex compared to other species (Oberheim et al., 2009), however, in this study |
cannot assume morphological classes of astrocytes despite the likelihood that these changes
contribute to changes in global GFAP expression. In addition, Drebrin is a marker for activity-
dependent spine development, but spines undergo rapid activity-dependent change (Kasai et al.,
2003), therefore our measurements of Drebrin expression across development are only snapshots
of a transient structure. Although our technique for evaluating protein expression in postmortem
human cortex provides invaluable information about expression of specific molecular
mechanisms linked to plasticity and visual perception in human brain, finer details such as

morphology, laminar distribution, or physiological response properties cannot be inferred from
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this study alone. Furthermore, in this study I used whole homogenate tissue in order to fully
capture developmental changes in these proteins in V1, including GFAP which can be expressed
in large astrocytic processes. Due to this, it is highly likely that the developmental changes I
captured for these proteins are expressed in non-synaptic structures, and are not only reflective of
‘tetrapartite synapse’ development. Therefore, in order to be characterize the tetrapartite synapse
development more specifically, it will be important in future studies to use a specialized tissue
preparation for human tissue, such as synaptoneurosomes, or anatomical studies to identify

where these developmental changes occur in human V1.

Peak astrocyte expression corresponds with period of rapid synapse formation in human
Vi

The first year of human visual cortex development is well-characterized by the peak number of
dendritic spines around 5 months of age (Michel and Garey, 1984) and rapid synapse production
that peaks around 8 months of age (Huttenlocher et al., 1982), that is followed by a longer period
of synaptic pruning that reaches adult-levels within a few years. I found a rapid increase in
astrocyte marker GFAP expression that increased 3-fold by 4 months of age (Fig 4). Astrocytes
are active participants in the formation of developing synapses (Chung et al., 2015), and also key
mediators of elimination and pruning of weaker synapses by continuously engulfing and
phagocytosing both excitatory and inhibitory synapses across development and adult cortex
(Chung et al., 2013). Previously, I found a significant loss of GluN1 in the first year of human
V1 development (Siu et al., 2017) that points to a significant transition period for excitatory

synapses possibly due to synaptic pruning. This significant increase of GFAP in the first year of
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V1 development points to astrocyte-mediated pruning of synapses that contributes to period of

synapse elimination found in anatomical studies of human V1.

Astrocytes make up the ‘tripartite synapse’ (Araque et al., 1999) by bidirectionally
communicating with both pre-synaptic membranes (Lehre and Rusakov, 2002) and post-synaptic
spines (Haber et al., 2006) by releasing glutamate to presynaptic NMDAR (Min and Nevian,
2012) and enhances the selectivity of V1 neurons by increasing glutamate transmission to both
excitatory and inhibitory neurons (Perea et al., 2014). Infancy marks the onset of binocular
acuity (Braddick et al., 1980; Held et al., 1980), orientation and direction selectivity (Braddick,
1993; Braddick and Atkinson, 2011; Hood et al., 992), and the peak of GFAP at this stage may
contribute to a volley of excitatory and inhibitory transmission that influences the development

of selectivity for those receptive field properties.

Interindividual variability in astrocytic expression in childhood

I calculated the interindividual variability for protein expression relative to the mean of 3
adjacent ages, and found a wave of interindividual variability in GFAP expression in early
childhood, that peaked around 2.3 years of age (Fig 5C). This wave of high variability in GFAP
expression may be a feature rapid change in size and complexity of human astrocytic processes
that at any given moment in this stage rapidly change, or a feature of differences in astrocyte size
and complexity between individuals. The timing of this wave of variability in GFAP expression
is coincident with the timing of high interindividual variability in synaptic proteins (Pinto et al.,

2015; Siu et al., 2015; 2017).
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Drebrin expression in dendritic spines showed a trend for high variability also in this early stage
of development, could not be distinguished from many points of low interindividual variability
also in early childhood (Fig 5B). Development of B3-Integrin expression showed low
interindividual variability across the entire lifespan. In this study alone it is impossible to infer if
the variance-to-mean ratio shows true inter- or intra-individual variability. These change in VMR
across the lifespan, however, is a good way to isolate specific developmental periods where the

composition of human V1 synapses is different between individuals.

Prolonged increase of Drebrin expression into adulthood

I found a prolonged increase of Drebrin expression that peaks well into adulthood around 40
years of age. This prolonged development of drebrin in human V1 matches similar prolonged
development of other synaptic plasticity regulating mechanisms like the classic isoform of
myelin basic protein (MBP) (Siu et al., 2015) and the GluN2A:GluN2B (2A:2B) balance (Siu et

al., 2017) that each develop well into adulthood.

Drebrin has 2 isoforms, the early developing isoform ‘Drebrin E’ that is ubiquitous throughout
neurons, and the adult form ‘Drebrin A’ that is localized to spines (Hayashi and Shirao, 1999;
Shirao and Obata, 1986). In this study, I have quantified the isoform Drebrin A, that indirectly
shows a prolonged trajectory of dendritic spine maturation into adulthood in human V1.
Interestingly, stabilization and accumulation of Drebrin is dependent on upregulation of AMPAR
(Takahashi et al., 2009), that I previously shown peak GluA2 AMPAR subunit in late childhood
in human V1. Furthermore, the increase in Drebrin expression is directly related to the increase

of dendritic spine head size (Kobayashi et al., 2007), spine stability, and synaptic strength
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through promotion of PSD-95 clustering (Takahashi et al., 2003). Drebrin accumulation has been
linked to the end of CP plasticity in cat V1 (Imamura et al., 1992). Myelin accumulation is also
linked with the end of the CP (McGee et al., 2005), and both Drebrin and classic-MBP mature in
human V1 until 40 years of age (Siu et al., 2015). Although the end of susceptibility to
amblyopia in humans is 6-10 years (Lewis and Maurer, 2005), the late development of these CP

regulators indicate V1 retains at least some plasticity into adulthood.

Age-related losses of $3-integrin and Drebrin expression human V1

There was a significant loss f3-integrin and Drebrin expression in older adults (>55 years) in
human V1. This characteristic of cortical aging has been found in human V1 before, with losses
of the classic isoform of myelin basic protein (MBP) (Siu et al., 2015), GABA synthesizing
protein GAD65 (Pinto et al., 2010), ubiquitin ligase protein Ube3a (Williams et al., 2010), and
NMDA receptor subunit GIluN2A (Siu et al., 2017). Together, with the loss of f3-integrin and
Drebrin in human V1, those age-related losses in human V1 suggests multiple mechanisms that

could contribute to reduced synaptic plasticity and visual perception in older adults.

Although Integrins are ECM receptors, they are actually associated with every element of the
tetrapartite synapse (Park & Goda, 2016), making this loss of f3-Integrin in aging human V1
impactful for total synaptic function. B3-integrin regulates both AMPAR and NMDAR function.
-TNF-a is a pro-inflammatory cytokine released by astrocytes that depends on f3-integrin
binding to GluA2 for synaptic scaling (Cingolani et al., 2008). TNF-a increases in very elderly
and Alzheimer’s disease (AD) populations compared to younger adults (Bruunsgaard et al.,

2001; Michaud et al., 2013; Sarkar and Fisher, 2006). The loss of f3-integrin may have a role in
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the disruption of TNF-a mediated synaptic scaling of AMPAR trafficking to the synapse in aging

(Henley and Wilkinson, 2013; 2016).

The loss of GIuN2A in human v1 switches the 2A:2B balance to favour GluN2B in aging human
V1 (Siu et al., 2017). B3-Integrin-mediated signalling is necessary for the maturation of the 2A:
2B balance (Chavis & Westbrook, 2001) Our finding points to the loss of f3-integrin in aging
human V1 as a possible mechanism that contributes to the shift of the 2A:2B balance back
towards an immature state (Siu et al., 2017), and a mechanism for the loss of synaptic stability in
aging (McGeachie et al., 2011). Interestingly, B3-Integrins also regulate glycine receptor
trafficking and stabilization in inhibitory synapses (Charrier et al., 2010), indicating that the loss
of B3-Integrin in aging may contribute to the loss of inhibition in V1 that underlies age-related

loss of visual receptive field properties in the visual cortex (Leventhal, 2003).

Integrin receptors, however, are made up of multiple dimers including at least 24 different
combinations of 18 alpha (a) and 8 beta () subunits (Hynes, 2002) that are each tied to unique
functions. Therefore, my report of B3-integrin loss in human V1 is not a reflection of loss for
total integrin receptor function. In addition, much of what is known about Integrin receptors
comes from studies in the hippocampus (Chavis and Westbrook, 2001; Cingolani et al., 2008;
Pozo et al., 2012; Shi and Ethell, 2006), and more animal models about Integrin function in the

visual cortex may be necessary to better elucidate the developmental expression in human V1.

Loss of Drebrin in the cortex has previously been found in human diseases associated with
abnormal spine morphology such as Alzheimer’s Disease (AD) and Down’s Syndrome (DS)

(Shim and Lubec, 2002). The age-related loss of Drebrin expression has been previously
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characterized by 32-42% loss in normal aging human brain, and up to 81% in Alzheimer’s
disease (AD) (Hatanpaa et al., 1999), and is considered a major molecular bases for cognitive
impairment associated with normal aging and AD. Loss of Drebrin is associated loss of dendritic
spines in aging (Dickstein et al., 2013), and with a decrease in both mEPSC and mIPSC (Ivanov
et al., 2009), and that loss contributes to impaired maintenance of dendritic spines in the visual
cortex (Kim et al., 2016). This study provides new information about how elements of the
tetrapartite synpase develop in human V1 across the lifespan. These data can help animal and
human studies to target more relevant developmental time points in the human lifespan for

efficacy in harnessing neuroplasticity for therapeutic use.
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Chapter 6. Development of synaptic mechanisms in human
extrastriate cortex
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Abstract

A new study of late development of face perception suggests that human visual areas mature by
cortical proliferation rather than synaptic pruning (Gomez et al., 2017). Those methods to detect
cortical pruning and proliferation can be insensitive, however, to fine-scale mechanisms that
regulate in synaptic plasticity and perception. Recently, I studied the development of synaptic
proteins in human V1 and found prolonged developmental trajectories of myelin (Siu et al.,
2015), GABAergic (Pinto et al., 2010), and glutamatergic expression (Siu et al., 2017) that
increase into adulthood. Although cortical areas are thought to develop sequentially, it seems
unlikely those proteins will develop even later in extrastriate areas. Thus, some other
mechanisms in human extrastriate exist to support plasticity of specialized visual perception. It is
time to revisit the model for sequential development in the human visual cortex at the synaptic
level, especially during the later stages when higher order visual percepts emerge. I studied the
neurobiological basis of synaptic plasticity and visual perception in human extrastriate cortex to
help simplify the complex results found in perceptual learning and imaging studies. I quantified
synaptic protein expression in postmortem human cortical tissue samples. I measured
glutamatergic (GluN1, GluA2, GIluN2A, GIuN2B, PSD-95), GABAergic (GABAaal,
GABAaa2, GABAaa3, Gephyrin) and pre-synaptic vesicle proteins (Synapsin, Synaptophysin)
in postmortem human extrastriate areas V2d and V4 from cases ranging in ages from 8 to 79
years. I characterized multiple trajectories of development across the lifespan that show
extrastriate development is not just a sequential transformation of V1 development. In particular,
NMDAR development in human V2d and V4 suggests extrastriate has different plasticity than

V1 in adulthood.

163



Ph.D. Thesis - C. Siu; McMaster University - Neuroscience

6.1 Introduction

Human extrastriate development is largely characterized by prolonged maturation of higher-
order visual abilities (Bogfjellmo et al., 2014; Germine et al., 2011; Golarai et al., 2010; Hadad
et al., 2011; Meier and Giaschi, 2017; Scherf et al., 2011; Segalowitz et al., 2017; Susilo et al.,
2013), rapid perceptual learning (Du et al., 2016; Hussain et al., 2009; McMahon and Leopold,
2012; Su et al., 2012), and sequential maturation of cortical areas as highlighted by brain
imaging and anatomical studies (Huttenlocher, 1990; Rakic et al., 1986). Activity-dependent
synaptic plasticity can also differ between visual cortical areas, for example, an identical
stimulation in primate extra striate that elicits long-term potentiation (LTP) produces long-term
depression (LTD) in V1 (Murayama et al., 1997). It can be difficult to interpret the development
of extrastriate, however, without understanding underlying synaptic mechanisms that enable
synaptic plasticity.

Many animal models have shown that glutamatergic and GABAergic synaptic proteins regulate
specific receptive field properties, and are labile to experience-dependent plasticity and
developmental changes in the visual cortex (Berardi et al., 2003; Beston et al., 2010; Fox and
Daw, 1993; Tropea et al., 2009; Yashiro and Philpot, 2008). Some studies have characterized
synaptic proteins in human extrastriate cortex (Caspers et al., 2015; Eickhoff et al., 2007,
Eickhoff et al., 2008; Williams et al., 2010), yet the question remains, how do molecular
mechanisms that support synaptic plasticity in human extrastriate change across development?
A large number of synaptic proteins regulate excitatory and inhibitory neurotransmission
involved in mediating neuroplasticity. Glutamatergic and GABAergic receptor proteins both

play essential roles in the development and plasticity of the visual cortex. The developmental
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increase of glutamate receptors AMPAR into NMDAR- dominated silent synapses activates the
critical period for plasticity in V1 (Rumpel et al., 1998), and changes the AMPAR: NMDAR
ratio that participates in the generation of direction and phase-selective responses of V1 neurons
(Rivadulla et al., 2001). AMPAR and NMDAR trafficking require an increase of PSD-95
excitatory scaffolding protein to the post-synaptic membrane (Yoshii et al., 2003) resulting in
increased synaptic strength (Chen et al., 2015).

The increase in PSD-95 consolidates silent synapses that end the critical period (CP) for ocular
dominance plasticity (ODP) (Huang et al., 2015). Both PSD-95 and GluA2-containing AMPAR
are necessary for homeostatic synaptic scaling (Gainey et al., 2009; Sun & Turrigiano, 2011).
Furthermore, the insertion of GluA2-containing AMPA receptors is suppressed by the GluN2B
subunit of NMDA receptors (NMDAR) (Hall et al., 2007). Immature NMDAR contain GluN2B
(2B) and switch to contain GluN2A with visual experience (Monyer et al., 1994; Sheng et al.,
1994), that accelerates EPSC kinetics (Flint et al., 1997; Quinlan et al., 1999b), and decreases the
probability for LTP (Yoshimura et al., 2003). GluN2A subunit is necessary for the development
of orientation selectivity in V1 (Fagiolini et al., 2003), and the developmental GluN2A:GluN2B
(2A:2B) switch has been found to regulate the beginning (Roberts and Ramoa, 1999) and the
peak (Chen et al., 2000) the critical period for ocular dominance plasticity in animal models. In
human V1, the peak of the 2A:2B switch developed until 40 years of age (Siu et al., 2017),
suggesting these receptors may also regulate adult plasticity in human.

Development of inhibitory synapses is necessary for establishing the excitatory-inhibitory
balance in the visual cortex that initiates the critical period plasticity (Fagiolini and Hensch,

2000), and sharpens receptive field selectivity in V1 (Sato et al., 1995) and extrastriate areas (Yi
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et al., 2002). Inhibitory scaffolding protein Gephyrin stabilizes GABA receptors to the
postsynaptic membrane (Yu et al., 2007), by binding to GABAaal (al), GABAaa2 (a2),
GABAAa3 (a3) subunits directly (Mukherjee et al., 2011; Studer et al., 2006; Tretter et al.,
2008). Immature subunits a3 and a2 regulate GABAergic firing in V1, while mature subunit ol
drives cortical plasticity in visual neurons (Fagiolini et al., 2004) and accelerates the decay of the
post-synaptic inhibitory current (iPSC) (Heinen et al., 2004). Interestingly, in cat V1 the
developmental maturation of GABA receptor subunits coincides with the developmental
maturation of 2A:2B switch (Chen et al., 2001) both of which are required for experience-
dependent plasticity in the visual cortex (Kleinschmidt et al., 1987).

Previously, I have shown the developmental expression of those glutamatergic and GABAergic
synaptic proteins across the lifespan in human V1 and found prolonged trajectories that support
multiple stages of plasticity in V1 (Pinto et al., 2010; Siu et al., 2017). In addition, I have
quantified the pace of human V1 development using a tool for total synaptic maturation -- the
sum of 4 highly conserved pre-synaptic vesicle proteins (Synapsin, Synaptophysin) and
postsynaptic scaffolding proteins (PSD-95, Gephyrin) that together represent efficient synaptic
transmission and synaptic strength. In human V1 this synaptic maturation peaks as a monotonic
arc that peaks around 10 years of age (Pinto et al., 2015). According to theories of successive
cortical development (Huttenlocher, 1990; Rakic et al., 1986), extrastriate areas mature after
primary sensory areas. Thus, I hypothesized the total synaptic maturation in dorsal and ventral
extrastriate areas develops later than V1 (Fig 1). The delay in synaptic development may align

with the development of higher-order visual perception like global motion and face perception
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(Bogfjellmo et al., 2014; Germine et al., 2011; Golarai et al., 2010; Hadad et al., 2011; Meier &
Giaschi, 2017; Scherf et al., 2011; Segalowitz et al., 2017; Sur et al., 2013).

To study mechanisms of plasticity in human extrastriate across development, I investigated the
expression of a set of pre-synaptic vesicle proteins (Synapsin, Synaptophysin), GABAergic
(GABAaal, GABAA02, GABAAa3, Gephyrin) and glutamatergic receptor proteins (GluN1,
GluA2, GIuN2A, GluN2B, PSD-95) in postmortem human extrastriate areas V2d and V4 from
cases ranging in age from 8 to 79 years of age. I found neurobiological changes in human V2d

and V4 that could support plasticity of higher-order visual perception late into adulthood.
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6.2 Materials and Methods

Samples
To study the development of human extrastriate cortex, I used human postmortem cases ranging

from 8 to 80 years old obtained from the University of Maryland Brain and Tissue Bank for
Developmental Disorders (Baltimore, MD, USA). A total of 14 human cases were chosen with
no history of psychological disorder or brain trauma upon death, included 7 males and 7 females,
and ranged in ages between 8 and 79 years (Table 1). To control for cortical tissue quality and
protein degradation, samples from each case were collected within 24 hours postmortem, 1-cm
coronal slices were sectioned and immediately frozen in isopentane and dry ice, then stored at
-80°C. Visual cortex samples were taken from the posterior pole of the left hemisphere including
both superior and inferior portions of the calcarine fissure. I used gyral and sulcal patterns to
dissect cortical samples from presumptive areas for V2d and V4, that represent respective
components of the dorsal and ventral visual streams (Desimone and Schein, 1987; Felleman and

Van Essen, 1987).

Age (Years) Age Group Sex Post Mortem

Interval
(Hours)

8.14 Older Children  F 20

8.59 Older Children  |F 20

9.13 Older Children  F 20

12.45 Adolescence M 22

13.27 Adolescence M 5

15.22 Adolescence M 16

19.21 Adolescence F 16

22.98 Young Adults M 4
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Age (Years) Age Group Sex Post Mortem

Interval
(Hours)

32.61 Young Adults M 13

50.43 Young Adults M 8

53.90 Young Adults F 5

69.30 Older Adults M 12

71.91 Older Adults F 9

79.50 Older Adults F 14

Table 1. Human cases used in this study. For each case showing Age (Years), Age Group, Sex,
and Postmortem Interval (hours)

Sample preparation

V2d and V4 tissue pieces (50-100mg) were cut from the dorsal and ventral regions anterior to
presumptive V1 of the frozen piece of human visual cortex. Each piece was collected in cold
homogenization buffer (1ml buffer: 50 mg tissue, 0.5mM DTT, 2mM EDTA, 2mM EGTA,
10mM HEPES, 10mg/L leupeptin, 100nM microcystin, 0.1mM PMSF, 50mg/L soybean trypsin
inhibitor), and homogenized in a glass-glass Dounce hand homogenizer (Kontes, Vineland, NJ,
USA). To enrich tissue for quantification of synaptic proteins, I prepared V2d and V4
homogenate samples into synaptosomes that isolate pre- and post-synaptic membrane
compartments for more precise measurements of synaptic protein expression (Hollingsworth et
al., 1985; Murphy et al., 2014; Quinlan et al., 1999a). To do this I filtered the homogenate
sample through a course (100pg), then fine (5pg) pore hydrophilic mesh filter (Millipore,
Bedford, MA, USA), centrifuged the sample at 1000 x g for 10 minutes, resuspended in boiling

1% sodium-dodecyl-sulfate (SDS), heated for 10 minutes, and stored at -80°C. To control for
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variability of total protein concentration across samples, I used a bicinchoninic acid (BCA) assay
(Pierce, ThermoFisher Scientific, Rockford, IL, USA) to measure total protein concentration of
each sample in triplicate, and compared these data to a set of protein standards (0.25, 0.5, 1.0, 2.0
mg/ml) (Bovine Serum Albumin (BSA) protein standards, Bio-Rad Laboratories, Hercules, CA,
USA). A small amount (3ul) of each sample and protein standard was combined into a 1:100
solution with BCA assay solution, pipetted in triplicate into a 96-well microplate, and incubated
for 45 minutes in a biological incubator warmed to 45°C to activate the colorimetric reaction.
Incubated samples were scanned in a microplate absorbance reader (iMark, Bio-Rad
Laboratories, Hercules, CA, USA) to quantify the colorimetric reaction for each sample.
Absorbance values for each of the triplications were calculated and averaged for each sample,
and compared to a linear equation fit to the protein standards to determine the amount of
Laemmli buffer (Cayman Chemical Company, Ann Arbor, MI, USA) and sample buffer (M260
Next Gel Sample loading buffer 4x, Amresco, LLC, Solon, OH, USA) to add to each sample for
a final protein concentration of 1pug/ul. A control sample was made by combining small amounts
from each case of V2d and V4 and was run in lane 1 on each blot to normalize across blots. Each

antibody was run on each human case multiple times.

Immunoblotting

I used Western blotting to quantify expression of synaptic proteins across different ages of
postmortem human cases. Western blotting with human postmortem synaptosome tissue is a
valuable method that combines the precision of molecular labeling with the broad interest in

human cortical development. I separated synaptosome samples (20pg) on 4-20% SDS-
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polyacrylamide gels (SDS-PAGE) and then transferred to polyvinylidene difluoride (PVDF-FL)
membrane blots (EMD Millipore, Billerica, MA, USA). V2d and V4 samples were randomly
assigned across blots within each run. Blots were pre-incubated in blocking buffer (Odyssey
Blocking Buffer 1:1 with phosphate buffer saline (PBS)) (Li-Cor Biosciences, Lincoln, NE,
USA) for 1 hour, incubated in primary antibody overnight at 4°C using the following primary
antibodies: Anti-NMDARI1, 1:4000 (BD Pharmingen, San Jose, CA); Anti-NR2A, 1:1000 (EMD
Millipore, Billerica, MA, USA); Anti-NMDAR2B, 1:1000 (EMD Millipore, Billerica, MA,
USA); Anti-GluA2, 1:1000 (Invitrogen, Waltham, MA, USA); Anti-PSD95, 1:16000 (EMD
Millipore, Billerica, MA, USA); Anti-Gephyrin, Anti-GABAaal; Anti-GABAa02; Anti-
GABAAa3; Anti-Synapsin; Anti-Synaptophysin. Next, the blots were washed with PBS-Tween
(0.05% PBS-T, Sigma, St. Louis, MO, USA) (3x10min), incubated for 2 hours at room
temperature with the corresponding IRDye labeled secondary antibody (Anti-Mouse, 1:8000;
Anti-Rabbit, 1:10,000; Li-Cor Biosciences, Lincoln, NE, USA), then washed again in PBS-T
(3x10min) in preparation for scanning. Blots were re-probed with each antibody after scanning
and stripped between antibody incubations with Blot Restore Membrane Rejuvenation kit (EMD

Millipore, Billerica, MA, USA).

Imaging & Band Analysis

Blots were scanned using an Odyssey infrared scanner (Li-Cor Biosciences; Lincoln, NE, USA),
and bands were visualized by scanning with either red (700nm channel) or green (800nm
channel) lasers at optimal intensities. The bands were quantified using densitometry, in which a

density profile for each band was calculated by integrating pixel intensity across the area of the
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band and subtracting the background. The intensity of each band was divided by the width to
control for variations in lane width. Finally, the density of each sample was divided by the
density of the control sample run on each blot to normalize for individual blot differences

(sample density/control density).

Receptor subunit index

To quantify maturation of synaptic function, I calculated a contrast index for developmentally-
regulated pairs of proteins that represent: excitatory-inhibitory (E-I) post-synaptic balance
(PSD-95:Gephyrin), pre-synaptic transmission efficiency (Synapsin:Synaptophysin),
NMDA:AMPA receptor balance (GluN1:GluA2), GABAA receptor function
(GABAA01:GABAA03, GABAAal:GABAA02) and NMDA subunit development
(GluN2A:GIluN2B). Index values for each of the pairs range between +1 and -1, where 0

represents equal amounts of both proteins or balanced expression.

Curve fitting and statistical analysis

These results were plotted in 2 ways to analyze changes in expression in human V2d and V4
across the lifespan. First, to describe lifelong trajectories of protein expression, scatter plots were
made showing the expression from each run (grey dots) and the expression of the average of the
runs (black dots). I used a model-fitting approach (Christopoulos and Lew, 2000) when possible
to find the curve of best-fit to describe the trajectory of changes using all of the data across the
lifespan, and plotted using KaleidaGraph (Synergy Software, Reading, PA, USA). Many

trajectories of development were found best-fit to different proteins and in the 2 different
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regions. A quadratic function was fit to the data for Synaptophysin, GluN1, the pre-synaptic
index, the GABAaal:GABA03 index, the GluA2-GluN1 index, and the 2A:2B index in V2d,
and to Synaptophysin, GABAaa2, GluN2A, Synapsin:Synaptophysin index,
GABAA0l:GABAA02 index, GABAAal:GABAaa3 index, GluA2:GIluN1 index and 2A:2B
index in V4 (Y=A+B*log(x)+C*log(x)?). A Gaussian function was fit to data for PSD-95,
Gephyrin, and GABAaal in V2d, and to GABAaal in V4 (Y=A*exp(-((log(x/pn)?)/(2*(c?)))+B).
A single-exponential decay function was fit to the data for GABAAa03, GluN1, GluA2 in V4
(Y=A*exp(-(x/1))+B). A linear function was fit to data for GABAaa3 and GluA2 in V2d
(Y=A*x+B). Finally, a weighted average was used to describe the data for synapsin, GABAa02,
GluN2B, GluN2A, PSD-95:Gephyrin index, and GABAAal:GABAA02 index in V2d, and for

synapsin, PSD-95, Gephyrin, GluN2B, and the PSD-95:Gephyrin index for V4.

Second, to compare across stages of V2d and V4 development, I binned the cases into four
developmental age groups, that have been previously quantified in human V1: childhood (5-11
years), adolescence (12-20 years), young adults (21-55 years), older adults (55+ years) with the
mean expression and standard deviation for protein expression in each group plotted using
histograms. I used bootstrapping to make statistical comparisons between the age groups for
each protein that helped provide robust comparisons of the standard error and confidence
intervals for each group. To do this, I used statistical software R (R Core Team (2014), R: A
language and environment for statistical computing. R Foundation for Statistical Computing,
Vienna, Austria, URL http://www.R-project.org/) to calculate the bootstrap population by using
the mean and standard deviation of the group being compared to simulate a normally distributed

population of 1,000,000 data points. I used this population, distributed around to mean of the
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comparison group, to see if observed means of other groups were significantly different. I used a
Monte Carlo simulation to randomly sample from the simulated population N (N=the number of
cases in the other age groups) times. I ran this simulation 10,000 times to generate an expected
distribution for the N number of cases. I calculated confidence intervals for the simulated
distribution (95%, 99%, 99.9%) and compared with the observed group means. The groups were
considered significantly different when the observed mean was outside the 95% confidence
interval (p<0.05, p<0.01, p<0.001). I used bootstrapping to compare protein expression between
age groups within an area, and to make pairwise comparisons of protein expression between
areas (V2d, V4 and previous results of V1). In addition, I used bootstrapping to compare the
mean and standard deviation of each the age groups of indexed proteins to see if the group is

significantly different from 0.

All of the V1 data in this paper has been previously published (Pinto et al., 2010; 2015; Siu et al.,
2017). In order to compare V1 development to extrastriate development shown in this paper, I
adapted the figures of V1 expression for each protein as an inset graph in the upper right corner
for each histogram. The black bars in the V1 inset graph are the groups being compared to the
V2d and V4 data, whereas the white bars are younger age groups that have been characterized in

V1, but are not characterized for V2d and V4.

Sum of total synaptic protein

I calculated the sum of 4 synaptic proteins in V2d and V4 samples: Synapsin, Synaptophysin,
PSD-95, and Gephyrin, that together represent all functional synapses in the cortex, and have

previously been used as a tool for calculating and translating synaptic age from humans to
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rodents (Pinto et al., 2015). I plotted these data against a Gaussian curve fit to the development
of this sum of proteins previously reported in human V1 (Pinto et al., 2015). Using this tool for
studying synaptic development I predicted the development of dorsal stream area V2d and
ventral stream area V4 based on perceptual studies that show dorsal stream visual processing
such as global motion perception peaks around mid-adolescence (Bogfjellmo et al., 2014; Bucher
et al., 2006; Hadad et al., 2011; Schrauf et al., 1999), while face processing peaks in young
adulthood (Golarai et al., 2010; Gomez et al., 2017; Hartshorne and Germine, 2015; Scherf et al.,
2011; Segalowitz et al., 2017; Susilo et al., 2013) (Fig 1A). In order to compare development of
extrastriate total protein expression to V1, Matlab was used to calculate the 95% confidence
interval around the V1 data by calculating 95% confidence interval for future observations (Fig
1B). T also calculated the Chi-square statistic (x?) to test if V2d and V4 data points were

significantly different from V1 data.
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6.3 Results

Postmortem interval

I quantified the effect of postmortem interval (PMI) on total synaptic protein concentration as
measured by the BCA assay for synaptosomes of each human sample taken from cortical areas
V2d (n=14) and V4a (n=14). There was no significant correlation between PMI and total protein
concentration in V2d (R?=0.16, n.s.) or V4 (R?=0.05, n.s.). I binned cases into PMI groups (0-5
hours, 6-12 hours, 13-19 hours, >20 hours), and found no significant difference in total protein
concentration between groups in V2d (Kruskal-Wallis=4.65, n.s.) or V4 (Kruskal-Wallis=1.26,
n.s.). Since no effect of PMI was found on protein expression, all of samples were included in the

following analyses.

Total synaptic development in V2d and V4 follows common trajectory from V1

To test if dorsal (V2d) and ventral (V4) streams of extrastriate follow a common trajectory to V1
synaptic development, I quantified the development of a sum of 4 pre- and post-synaptic proteins
(Synapsin, Synaptophysin, PSD-95, Gephyrin). Those proteins maintain basic functional
properties of mature excitatory and inhibitory synapses and have been used previously to
characterize the pace of human V1 development (Pinto et al., 2015)). Synapsin and
synaptophysin regulate pre-synaptic vesicle exo- and endocytosis, respectively (Bahler et al.,
1990; Kwon and Chapman, 2011). PSD-95 and Gephyrin are scaffolding proteins for
glutamatergic and GABAergic post-synaptic receptors, and regulate synaptic strength in
excitatory and inhibitory synapses respectively (Chen et al., 2015; Yu et al., 2007). Together,

these proteins account for most of the variance in the development of human V1 homogenate,
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and their sum was used as a tool for translating synaptic development between rat and human
(Pinto et al., 2015). I plotted the data from V2d and V4 against a Gaussian function previously
fit to V1 data (Fig 1), along with predictive models for V2d and V4 synaptic development. |
predicted V2d and V4 synaptic development based on perceptual evidence for late development
global motion processing and face recognition, respectively (Bogfjellmo et al., 2014; Golarai et
al., 2010; Gomez et al., 2017; Hadad et al., 2011; Hartshorne & Germine, 2015; K. Meier &
Giaschi, 2017; Scherf et al., 2011; Segalowitz et al., 2017; Susilo et al., 2013) (Fig 1A). I
compared the data points for total synaptic proteins in V2d and V4 to the V1 95% confidence
interval (CI) for total synaptic data points, and found that 100% of the V2d and V4 points were
within the 95% CI of V1 expression (Fig 1B). The development of total synaptic protein in V2d
was not significantly different from V1 (Chi-square X? = 5.08, p=0.92), nor was the total
synaptic protein development of V4 (Chi- Square X?=2.36, p=0.99). These results suggest the
trajectory of basic synaptic development in V2d and V4 mature at approximately the same rate,

and follow the same developmental profile as V1 (Fig 1).

Actual Predicted
V1 Peak Va2d Peak i
(Pinto etal 2015)  (Bucher 2006, Fyadicted
Schrauf 1999) (Susilo Germine 2013,
Germine 2011)

100% V3
8 ® 100% V4

Predicted Human
Visual Cortex Development

Total synaptic protein
(95% CI of V1 observed)

1 S—T DT 1 10 100
Age (Years) Age (Years)

Figure 1 -- The sum of four synaptic proteins (total synaptic protein expression) for V1 (Pinto et
al., 2015), V2d, and V4. A) Total synaptic protein function for human V1 (Pinto et al., 2015) and
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predicted development of human visual extrastriate for V2d (dorsal stream) and V4 (ventral
stream). The dorsal stream (V2d) is predicted to develop later than V1 because of evidence for
visual perception for biological motion peaking around mid-adolescence. The ventral stream
(V4) is predicted to develop later than V1 because of evidence for visual perception for face
recognition peaking in early adulthood. B) Actual V2d and V4 total synaptic protein data plotted
within the 95% confidence interval around the V1 observations. 100% of V2d and V4 points lay
within this confidence interval.

Trajectories of individual proteins development differently in extrastriate

To identify the contribution of each protein to the total synaptic protein trajectory, I characterized
the individual development of synapsin, synaptophysin, PSD-95 and gephyrin, and analyzed the
results using three types of analysis. First, using a scatterplot to show all data points with either a
model of best fit to the data or described using a weighted average. Second, I compared protein
expression across developmental age groups (childhood (5-11 years), adolescence (12-20 years),
young adults (21-55 years), older adults (>55 years)). Third, protein expression in extrastriate
areas V2d and V4 were compared against protein expression in the same age group in previously
published human V1 (Pinto et al., 2015). I also quantified the relative balance between pre-

synaptic (Synapsin:Synaptophysin) and post-synaptic (PSD-95:Gephyrin) pairs.

Synapsin does not change across development in V2d or V4

Synapsin clusters and traffics pre-synaptic vesicles for exocytosis of readily releasable pools of
neurotransmitter (Bahler et al., 1990). Synapsin expression did not change across development in
either V2d or V4, described using a weighted average (Fig 2a, 3a). There was no significant
difference in synapsin expression across age groups (Fig 2b, 3b) that is similar to the same age
groups in V1 (Upper inset, Fig 2b, 3b). Synapsin expression in V2d is significantly lower in

childhood, adolescence, and young adults compared to V1 expression (p<0.001) (Upper inset,
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Fig 2b) and higher than young adults and older adults in V4 (p<0.01). Synapsin expression in V4

was significantly lower than V1 expression across all age groups (p<0.001) (Fig 3b).

A
- 1.6
N
S 1.4-.
@ 120 ¢
g ; ° PS ® 4o
L o
i —e °
c 08re L]
[72]
°

& o6
[
>
O 04f

0.2+

EET) 100

Ages (Years)

C
N
N 3.5
c
RS 3F
(723
o
5 25;'® &
R
Q P \. °
g e o \-\'/‘
[e)
2 1 ® ()
e
> 0.5
)

0

’IIO 1(I)O
Age (Years)

Synapsin Expression V2d

Synaptophysin ExpressionV2d

0.5}

2
*%k% *%x% 15
- II
B 05|
0

1.5¢

5-11  12-20 21-55 55+
Age Groups (Years)

<03 031 14 511 1220 21-55 55+

rAge'GroL'Jps (Yearé

5-11 12-20 21-55 55+
Age Groups (Years)

Figure 2 -- Development of Synapsin and Synaptophysin expression in human V2d. A)
Scatterplot of Synapsin across the lifespan fit with a weighted function. B) Age-binned results
for Synapsin expression in V2d. Upper inset, V1 Synapsin age group data from (Pinto et al.,
2015) C) Scatterplot of synaptophysin across the lifespan fit with an inverted quadratic function
(R?=0.25, p<0.05) that reached a local minima around 50 years. D) Age-binned results for
synaptophysin expression in V2d. Upper inset, V1 Synaptophysin data from (Pinto et al., 2015).
For the scatterplots, grey dots represent each run and black dots represent the average across the
runs for each case. Age is plotted on a logarithmic scale. For histograms, protein expression was
binned into age groups (5-11 years, older children; 12-20 years, adolescence; 21-55 years, young
adulthood; 55+, older adults), showing the mean and SEM. *p<0.05, **p<0.01, ***p<0.001.
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Synaptophysin shows loss of expression in adulthood in both V2d and V4

Synaptophysin regulates rapid kinetics of endocytosis and vesicle recycling during and after
synaptic activity (Kwon and Chapman, 2011). Development of synaptophysin expression was
similar in V2d and V4 (Pearson’s Correlation, R>=0.31, p<0.05). In V2d and V4, there was high
synaptophysin expression in childhood that decreased significantly to minimum expression at 50
years of age, well-fit by an inverted quadratic function in V2d (R?=0.25, p<0.05) (Fig 2¢) and V4
(R?=0.16, p<0.05) (Fig 3c). Across age groups, synaptophysin expression in V2d was decreased
significantly lower in young adults from childhood (p<0.001) and adolescence (p<0.001) and
remained unchanged in older adults (Fig 2d). Across age groups in V4 showed a similar pattern,
where synaptophysin expression was higher in adolescence (p<0.05) and childhood (p<0.01)
compared to young adults and remained low in older adults (Fig 3d). Synaptophysin
developmental expression across these age groups in V2d was similar to V1, but V2d
synaptophysin expression in adolescence was nearly double that expression in V1 adolescence
(p<0.001) (Upper inset, Fig 2d). The age groups of synaptophysin expression in V4 were not
significantly different than expression in V1 (Upper inset, Fig 3d). Synaptophysin expression in
V2d, however, was nearly double the expression of synaptophysin in V4 across all age groups

(p<0.001).
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Figure 3 -- Development of Synapsin and Synaptophysin expression in human V4. A)
Scatterplot of Synapsin across the lifespan fit with a weighted function. B) Age-binned results
for Synapsin expression in V4. Upper inset, V1 Synapsin age group data from (Pinto et al.,
2015). C) Scatterplot of synaptophysin across the lifespan fit with an inverted quadratic function
(R?=0.16, p<0.05) that reached a local minima around 50 years. D) Age-binned results for
synaptophysin expression in V4. Upper inset, V1 Synaptophysin age group data from (Pinto et
al., 2015). Scatterplot, histogram and significance levels plotted using the conventions described
in Figure 2.

Pre-synaptic transmission balance delayed in V2d and V4
To capture the maturation of pre-synaptic function across development, I calculated the relative

index between synapsin and synaptophysin in V2d and V4 (Fig 4). In V2d, there was more
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synaptophysin in childhood that shifts to balanced expression around 33 years of age, completely
favored synapsin by 45 years, then shifted back toward more synaptophysin in older adults, a
trajectory well-fit by a quadratic function (R?>=0.26, p<0.01) (Fig 4a). Compared across age
groups, there was a significant shift in expression from children (p<0.001) and adolescence
(p<0.01) compared to balanced expression in young and older adults (Fig 4b). Synapsin-
synaptophysin index in V2d follows a similar profile previously found in V1 that shifts from
more synaptophysin to balanced expression across development (Pinto et al., 2015), but the shift
to balanced expression is delayed in V2d by about 32 years (Upper inset, Fig 4b). There was
significantly more synaptophysin in these 4 age groups of V2d development (childhood
(p<0.001), adolescence (p<0.001), young adults (p<0.01), older adults (p<0.001)) compared to

V1 that already shifted to balanced expression by childhood (Fig 4b).

Development of the pre-synaptic index in V4 was not significantly different than V2d (Pearson’s
Correlation, R?=0.62, p<0.01). In V4, there was more synaptophysin in childhood that shifted to
balanced expression around 26 years, peaks around 45 years, and remains balanced in older
adults, well-fit by a quadratic function (R?=0.13, p<0.05) (Fig 4c). Across age groups there was
significantly more synaptophysin in childhood (p<0.001) compared to balanced expression in
young adults (p<0.01), adolescence and older adults (Fig 4d). The pre-synaptic index in V4
follows a similar profile to V1 that shifts from more synaptophysin to synapsin across
development (Pinto 2015), but the shift is delayed in V4 by about 25 years (Upper inset, Fig 4d).
There was significantly more synaptophysin across all age groups in V4 (childhood (p<0.001),
adolescence (p<0.001), young adults (p<0.01), older adults (p<0.05)) compared to V1, that

already shifted to balanced expression by childhood (Upper inset, Fig 4d).
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Figure 4 -- Development of Synapsin:Synaptophysin balance (Synapsin-Synaptophysin)/
(Synapsin+Synaptophysin) in human V2d and V4 A) Scatterplot of Synapsin:Synaptophysin
balance across the lifespan in V2d, well-fit by a quadratic equation (R*=0.26, p<0.01) that
peaked around 45 years. B) Age-binned results for Synapsin:Synaptophysin balance expression
in V2d. Upper inset, V1 age group data from (Pinto et al., 2015). C) Scatterplot of
Synapsin:Synaptophysin balance across the lifespan in V4, well-fit by a quadratic equation
(R?=0.13, p<0.05) that peaked around 45 years. D) Age-binned results for
Synapsin:Synaptophysin balance expression in V4. Upper inset, V1 age group data from (Pinto
et al., 2015) Scatterplot, histogram and significance levels plotted using the conventions
described in Figure 2.
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Peak of PSD-95 expression is delayed, Gephyrin in V2d is similar to V1

PSD-95 is the excitatory scaffolding protein that binds NMDA and AMPA receptors to the
postsynaptic membrane and is necessary for synaptic scaling (Sun and Turrigiano, 2011). Peak
expression of PSD-95 is linked with maturation of silent synapses that ends the critical period in
V1 (Huang et al., 2015) and is correlated with synaptic maturation and strength (Chen et al.,
2015). In V2d, PSD-95 expression had a bump in expression in adolescence that peaks around 14
years, then declines into adulthood, and was well-fit by a Gaussian function (R>=0.22, p<0.01)
(Fig 5a). Across age groups, expression was high in adolescence that decreased by about 20% in
young adults (p<<0.01) and remained low in older adults (Fig 5b). This trajectory is similar to
PSD-95 expression in human V1 synaptosome (Upper inset, Fig 5b) and homogenate (Pinto et
al., 2015) samples. The peak in V2d, however, is delayed relative to V1 by about 5 years. There
is significantly more PSD-95 in adolescence in V2d compared to V1 (p<0.001). In addition,
PSD-95 expression is higher in V2d than V4 in young children (p<0.01) and adolescence

(p<0.001), and similar expression between the areas in later years.

Gephyrin is a post-synaptic inhibitory scaffolding protein that binds GABAA receptors, is
required for stability of GABAergic synapses (Yu et al., 2007), and regulates homeostatic
changes in inhibitory transmission (Tyagarajan and Fritschy, 2014). In V2d, Gephyrin expression
was high in childhood and decreased across the lifespan, a trajectory well-fit by a Gaussian
function (R?=0.10, p<0.05) (Fig 5c). Across age groups, gephyrin expression was high in
childhood and decreased significantly in young adults (p<0.01) (Fig 5d). The trajectory and
timing of gephyrin expression in V2d are similar to that found in V1 (Upper inset, Fig 5d), but

magnitude of gephyrin expression in V2d is half the expression found in V1 in childhood
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(p<0.001), adolescence (p<0.001), and young adults (p<0.001) (Upper inset, Fig 5d). Gephyrin
expression was significantly higher in V2d in adolescence compared to V4 (p<0.001), but similar

expression in all other age groups.
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Figure 5 -- Development of PSD-95 and Gephyrin expression in human V2d. A) Scatterplot of
PSD-95 across the lifespan fit with a Gaussian function (R?=0.22, p<0.01) that peaked around 14
years of age. B) Age-binned results for PSD-95 expression in V2d. Upper inset, V1 age group
data from (Siu et al., 2017). C) Scatterplot of Gephyrin across the lifespan fit with a Gaussian
function (R?=0.10, p<0.05). D) Age-binned results for Gephyrin expression in V2d. Upper inset,
V1 age group data from (Pinto et al., 2010). Scatterplot, histogram and significance levels plotted
using the conventions described in Figure 2.
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PSD-95 no peak in V4, Gephyrin in V4 similar to V1

In V4, PSD-95 expression did not show significant change across the lifespan. Those results are
described by a weighted function that is relatively flat across development (Fig 6a). Comparison
across age groups showed no significant change across the lifespan (Fig 6b). Due to the absence
of a peak in PSD-95 expression in V4, this trajectory is different from PSD-95 expression across
the same ages in V1 (Upper inset, Fig 6b). For example, there is significantly lower PSD-95
expression in V4 and V2d in childhood (p<0.001) and adolescence (p<0.001) compared to V1
expression (Upper inset, Fig 6b). Gephyrin expression in V4 decreased across the lifespan, like
in V2d, but the high amounts of variability across the lifespan reduced the goodness-of-fit, so |
described this data with a weighted function (Fig 6¢). Across age groups, there was slightly
higher gephyrin expression in childhood compared to other age groups, though this peak was not
significant (Fig 6d). This trajectory is similar to previously identified gephyrin expression in the
same age span in V1 samples, but with significantly lower expression by over half in V4

compared to V1 childhood, adolescence, and young adults (p<0.001) (Upper inset, Fig 6d).
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Figure 6 -- Development of PSD-95 and Gephyrin expression in human V4. A) Scatterplot of
PSD-95 across the lifespan fit with a weighted function. B) Age-binned results for PSD-95
expression in V4. Upper inset, V1 age group data from (Siu et al., 2017). C) Scatterplot of
Gephyrin across the lifespan fit with a weighted function. D) Age-binned results for Gephyrin
expression in V4. Upper inset, V1 age group data from (Pinto et al., 2010). Scatterplot, histogram
and significance levels plotted using the conventions described in Figure 2.

Excitatory-Inhibitory balance in V2d and V4

To capture the maturation of post-synaptic excitatory-inhibitory (E-I) balance across

development, I calculated the relative index between PSD-95 and Gephyrin (Fig 7). In V2d,

PSD-95:Gephyrin relative expression was balanced across the lifespan that was described by a
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weighted average (Fig 7a). Across age groups, there were no significant differences in expression
(Fig 7b). The profile of PSD-95:Gephyrin development in V2d is similar to that found in V1
(Upper inset, Fig 7b) that shifts rapidly by 5 months of age, then remains balanced across the
lifespan, however there is significantly more PSD-95 in V2d in adolescence (p<0.001) and

young adulthood (p<0.001) compared to V1.

The relative balance of PSD-95:Gephyrin in V4 showed a trend to shift from balanced
expression to more PSD-95 around adolescence but was not well-fit to a function, so I described
the data using a weighted average (Fig 7c). Across age groups, there was a significant shift from
balanced expression in children to more PSD-95 in adolescence (p<0.001) then returned to
balanced expression in adulthood (Fig 7d). Although significant, the magnitude of this shift is
very small compared to V1 where expression is considered balanced at this age (Upper inset, Fig
7d). Compared to V1, there is significantly more Gephyrin in childhood (p<0.05), that shifts to
significantly more PSD-95 in adolescence (p<<0.001) and young adults (p<0.05) in V4 (Upper
inset, Fig 7d). There is significantly more PSD-95 in V4 in adolescence and adulthood compared
to V1, however, there is no significant difference between PSD-95:Gephyrin development

between V2d and V4.

Together, the sum of those pre- and post-synaptic proteins in V2d and V4 share a common
trajectory with V1 (Fig 1b), but individually those proteins provide some evidence for slight
delays in dorsal and ventral stream development (as predicted in Fig 1a). This suggests that other
synaptic proteins in extrastriate contribute to a developmental delay of higher-order visual areas.

I tested this idea by quantifying the development of a subset of GABAergic and glutamatergic
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synaptic proteins linked to regulation of synaptic plasticity and function in the visual cortex, and

that have been previously quantified in human V1 to compare across regions.
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PSD-95:Gephyrin balance expression in V4. Upper inset, V1 age group data from (Pinto et al.,
2015). Scatterplot, histogram and significance levels plotted using the conventions described in

Figure 2.
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GABAA receptor subunit development in V2d and V4

To characterize development of inhibitory synapses in extrastriate cortex, I studied expression of
3 GABAA receptor subunits, GABAaal (al), GABAaa2 (02), GABAa0a3 (a3) in V2d and V4
across the lifespan. Visual experience shifts the GABAA subunit composition from a3 to al, that
increases the kinetics of the receptor, increases the magnitude of IPSCs (Heinen et al., 2004),
drives cortical plasticity (Fagiolini et al., 2004), and increases binding affinity to GABA

(Pritchett et al., 1989), while a2 regulates GABAergic cell firing (Fagiolini et al., 2004).

GABAA a1 peak delayed significantly in V2d

In V2d, GABAaal expression was low in childhood, increased to peak expression around 50
years, then decreased again, a profile well-fit by a quadratic function (R?>=0.21, p<0.05) (Fig 8a).
Across age groups, GABAaal expression was high in young adults compared to expression in
childhood (p<0.001), adolescence (12-20 years) (p<0.01) and older adults (p<0.01) (Fig 8b).
This profile is similar expression in V1 (Upper inset, Fig 8b), but the timing of the peak is
delayed by about 36 years in V2d. Interestingly, the magnitude of GABAaal expression was
significantly lower in all age groups in V2d compared to V1 (p<0.001) (Upper inset, Fig 8b), and

higher in expression in adolescence compared to V4 (p<0.001).

GABAA 02 no change across V2d development

In V2d, GABAAa02 showed no significant changes across the lifespan, described by a weighted
average (Fig 8c). Across age groups, GABAAa02 showed a trend to increase in expression from
adolescence to older adults but there was no significant differences between groups (Fig 8d).

These results were similar to the same age groups in human V1 (Upper inset, Fig 8d), where
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there was no change in expression of GABAa02 after 10 years of age (Pinto et al., 2010). The
magnitude of GABAaa2 expression over twice as high in V2d compared to V1 across all age
groups. (p<0.01) (Upper inset, Fig 8d), and compared to V4 in adolescence (p<0.001), young

adulthood (p<0.001) and older adulthood (p<0.001).

GABAA03 declines across V2d development, unlike V1

In V2d, GABAAa3 expression declined from childhood to older adults, that was well-fit by a
linear function (R?=0.32, p<0.001) (Fig 8e). Across age groups, GABA 03 expression was not
different across children, teens, or young adults, but there was a significant decrease by nearly
50% in older adults (p<0.001) (Fig 8f). This profile is different from the GABAaa3 trajectory in
V1 (Upper inset, Fig 8f), where there is no change in GABAaa3 expression across the lifespan
(Pinto et al., 2010). GABAAaa3 expression in V2d is greater than in V1 in young adults (p<0.01),
but significantly lower than in V1 in older adults (p<0.001) by about 50% compared to V1
(Upper inset, Fig 8f). There is significantly more GABAaa3 in V2d than in V4 in adolescence

(p<0.001), but all other age groups have similar expression.
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Figure 8 -- Development of GABAaal, GABAaa2, and GABAAaa3 expression in human V2d.
A) Scatterplot of GABAal across the lifespan fit with a gaussian function (R?=0.18, p<0.05)
that peaked around 45 years B) Age-binned results for GABAaal expression in V4. C)
Scatterplot of GABAaa2 across the lifespan fit with a weighted function D) Age-binned results
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for GABAAa2 expression in V2d. E) Scatterplot of GABAaa3 across the lifespan fit with a
linear function (R>=0.32, p<0.001) (F) Age-binned results for GABAaa3 in V2d. Scatterplot,
histogram and significance levels plotted using the conventions described in Figure 2.
Histograms in upper right inset show V1 GABA data previously published in (Pinto et al., 2010).

GABAA a1 peak delayed significantly in V4

In V4, GABAA al expression slowly increased into adulthood that was described by a weighted
average (Fig 9a). Across age groups, GABAaal expression was significantly higher in young
adults (p<0.001) and older adults (p<0.05) compared to children (5-11 years) (Fig 9b). Compared
to V1, there is a similar increase in development of GABAaal expression, but the peak of
GABAAal in V4 is delayed by about 30 years (Upper inset, Fig 9b). GABAA al expression is
significantly lower in V4 compared to V1 in childhood (p<0.001), adolescence (p<0.001), and

older adults (p<0.001) (Upper inset, Fig 9b).

GABAA\ 02 delayed loss in V4

In V4, GABAA 02 expression was high in childhood then decreased until about 45 years of age,
well-fit by an inverted quadratic function (R?>=0.27, p<0.01) (Fig 9c). Across age groups,
GABAA 02 expression was significantly lower in young adults than in childhood (p<0.001) (Fig
9d). This profile is similar to that of GABAA a2 expression previously found in V1 (Upper inset,
Fig 9d), but the timing of the loss in expression is delayed by about 35 years in V4. In addition,
the magnitude of GABAA a2 expression is higher in V4 compared to V1 across all age groups

(p<0.05) (Upper inset, Fig 9d).
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GABAA 03 declines across V4 development, unlike V1

In V4, GABAA a3 expression was high in childhood and decreased rapidly to adult-like levels in
adolescence, well-fit by an exponential decay function (R?=0.25, p<0.01) (Fig 9¢). Across age
groups, GABAA03 expression was significantly decreased in older adults from children by half
(p<0.001) and from adolescence and young adults by about a third (p<0.001) (Fig 9f). This
profile is different to that found in V1 (Upper inset, Fig 9f), as there is no loss in expression after
childhood in V1. There is significantly lower expression of GABAAa a3 in V4 in adolescence

(12-20 years) (p<0.001) and older adults (p<0.001) compared to V1 (Upper inset, Fig 9f).
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Figure 9 -- Development of GABAaal, GABAA02, and GABAa03 expression in human V4. A)
Scatterplot of GABAAaal across the lifespan described using a weighted average. B) Age-binned
results for GABAaal expression in V2d. C) Scatterplot of GABAaa2 across the lifespan fit with
an inverted quadratic function (R?=0.27, p<0.01) that reached minima around 35 years D) Age-
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binned results for GABAaa2 expression in V4. E) Scatterplot of GABAaa3 across the lifespan
fit with an exponential decay function (R>=0.25, p<0.01) (F) Age-binned results for GABA 03
in V4. Scatterplot, histogram and significance levels plotted using the conventions described in
Figure 2. Histograms in upper right inset show V1 GABA data previously published in (Pinto et
al., 2010).

To capture the developmentally-regulated balance of the GABAA receptor, I calculated 2 indices
between these subunits, GABAA a2-GABAA al (02:al) index, and GABAA a3-GABAa al

(a3:al) index in both areas V2d and V4.

Delayed development of 2 indices in V2d and V4: GABA4 02-GABAA a1 and GABAao3-
GABAxal

The balance of GABAaa2-GABAaal in V2d showed a trend to shift from balanced expression
in childhood toward more GABAaal in adolescence, that returned to balanced expression
through adulthood. These data showed significant variability across and within cases that
reduced the goodness-of-fit for a model, so I used a weighted average to describe the data (Fig
10a). Across age groups, there was a significant shift from balanced expression in childhood to
relatively more GABAAaal in adolescence (p<0.01) (Fig 10b). This trajectory is similar to V1
development that shifts from more GABAaa2 to more GABAaal across the lifespan, but the
degree of the shift is slighter and delayed by about a decade in V2d (Upper inset, Fig 10b). There
is significantly more a3 in V2d in childhood (p<0.01), young adulthood (p<0.05), and older

adulthood (p<0.001) compared to V1 (Upper inset, Fig 10b).

The balance of GABAAa3-GABAAaal in V2d had significantly more GABAAaa3 in childhood

that shifted around 30 years of age to more GABAaal in adulthood that peaks at 74 years, well-
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fit by a quadratic function (R?=0.58, p<0.0001) (Fig 10c). Within age groups, there was
significantly more GABAaa3 in childhood (5-11 years) (p<0.001), balanced expression in teens
and young adults, and significantly more GABAaal in older adults (p<0.001) (Fig 10d). The
developmental shift was significant with significantly higher expression of GABAaal in older
adults compared to all other groups (p<0.001) (Fig 10d). This profile is similar to that previously
found in V1 that shifts from GABAaa3 to GABAaal across the lifespan, but the shift from more
GABAAa3 to more GABAaal in V2d is delayed by about 30 years (Upper inset, Fig 10d). There
is significantly more GABAaa3 in childhood (5-11 years) V2d compared to V1 (p<0.01) (Upper
inset, Fig 10d). Development of GABAA03-GABAAaal index expression was not different

between V2d and V4.
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Figure 10 -- Development of GABAaal:GABAaa2 balance (al-02/01+02) in human V2d and
V4 A) Scatterplot of GABAAal:GABAaa2 balance across the lifespan in V2d fit by a weighted
function B) Age-binned results for GABAaal:GABAaa2 balance expression in V2d C)
Scatterplot of GABAaal:GABAaa2 balance across the lifespan in V4 fit by a quadratic function
(R=0.31, p<0.01) D) Age-binned results for GABAAal:GABAs02 balance expression in V4.
Scatterplot, histogram and significance levels plotted using the conventions described in Figure
2. Histograms in upper right inset show V1 GABA data previously published in (Pinto et al.,

2010).

In V4, the balance of GABAA02-GABAAaal showed a shift from balanced expression in

childhood to more GABAaal by 12 years of age, peaks around 45 years, then shifts back toward

balanced, well-fit by a quadratic function (R>=0.31, p<0.01) (Fig 11a). Across age groups, there
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was balanced expression of GABAAa2-GABAaal in childhood and adolescence, significantly
more GABAaal in young adults (p<0.01), and returned to balanced expression in older adults
(Fig 11b). There was significantly more GABAaal expression in young adults compared to
expression in childhood (p<0.01) (Fig 11b). This profile is similar to that previously found in V1
across the lifespan, but the shift from more GABAa02 to more GABAAaal is delayed by about 8
years in V4 (Upper inset, Fig 11b). There is significantly more GABA a3 in childhood in V4

compared to V1 (p<0.01) (Upper inset, Fig 11b).

The GABAAa3-GABAaal balance in V4 showed significantly more GABAaa3 in young ages
that shifted to more GABAaal around 20 years, peaking around 53 years, that was well-fit by a
quadratic function (R>=0.31, p<0.01) (Fig 11c). There was significantly more GABAaa3 in
childhood, balanced expression in adolescence, and significantly more GABAaal in young and
older adults (p<0.05) (Fig 11d). There was a significant shift in relative expression of
GABAA03-GABAaal from childhood (p<0.001) and adolescence (p<0.01) to young adults (Fig
11d). This profile is similar to the shift found previously in human V1, but the shift in V4 of
more GABA a3 to more GABAaal is delayed by about 20 years (Upper inset, Fig 11d). There

is significantly more GABAaa3 in childhood (p<0.01) in V4 compared to V1.
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Figure 11 -- Development of GABAaal:GABAaa3 balance (al-02/al+02) in human V2d and
V4 A) Scatterplot of GABAAal:GABAAa02 balance across the lifespan in V2d fit by a quadratic
function (R?=0.58, p<0.0001) B) Age-binned results for GABAaal:GABA 03 balance
expression in V2d C) Scatterplot of GABAaal:GABAaa3 balance across the lifespan in V4 fit
by a quadratic function (R?>=0.31, p<0.01) D) Age-binned results for GABAAal:GABA 03
balance expression in V4. Scatterplot, histogram and significance levels plotted using the
conventions described in Figure 2. Histograms in upper right inset show V1 GABA data

previously published in (Pinto et al., 2010).
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Glutamatergic receptor development in V2d and V4

To characterize the development of excitatory transmission in extrastriate areas, I quantified
changes in NMDA receptor subunit - GluN1, and AMPA receptor subunit - GluA2 in human V2d
and V4. GluN1 is the obligatory subunit for NMDA receptors, that are necessary for ocular
dominance plasticity (ODP) (Kleinschmidt et al., 1987), metaplasticity (Kirkwood, Rioult, &
Bear, 1996), orientation selectivity (Ramoa et al., 2001), and feedback visual processing (Self et
al., 2012; van Loon et al., 2016). GluA2 is a calcium-impermeable AMPAR subunit mediating
fast excitatory transmission into post-synaptic terminals and is necessary for synaptic scaling that

drives homeostatic plasticity (Gainey et al., 2009).

GluNT1 expression delayed in V2d & V4, while GluA2 expression follows V1 development
In V2d, GluN1 was high in childhood, decreased slowly until 46 years, then increased in older
adults, well-fit by a quadratic function (R?>=0.42, p<0.0001) (Fig 12a). Across age groups,
GluN1 expression in V2d was significantly higher in childhood (p<0.001), adolescence
(p<0.001) than young adults, then increased again in older adults (p<0.001) (Fig 12b). This
rapid decrease in expression follows a profile found previously in V1 early in development.
Interestingly, the loss to maturity is delayed in V2d by about 40 years compared to the loss in V1
(Upper inset, Fig 12b). GluN1 expression is significantly higher in V2d across all age groups
compared to V1 (p<0.001) (Upper inset, Fig 12b), and higher than in V4 in adolescence

(p<0.001) and young adults (p<0.05).

In V2d, GluA2 expression declines linearly with age (R?>=0.46, p<0.001) (Fig 12¢). GluA2

expression was high in children and adolescence (p<<0.001) and decreased significantly in young
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adults, then decreased further in older adults (p<0.001) (Fig 12d). The GluA2 peak expression in
V2d matches the V1 peak in childhood and both decrease across the lifespan (Upper inset, Fig
12d). GluA2 expression is significantly higher in V2d in young adults compared to V1 (p<0.001)

(Upper inset, Fig 12d).
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Figure 12 -- Development of GluN1 and GluA2 expression in human V2d. A) Scatterplot of
GluN1 across the lifespan fit with a quadratic function (R?>=0.42, p<0.0001). B) Age-binned
results for GluN1 expression in V2d. C) Scatterplot of GluA2 across the lifespan fit with a linear
function (R?=0.46, p<0.001). D) Age-binned results for GluA2 expression in V2d. Scatterplot,
histogram and significance levels plotted using the conventions described in Figure 2.
Histograms in upper right inset show V1 data previously published in (Siu et al., 2017).
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Figure 13 -- Development of GluN1 and GluA2 expression in human V4. A) Scatterplot of
GluN1 across the lifespan fit with an exponential decay function (R?>=0.41, p<0.001) B) Age-
binned results for GluN1 expression in V4. C) Scatterplot of GluA2 across the lifespan fit with
an exponential decay function (R?>=0.13, p<0.05). D) Age-binned results for GluA2 expression in
V4. Scatterplot, histogram and significance levels plotted using the conventions described in
Figure 2. Histograms in upper right inset show V1 data previously published in (Siu et al., 2017).
In V4, GluN1 was similar to that in V2d (Pearson’s Correlation, R?=0.23, p<0.05), with high
expression in childhood then rapidly declined, well-fit by an exponential decay function
(R?=0.41, p<0.001) (Fig 13a). Across groups, GIuN1 was significantly higher in childhood
(p<0.001) compared to young adults (Fig 13b). This profile of development is similar to that

previously found in V1, but the dramatic loss of GIuN1 is shifted in V4 into adolescence, a delay
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of at least 10 years (Upper inset, Fig 13b). There is significantly more GluN1 in childhood in V4

compared to V1 (p<0.001) (Upper inset, Fig 13b).

In V4, GIluA2 expression is high in childhood then decreases across the lifespan, fit by an
exponential decay function (R>=0.13, p<0.05) (Fig 13c¢). Across age groups, GluA2 expression
was high in childhood, and decreased significantly in young adults (p<0.001) (Fig 13d). The
trajectory, timing, and expression levels of GluA2 development was not significantly different

between V2d, V4 or V1 (Upper inset, Fig 13d).

Delayed development of AMPA:NMDA receptor balance in V2d and V4

To quantify the relative balance between AMPAR and NMDAR in extrastriate development, I
calculated the relative balance between GluA2:GluN1 in V2d and V4 (Fig 14). In V2d, balanced
expression of GIuA2:GluN1 index shifted to relatively more GluA2 around 12 years of age to
peak GluA2 expression at around 45 years, then shifted back toward balanced expression, well-
fit by a quadratic function (R?=0.36, p<0.05) (Fig 14a). There was balanced expression of GluA2
and GluN1 in childhood and adolescence, that shifted to significantly more GluA2 in young
adults (p<0.001), then shifted back to balanced expression in older adults (Fig 14b). This profile
of development is similar to that previously found in V1 early in development, but the shift of
more GluN1 to more GluA?2 is delayed by about 35 years in V2d (Upper inset, Fig 14b). There is
significantly more GluN1 in V2d in childhood, adolescence, and older adults compared to V1
(p<0.001) (Upper inset, Fig 14b), but no significant difference in GluN1:GluA2 development

between V2d and V4 across age groups.

204



Ph.D. Thesis - C. Siu; McMaster University - Neuroscience

The balance of GluA2:GluN1 in V4 showed a similar trend (Pearson’s Correlation, R?=0.24,
p<0.05) to V2d. Balanced GluA2-GluN1 expression in childhood shifts to relatively more GluA2
around 10 years of age that peaks around 35 years, then shifts back toward balance, well-fit by a
quadratic function (R?>=0.16, p<0.05) (Fig 14c). There was a developmental shift from balanced
expression in childhood to more GluA2 in adolescence (p<0.001), that shifts back toward
balanced expression in older adults (p<0.001) (Fig 14c¢). This developmental profile is similar to
that previously found in V1 early in development, however, the shift from more GIuN1 to more
GluA2 is delayed by 10 years and the peak is delayed by about 25 years in V4 (Upper inset, Fig
14c¢). In childhood, there is significantly more GluN1 in V4 compared to V1 (p<0.001) (Upper

inset, Fig 14c).
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Figure 14 -- Development of GluA2:GluN1 balance (GluA2-GluN1/GluA2+GIluN1) in human
V2d and V4. A) Scatterplot of GluA2:GluN1 balance across the lifespan fit with a quadratic
function (R?=0.36, p<0.05) that peaked around 45 years B) Age-binned results for GluA2:GIuN1
balance expression in V2d. C) Scatterplot of GluA2:GluN1 across the lifespan fit with a
quadratic function (R?>=0.16, p<0.05) that peaked around 35 years. D) Age-binned results for
GluA2:GluN1 balance expression in V4. Scatterplot, histogram and significance levels plotted
using the conventions described in Figure 2. Histograms in upper right inset show V1 data
previously published in (Siu et al., 2017).

NMDAR receptor subunit development: GluN2A and GluN2B

GluN1, the obligatory NMDAR subunit has a significant developmental delay in both
extrastriate areas, which underlies the delay of the NMDAR:AMPAR shift by about 30 years in
both areas. To see if NMDAR subunit development can account for functional delays in
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development of extrastriate, I chose to investigate development of functional subunits of the
NMDA receptor, GluN2A and GIuN2B, across development in V2d (Fig 15) and V4 (Fig 16). To
reduce any variability of the data I normalized GIluN2A and GluN2B expression to GluN1, as
GluN1 is a component of all NMDA receptors. GluN2A and GluN2B are developmentally
regulated (Monyer et al., 1994) and are necessary for unique aspects of plasticity and visual
perception. The relative balance between the two proteins is a key regulator for synaptic LTP and
LTD (Philpot et al., 2003). GluN2B is an immature NMDAR subunit that is necessary for
synapse formation and maturation early in development (Tovar and Westbrook, 1999) and
regulates excitatory transmission by suppressing the surface expression of AMPAR at the
synapse (Hall et al., 2007). Increases in GluN2B decreases the sliding modification threshold for
a synapse, meaning greater expression of GluN2B increases the likelihood of inducing LTP
(Philpot et al., 2007). GIuN2A is a mature NMDAR subunit that is necessary for orientation
selectivity (Fagiolini et al., 2003) and increases the modification threshold for inducing LTD

(Philpot et al., 2007).

GluN2B expression does not change with development in extrastriate, GluN2A significant
changes with development

In V2d, there was no significant change in GluN2B expression across the lifespan, described by a
weighted average (Fig 15a). Across age groups GluN2B expression showed no significant
difference due to large variability within each group (Fig 15b). This developmental profile is
different from GluN2B in V1, where there is a significant peak of GluN2B in childhood in V1

(p<0.001) that is not found in V2d (Upper inset, Fig 15b).
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GluN2A expression in V2d showed a trend of higher expression in adolescence that decreased in
adulthood, but with high amounts of variability across the lifespan reduced the goodness-of-fit
for a function, so the data was described using a weighted average (Fig 15¢). Across age groups,
GluN2A expression was high in childhood (p<0.05) and adolescence (p<0.001) then decreased
by over 50% in young adults, then increased significantly in older adults (p<0.001) (Fig 15d).
This developmental profile in V2d is different from the profile previously studied in V1 across
the same age span, where GluN2A expression increases to a dramatic peak in young adulthood in
V1, nearly 5x the expression of young adults in V2d (Upper inset, Fig 15d). There is
significantly lower GIluN2A expression in V2d in childhood (p<0.001) and young adults

(p<0.001) compared to V1 (Upper inset, Fig 15d).
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Figure 15 -- Development of GluN2A (2A) and GluN2B (2B) expression in human V2d. A)
Scatterplot of 2B across the lifespan fit with a weighted average. B) Age-binned results for 2B
expression in V2d. C) Scatterplot of 2A across the lifespan fit with a weighted average. D) Age-
binned results for 2A expression in V2d. Scatterplot, histogram and significance levels plotted
using the conventions described in Figure 2. Histograms in upper right inset show V1 data
previously published in (Siu et al., 2017).

In V4, GluN2B showed no significant change across the lifespan, and was described using a
weighted average (Fig 16a), and there was no significant difference between the groups (Fig
16b). This pattern of GIluN2B development is different from that previously found in V1, where

there is a significant peak of expression in childhood that is nearly double the expression found
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here in V4 (p<0.001) (Upper inset, Fig 16b). GluN2B development is not significantly different

between V2d and V4.

GIluN2A expression in V4 showed a decrease in expression from childhood through adolescence
until 36 years of age, then an increase into older adult years, well-fit by a quadratic function
(R?=0.32, p<0.01) (Fig 16c). Across age groups there was a significant decrease in adolescence
(p<0.001) that increased into young adults (p<0.001) and older adults (p<0.001) (Fig 16d). The
developmental profile of GluN2A in V4 is different from the profile from V1, where there is a
rapid loss of GluN2A in older adults, but in V4 GluN2A peaks in this age group (Upper inset, Fig
16d). GIuN2A expression in V4 is significantly lower in childhood (p<0.001), adolescence
(p<0.001), and young adults (p<0.001) compared to V1. Alternatively, GluN2A expression is
significantly higher in older adults in V4 compared to V1 (p<0.05) (Upper inset, Fig 16b), and

but is slower in V4 in adolescence than in V2d (p<0.001).
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Figure 16 -- Development of GluN2A (2A) and GIuN2B (2B) expression in human V4. A)
Scatterplot of 2B across the lifespan fit with a weighted average. B) Age-binned results for 2B
expression in V2d. C) Scatterplot of 2A across the lifespan fit with an inverted quadratic function
(R?=0.32, p<0.01) that reaches a minima around 36 years D) Age-binned results for 2A
expression in V2d. Scatterplot, histogram and significance levels plotted using the conventions
described in Figure 2. Histograms in upper right inset show V1 data previously published in (Siu
et al., 2017).

2A:2B balance develops differently in extrastriate compared to V1
I measured the 2A:2B index to show the relative balance of expression between GluN2A and
GIluN2B across development of V2d and V4, and found surprising trajectories compared to

previous reports of 2A:2B in V1 development.
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In V2d, there is balanced 2A:2B expression in childhood that shifts toward more GluN2B
expression into adulthood to peak GluN2B expression by 40 years of age, then shifts back
toward more GluN2A in older adults; a trajectory well-fit by a quadratic function (R?>=0.24,
p<0.05) (Fig 17a). Across age groups, expression is balanced in childhood and adolescence,
shifts to significantly more GIuN2B in young adults (p<0.001) then shifts back to balanced
expression in older adults (Fig 17b). The developmental profile of 2A:2B in V2d is contrasted
sharply against the development trajectory of 2A:2B in V1, as expression is significantly
different between the two areas in childhood (p<0.01), young adults (p<0.001), and older adults
(p<0.01). 2A:2B expression shows significantly more 2A in V2d in childhood (p<0.01) and older

adults (p<0.01), and significantly more 2B in V2d in young adults (p<0.001) compared to V1.

In V4, the initially balanced expression of 2A:2B shifted to significantly more GluN2B until
around 31 years, then shifted back toward more GluN2A around 60 years of age, a trajectory
well-fit by a quadratic function (R?>=0.20, p<0.05) (Fig 17c). Across age groups, 2A:2B
expression was balanced in childhood, shifted to significantly more GluN2B in adolescence
(p<0.001), then back to balanced expression in young adults and older adults (Fig 17d). The
developmental shift to more GIuN2B in adolescence was significantly different from all other
age groups (p<0.001) (Fig 17d). Like the developmental profile of 2A:2B in V2d, development
in V4 is contrasted sharply with 2A:2B in human V1 (Upper inset, Fig 17d), as there was
significantly more 2B in V4 in adolescence (p<0.001) and young adults (p<0.001), and
significantly more 2A in V4 in older adults (p<0.01) compared to V1. There is significantly
more 2B in V4 in adolescence compared to V2d (p<0.001), and significantly more 2B in V2d in

young adulthood compared to V4 (p<0.001). This is the first report of the 2A:2B balance in
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human extrastriate development across the lifespan. Our results provide the first neurobiological

evidence for contrasting forms of plasticity in human extrastriate areas compared to V1 in

adulthood (Murayama et al., 1997).
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Figure 17 -- Development of 2A:2B balance (2A-2B)/(2A+2B) in human V2d and V4. A)
Scatterplot of 2A:2B balance across the lifespan fit with a quadratic function (R?=0.24, p<0.05)
that peaks around 40 years of age B) Age-binned results for 2A:2B balance expression in V2d.
C) Scatterplot of 2A:2B across the lifespan fit with an inverted quadratic function (R?=0.20,
p<0.05) and peaked toward 2B around 31 years. D) Age-binned results for 2A:2B balance
expression in V4. Scatterplot, histogram and significance levels plotted using the conventions
described in Figure 2. Histograms in upper right inset show V1 data previously published in (Siu

et al., 2017).
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6.4 Discussion

This study presents the expression of neurobiological mechanisms across development of human
extrastriate areas V2d and V4. My results can help simplify the field by providing a
neurobiological basis for the development of higher-order visual perception and plasticity in the
human extrastriate cortex. Furthermore, this study provides neurobiological evidence for
contrasting forms of plasticity in human extrastriate compared to V1.

Western blotting with human synaptosomes from cases across different ages provided reliable
measurements of synaptic protein expression changes across the lifespan. This approach,
however, does not provide information on cell type, circuit or layer localization, or synaptic
function. Some proteins, like NMDAR are components of both pre- and post-synaptic
membranes (Bouvier et al., 2015; Buchanan et al., 2012; Corlew et al., 2007), or extra-synaptic
and their specific localization cannot be detected through Western blotting alone. These data are
nonetheless necessary for identifying neurobiological mechanisms of human extrastriate visual
processing and for creating more links between structure and function across cortical regions in

human brain.

Some synaptic proteins develop at the same rate in V1 and extrastriate

The sum of proteins for basic synaptic function (synapsin, synaptophysin, PSD-95, gephyrin) in
human V2d and V4 followed a significantly similar profile to V1 (Pinto et al., 2015) that peaks
around 10 years of age that decreased into adulthood (Fig 1). Our samples do not include
younger ages (>8 years) to compare to V1, but I did not find evidence for delayed development

of V2d and V4 in this component of synaptic stabilization. 3 out of 4 synaptic proteins
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(synapsin, synaptophysin, and gephyrin) that make up this common trajectory in V2d and V4
follow the same profile individually as in V1 (Pinto et al., 2010; 2015). Synapsin is a reliable
marker for identifying pre-synaptic terminals in all synapses (Micheva et al., 2010). Synapsin
expression in human V1 increases in development to reach adult levels by 8.7 years (Pinto et al.,
2015). Synapsin expression in V2d or V4 also did not change after 8 years of age, indicating that
stability of the neurotransmitter release system is reached by childhood across all of these visual
areas. Similarities in synapsin expression measured in synaptosome in V2d and V4, and in
homogenate samples in V1 suggests that all changes in synapsin expression is driven by

expression in synaptic terminals.

Synaptophysin, Gephyrin, and GluA2 showed peaks of expression in childhood (5-11) that
decreased with age in all 3 visual areas V2d, V4 and V1. Interestingly, each of these proteins are
necessary for synaptic plasticity (Gainey et al., 2009; Janz et al., 1999; Tyagarajan and Fritschy,
2014). This stage of development in humans is characterized by the end of the period of
susceptibility to amblyopia (Lewis and Maurer, 2005), and in V1 some markers for the end of
critical period plasticity also peak in this stage like PSD-95 and GluN2B (Siu et al., 2017).
Synaptophysin is involved in regulation of vesicle endocytosis through Synaptobrevin retrieval
(Gordon et al., 2011; Kwon and Chapman, 2011). Loss of synaptophysin does not impact vesicle
recycling but does impact synaptic plasticity (Janz et al., 1999). Gephyrin clusters and binds
GABAA receptors, especially subunits a1l (Mukherjee et al., 2011), a2 (Tretter et al., 2008), and
a3 (Tretter et al., 2011), to the post-synaptic membrane and is necessary for the stability of
inhibitory synapses (Yu et al., 2007) and inhibitory LTP (Petrini et al., 2014). The peak of

Gephyrin expression in V1 was nearly double the peak found in V2d and V4 that could indicate
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greater inhibitory synaptic stabilization, or more inhibitory synapses in V1. GluA2, the Ca?'-
impermeable AMPA receptor subunit is required for trafficking of AMPAR necessary for
homeostatic synaptic scaling (Gainey et al., 2009), that is regulated by visual activity (Bai and
Wong-Riley, 2003; Wong-Riley, 2002). GluA2 couples neuronal activity with energy metabolism
of cytochrome oxidase in the visual cortex (Dhar et al., 2009). In monkey visual cortex, GluA2 is
highly expressed on fast-spiking parvalbumin-positive (PV+) inhibitory interneurons (Kooijmans
et al., 2014) that likely regulates calcium influx into PV+ cells. The peak of GluA2 expression in
V2d and V4 parallels V1 development, and suggests a peak in metabolic function, possibly in

PV+ cells, across the those visual areas at this same stage of development.

PSD-95:Gephyrin index is relatively balanced across the lifespan in V2d and V4, suggesting that
the total E-I balance is maintained across the lifespan in extrastriate as well as in V1 across these
ages. The E-I balance is maintained through homeostatic synaptic scaling (Barral and Reyes,
2016), and is crucial for optimal circuit function across development, while E-I imbalance is
associated with disease and delayed development (D'Souza et al., 2016). The development of E-I
balance extends beyond visual cortex, as mRNA expression of VGlut and VGAT, pre-synaptic
glutamate and GABA vesicle transporter, is balanced by school age (5-12 years) in human
prefrontal cortex and is maintained across the lifespan (Fung et al., 2011). Human prefrontal
cortex also shows a peak of synaptophysin protein expression around 10 years of age that
decreases to reach adult-levels in adolescence (Glantz et al., 2007), similar to synaptophysin
expression that we found in V1 (Pinto et al., 2015), and in V2d and V4. Interestingly, this study
used prefrontal cortex samples from the same postmortem cases as used in this study, and in our

previous studies of human V1 (Murphy et al., 2005; Pinto et al., 2010; 2015; Siu et al., 2015;
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2017; Williams et al., 2010). In addition, my lab previously found that Ube3a, a ubiquitin ligase
protein that is necessary for experience-dependent plasticity, also develops similarly across V3,

V4, and V1 and has a significant loss in aging in all 3 areas (Williams et al., 2010).

Pre-synaptic vesicle proteins, glutamatergic and GABAa maturation delayed in V2d and
V4

Four proteins showed significant delay in maturation in V2d, V4, or both extrastriate areas
compared to development in V1. GABAa al in V2d and V4, and PSD-95 in V2d showed delayed
increase in expression. GluN1 in V2d and V4, and GABAAa 02 in V4 showed delayed loss of
expression. Additionally, there were profound delays in maturation of 4 indices that span pre-
synaptic, GABAergic, and glutamatergic development in V2d and V4. The pre-synaptic index,
GABAA02:GABAAal index, GABAA 03-GABAA al index, and GluN1-GluA2 index each
showed significant delays in development in both extrastriate areas compared to previously

studied developmental profiles of V1 (Pinto et al., 2010; 2015; Siu et al., 2017).

The delay in maturation after V1 development of some individual proteins and some
developmentally-regulated balances between protein pairs are slightly longer in V2d than V4.
These results provides evidence in humans for a dorsal stream delay in development that has
been suggested previously in mice (Smith et al., 2017) and in humans (Atkinson, 2017; Taylor et
al., 2009). For example, the peak of PSD-95 expression in V2d was delayed about 5 years after
the peak in childhood V1 (Siu et al., 2017), while there was no peak in V4. The peak of PSD-95
is considered to consolidate silent synapses the end of critical period (Huang et al., 2015). Peak

expression of GABAaal, the fast-kinetic mature GABAA receptor, is delayed by over 36 years
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in V2d and by 31 years in V4. GABAAa al subunit drives cortical plasticity in rodent V1
(Fagiolini et al., 2004), but may be responsible for different functions across different regions, as
inhibition in cats regulates temporal receptive field properties in area 18, but spatial properties in
area 17 (Jirmann et al., 2008). GluN1, the obligatory subunit of NMDAR receptors, declines
slowly across V2d development that reaches lowest expression by 46 years (Fig 12b), while
GluN1 in V4 declined rapidly in adolescence, and remained low across the lifespan (Fig 13a).
GluNT1 in V1 is high in infants and declines rapidly by 1 year of age (Siu et al., 2017), suggesting

that rate and profile that GluN1 matures is very prolonged in V2d compared to both V4 and V1.

These delays in individual protein development contributed to the delay of maturation of relative
protein balances. For example, the late loss of GluN1 caused the developmental AMPA:NMDA
shift from more GluN1 to more GluA2 in V2d to peak about 35 years after V1 (Siu et al., 2017)
and 10 years after V4. The shift toward more GIuA2 in the synapse suggests insertion of AMPA
receptors that stabilize silent synapses, that increases probability for depolarization, and therefore
strengthens excitatory connections (Huang et al., 2015). The late increase of GABAa ol in
combination with the late loss of GABAA 03 and GABAA 02 in V4 caused delays in the
developmentally regulated balances between a3:al1 and a2:al that drive the kinetics and binding
affinity of GABAA receptors. The shift in V2d from more a3 to more al was delayed 30 years
beyond the V1 shift (Pinto et al., 2010), and 10 years beyond the V4 shift. Meanwhile, the shift
in V4 from a2 to al in development was delayed by 40 years after the V1 shift (Pinto et al.,
2010), and delayed 30 years after V2d development. Although both indices of GABAA
maturation in extrastriate areas are delayed to V1, there is some discrepancy for the composition

of GABAA receptors in V2d and V4 areas across development. The balance between
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Synapsin:Synaptophysin also showed a delayed in V2d that matured nearly 30 years later than
V1, and 7 years later than V4. The balance of these pre-synaptic receptors increases the

probability for efficient neurotransmitter release and synaptic vesicle recycling.

Together, these synaptic protein balances encompass the basic components for experience-
dependent plasticity in excitatory and inhibitory circuits. The maturation of these balances allow
for fast, efficient neurotransmission and post-synaptic kinetics for strengthening connections.
Interestingly, compared to V1, where most of these balances develop within the first few years of
life, the development in V2d is delayed by an average of 30 years, while maturation in V4 is
delayed by an average of 20 years. Furthermore, these protein balances regulate synaptic
plasticity and their delayed development extended the potential for plasticity in extrastriate into
adulthood that could support the late development of higher-order visual perception including
face recognition (Golarai et al., 2010; Mondloch et al., 2002; Susilo et al., 2013), face memory
(Germine et al., 2011), motion-defined form (Bucher et al., 2006), and contour integration
(Kovacs et al., 1999). Interestingly, perceptual learning for those higher-order visual stimuli
require surprisingly few trials in adulthood (Dosher and Lu, 2006; Hussain et al., 2009),
compared to lower-order stimuli that can be resistant to improvement even after thousands of
trials (Levi and Li, 2009). Our findings suggest delayed development of neurobiological
mechanisms for plasticity in extrastriate compared to V1 supports the plasticity for learning
complex visual stimuli in adulthood (Karni and Bertini, 1997; Fang Wang et al., 2016). In
addition, the dorsal stream areas require visual experience for proper functional development,

whereas ventral stream is more resilient experience-dependent development (Smith et al., 2017).
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The delay in maturation of many functional synaptic units in area V2d may reflect some

dependency on specific types of visual experience such as dorsal stream visual abilities.

Contrasting 2A:2B development in V2d and V4 compared to V1

There were some proteins that had profiles of development in V2d or V4 that were totally
different from their development in V1. On the GABAergic side, there was a rapid loss of
GABAAaa3 expression in V2d and V4 in aging that is not lost in V1 (Pinto et al., 2010), and may
contribute to the larger effects of aging on higher-order visual perception (Habak and Faubert,

2000) and receptive field properties (Yu et al., 2006) in extrastriate areas.

On the glutamatergic side, there was a profound difference in patterns of GluN2A and GluN2B
development in V2d and V4 that shifted the 2A:2B balance off course from V1 development (Siu
et al., 2017). GIuN2B expression did not show a peak in childhood in V2d and V4, unlike V1
development where the peak in childhood was 4x higher than the rest of the age groups (Siu et
al., 2017). Alternatively, GluN2A expression changed significantly across the lifespan in both
areas V2d and V4 that were both different to V1 development. In V2d, there was a significant
loss of GIuN2A expression in young adults, followed by a significant increase in older adults
(Fig 15d). In V4, the loss of GIuN2A was earlier, in adolescence with increased by over 200% in
older adults. GluN2B is the immature NMDA receptor subunit that regulates slow decay kinetics
of the NMDAR, and expression of GIuN2B suppresses the insertion of GluA2-containing

AMPA receptors (Hall et al., 2007). In V1, the loss of GIuN2B in development is associated the
with end of the critical period (Erisir and Harris, 2003). There is a developmental shift in V1

from more GluN2B-containing NMDA receptors in young brains to an activity-dependent
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insertion of GluN2A-containing NMDAR (Monyer et al., 1994; Quinlan et al., 1999b; Sheng et
al., 1994) . The inclusion of GluN2A subunit immediately alters the kinetics of the receptor for

fast glutamatergic transmission (Flint et al., 1997).

The 2A:2B index revealed a developmental trajectory in extrastriate that directly contrasts the
development of 2A:2B in V1 (Siu et al., 2017). In V2d and V4 there is a significant shift toward
more GluN2B with development, that shifts to significantly more GluN2B in adolescence in V4
(Fig 17d) and in young adults in V2d (Fig 17b), then a shift back to balanced 2A:2B expression
in aging in both areas. The relative amounts of 2A:2B bidirectionally regulates metaplasticity in
the visual cortex (Philpot et al., 2001; Quinlan et al., 1999a), where more GluN2B expression
shifts the sliding modification threshold towards higher probability to elicit LTP, and more
GIluN2A expression shifts towards higher probability of LTD (Philpot et al., 2001). In human V1,
I previously found a prolonged developmental 2A:2B shift across the lifespan that showed more
GIluN2B early in childhood that shifted towards more GluN2A around 12 years of age, and
showed peak GluN2A expression ~40 years before returning to balance in older adults (Siu et al.,
2017). Our findings in V2d and V4 show the 2A:2B balance shift in the opposite direction
compared to V1. In addition, the magnitude of the shift in adulthood toward more GluN2B in
V2d and V4 is similar to the magnitude of the shift toward GIuN2A in V1. The timing of this
shift suggests that this developmental shift toward more GluN2B occurs slightly later in V2d
than in V4. The development in both areas suggest contrasting forms of plasticity in extrastriate
compared to V1 in adulthood. This contrast has been shown previously in monkey visual cortex,
where high-frequency electrical stimulation elicits LTP in the inferotemporal extrastriate cortex

and identical stimulation in V1 elicits LTD (Murayama et al., 1997). In addition to plasticity
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differences, these neurobiological differences between extrastriate and V1 may underlie unique

receptive field properties in these areas.

Summary

This study provides a simple neurobiological basis for understanding complex development of
higher-order visual perception and plasticity in the human extrastriate cortex. Results from this
study can be used to target neurobiological mechanisms that aid in therapy or training for visual
disorders. The development of glutamatergic, GABAergic and synaptic vesicle proteins across
V2d, V4 have shown 3 patterns compared to trajectories of V1 development: same, delayed, or
different. These trajectories together help narrow the gap between structure and function in the

development of human visual areas.

Previously, my lab and I have characterized 5 stages of human synaptic development in V1 by
quantifying patterns of glutamatergic and GABAergic synaptic protein expression (Pinto et al.,
2010; Siu et al., 2017). I used those stages of synaptic development to compare with protein
trajectories I found in development of V2d and V4 for glutamatergic (Fig 18), GABAergic (Fig
19) and pre-synaptic (Fig 20) proteins. These summary figures help emphasize that those
synaptic proteins do not follow one trajectory of development across cortical areas. In addition,
the synaptic development of V2d and V4 highlight a unique phase during the 4th stage of
development (12-55 years) when many synaptic proteins peak in adolescence (12-20 years),
separating this long stage into 2 phases of extrastriate development. Adolescence appears to
develop as a unique stage of synaptic maturation in extrastriate areas in especially in V2d, where

GIuN2B, PSD-95, GluN2A, GABA a3, Synapsin, and Synaptophysin peak during this stage.
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This stage of development for V2d aligns with the perceptual improvements in adolescence of
visual functions like global motion perception that stem from the dorsal stream of visual
processing. In V4, young adulthood is a prominent stage for development where GluN2B,
PSD-95, and GABAA a1 peak. This stage aligns with development of face perception that
matures in young adulthood that stems from ventral stream processing. Although these visual
areas are early along the dorsal and ventral visual pathways, this evidence for neurobiological
development across the human lifespan helps simplify new imaging studies on specialized visual
processing from extrastriate and for harnessing potential for plasticity that is sustained into

adulthood in these areas.
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Figure 18 -- Summary of the five stages of development for glutamatergic proteins in V1 (Siu et
al., 2017), V2d and V4. Changes for individual proteins are shown in grey levels with darker
shades representing higher expression and lighter shades representing lower expression. The
stage labelled with the protein name is the peak of expression. All V2d and V4 expression was
calculated relative to the V1 to show differences in magnitude compared to V1 development.
GluN1, GluN2B, and PSD-95 peak later in V2d and V4 than in V1, peak expression of GluN2B
in V2d or V4 is not as high as the peak in V1 (shown in dark black). GIuN2A expression in V2d
and V4 is very light in comparison to V1 expression. Changes for the indices are colour coded,
red for more GIuN1 and GluN2B, green for GluA2 and GluN2A. The developmental switch to
more GluA2 in V2d and V4 occurs later than in V1, however the developmental 2A:2B switch is
totally opposite to that found in V1, where 2B dominates in adolescence and young adulthood in
V4 and V2d, respectively.
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Figure 19 -- Summary of the five stages of development for GABAergic proteins in V1 (Pinto et
al., 2010), V2d and V4. Changes for individual proteins are shown in grey levels with darker
shades representing higher expression and lighter shades representing lower expression. The
stage labelled with the protein name is the peak of expression. All V2d and V4 expression was
calculated relative to the V1 to show differences in magnitude compared to V1 development.
GABAA02 peaks later in V2d and V4 than in VI, whereas GABAaa3 and GABAaal peak
earlier in V2d and V4 compared to V1. Gephyrin expression peaks at the same time in all 3
areas, however is reduced in expression in both V2d and V4. Changes for the indices are colour
coded, red for more GABAA02 and GABAAaa3, green for GABAaal. The developmental switch
from more GABAAa2 and GABAaa3 to more GABAaal in V2d and V4 occurs later than in V1.
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Figure 20 -- Summary of the five stages of development for pre-synaptic vesicle proteins in V1
(Pinto et al., 2015), V2d and V4. Changes for individual proteins are shown in grey levels with
darker shades representing higher expression and lighter shades representing lower expression.
The stage labelled with the protein name is the peak of expression. All V2d and V4 expression
was calculated relative to the V1 to show differences in magnitude compared to V1 development.
Synapsin peaks later in V2d and V4 compared to V1, but peak expression levels are significantly
lower. Synaptophysin in V2d and V4 peaks around the same stage, and with same magnitude as
V1. Changes for the index is colour coded, red for more Synaptophysin, green for more
Synapsin. The developmental switch from more synaptophysin to more synapsin occurs later in
both V2d and V4 compared to V1.
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Chapter 7. General Discussion

7.1 Summary of Main Findings

This thesis advances the study of human visual cortex development by addressing three main
gaps in the literature. The first gap concerns translating neurobiological mechanisms for use in
human tissue. The second gap is our lack of understanding the neurobiological mechanisms that
support lifelong changes in human visual perception and plasticity. The third gap is our poor
understanding of the pace and trajectory of sequential development across human visual cortical

areas.

In Chapter 2, I addressed the first gap by establishing a protocol for studying synaptic proteins in
the human brain. Chapter 2 described detailed protocols for a synaptoneurosome preparation
using human cortical tissues. This technique was refined for the purpose of studying synaptic
proteins in human cortical tissue, and this chapter outlines specific considerations for using fresh
frozen postmortem human tissue. This chapter presents an important method for translating
between synaptic neurobiological mechanisms studied in animal models to useful studies in
human brain development. Synaptoneurosome's were prepared for use in human visual cortex
tissue when I studied glutamatergic proteins in human V1 (Chapter 4), and human extrastriate

development (Chapter 6) across the lifespan.

In Chapter 3, I addressed the second gap by investigating the developmental trajectory of myelin
proteins in human V1. Myelin is considered a structural brake on the critical period (McGee et

al., 2005), so I hypothesized that classic-MBP, the mature compaction myelin protein, would be
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upregulated near the end of susceptibility to amblyopia in humans, 6-10 years of age (Lewis &
Maurer, 2005). In addition, we mapped the expression of golli-MBP, immature oligodendrocyte
protein, and found a complementary trajectory that is highly expressed early in human V1
development, switches to more classic-MBP around 12 years of age then switches back to more
golli-MBP in older adults. This study provides evidence for a prolonged period of plasticity in
human V1 as classic-MBP continued to increase until the 4th decade of life, before a significant

loss of classic-MBP expression in aging.

In Chapter 4, 1 further addressed the second gap by expanding on the idea of prolonged plasticity
in human V1 from Chapter 3 by examining the development of glutamatergic synaptic proteins
that are known from animal models to play integral parts in visual plasticity and perception. I
provided further evidence of prolonged plasticity in human V1, as the prolonged development of
NMDAR subunit GluN2A extended the 2A:2B balance to mature until 40 years of age. In
addition, I found evidence for five stages of development in human V1 that are each

characterized by a distinct pattern of glutamatergic synaptic expression.

Chapter 5 extends my work in Chapter 4 by addressing questions that arose from studying
glutamatergic proteins in human V1. Chapter 5 explored glutamatergic synapses by quantifying
the developmental expression of components of the tetrapartite synapse, including astrocyte
expression, ECM receptor expression and dendritic spine protein expression. This study gives

rise to new questions about prolonged glutamatergic development in human V1.
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In Chapter 6, I addressed the third gap by studying developmental expression of excitatory and
inhibitory proteins in human extrastriate areas V2d and V4. I studied proteins that have all been
previously characterized in development of human V1, which allowed me to compare the
developmental trajectories across visual cortical areas. The identified neurobiological
mechanisms of plasticity in human extrastriate areas matured in later stages of development
when higher-order visual perceptions emerge (Germine et al., 2011; Hadad et al., 2011; Kovacs
et al., 1999). In particular, I found evidence for glutamatergic mechanisms, 2A:2B, that underlie

contrasting forms of plasticity in V2d and V4 compared to V1 in adulthood.

My results suggest there are five stages of development in the human visual cortex, each
characterized by different types of synaptic plasticity. Quantifying the expression of
neurobiological mechanisms in each stage of development in the human visual cortex is an
important step in assessing plasticity in humans that will help predict the usefulness of therapies
and treatments for visual disorders. In this discussion, I will summarize the main findings from
each chapter in my thesis by describing how these results fit in with previous neurobiological
studies in human visual cortex. These findings are a step toward improving our understanding of
mechanisms of neuroplasticity in humans, that could help translation of effective clinical

therapies across the lifespan.
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7.2 Stages of Human Visual Cortex Development and Clinical Implications

Expression profiles for the development of neurobiological mechanisms studied in this thesis

show multiple changes across the lifespan (Figure 1). These findings can be described by five

stages of development that exhibit unique patterns of plasticity and visual perception in animal

and perceptual studies. These findings help to clarify the neurobiological underpinnings of these

stages of plasticity in human brain, and may help to identify new therapeutic targets for recovery

of visual disorders.

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
Protein <1 Year 1-4 Years 5-11 Years 12-20 Years 21-55Years >55 Years Reference
GluN1 Chapter 4
LIV  GABAw2 [ I Pinto et al., 2010
UYL Goli-mBP || __ Chapter 3
p-tubulin [N TN I I Chapter 3
ce —————Pmm etal, 2010
GFAP E TR chapter 5
VGAT _____ Pinto et al., 2010
p3-integrin  [IEEELIC- LN I I D Chapter 5
vbesa [ I Willams et ., 2010
CMPLE 0 | | GuN2B | Chapter 4
Gluaz [N VR Chapter 4
PSD-95 B B O N S chaover 4
Gephyrin | S I R Pinto et al, 2010
Synaptophysin |ENNNR R BT YT I R B Pinto et al., 2015
caoe7 | I " N I P o et al., 2010
Synapsin R N R I R Pinto et al., 2015
Gaes | N = I O o < 2., 2010
GluN2A D | Gunea | Chapter 4
Classic MBP B YL N chapter 3
Drebrin ____ Chapter 5
GaBacs [ I I R B MY o al, 2010
GABAxa1 GABAAC” Pinto et al., 2010

Figure 1 - Individual protein development for Human primary visual cortex (V1). Columns
in order from left to right: Protein studied, Stage 1 expression - Infancy (<1 Year), Stage 2
expression - Young Childhood (<1-4 years), Stage 3 - Older childhood (5-11 years); Stage 4 -
Adolescence (12-20 Years) and Young Adulthood (21-55 years); Stage 5 - Older Adulthood (>55
Years). Protein expression relative to the peak represented by gradations in grey levels, where
black is the high expression, and white is low expression. These data are from a collection of
studies on the human visual cortex including Chapter 3, Chapter 4, and Chapter 5 of this thesis,
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as well as 3 previously published studies (Pinto et al., 2010; Pinto et al., 2015; Williams et al.,
2010), the corresponding source study for each protein is the last column.

Infancy (0-1 year): The onset of mechanisms for binocularity and CP in human V1

Infant visual development is characterized by significant changes in many visual functions
including binocularity (Braddick et al., 1980; Held et al., 1980; Thorn et al., 1994, Birch and
Held, 1985), orientation selectivity (Morrone and Burr, 1986, Hood, 1992), contrast sensitivity
(Allen et al., 1996, Pirchio et al., 1978), visual acuity (Gwiazda et al., 1980, Maurer et al., 1999),
global motion sensitivity (Blumenthal et al., 2013), and face perception (Deen et al., 2017).
Activation of inhibitory interneurons is required for development of orientation selectivity in V1
(Lee et al., 2014a; Lee et al., 2014b), and the increase in GABAergic inhibition initiates the onset
of the CP for ODP in mice (Fagiolini et al., 2004; Hensch et al., 1998). The onset of binocular
vision is dependent on visual experience, as binocularity is absent at birth and comes after about
4 months visual experience in both preterm and term babies (Jando et al., 2012).

This stage of human visual cortex development is characterized by synaptogensis peaking around
8 months of age, followed by a slower period of synaptic pruning (Huttenlocher et al., 1982).
Neurobiological studies from my lab have further characterized this stage with the initial
maturation of GABA transmission (Pinto et al., 2010), and evidence for the onset of excitatory-
inhibitory (E-I) balance in human V1. For example, endocannabinoid receptor, CB1, is high in
infancy (Pinto et al., 2010), and is necessary for maturation of GABA release in visual cortex
(Jiang et al., 2010). GABAA receptors are immature at this stage (high a2 and a3), but quickly

show signs of maturation as al expression starts to increase and eventually shifts the balance of
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a3 to al at around 1 year of age (Pinto et al., 2010). That maturation of the GABAA receptor has
been shown to be necessary for ODP in mice (Fagiolini et al., 2004). In Chapter 4, I found that
NMDAR obligatory subunit GluN1 expression in human V1 was also high in infants, then
rapidly decreases after 1 year (Siu et al., 2017). This rapid shift in NMDAR and GABAA
receptor subunit expression could contribute to the E-I balance around 1 year of age. Further
evidence for the E-I balance in human V1 in infancy is also shown by the relative expression of
PSD-95 and Gephyrin, post-synaptic scaffolding proteins for excitatory and inhibitory receptors,

respectively that reach a balance by 5 months of age (Pinto et al., 2015) (Figure 2).

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
Protein Index <1 Year 1-4 Years 5-11 Years 12-20 Years 21-55Years >55 Years Reference

GABAa1: GABAAG2 GABAsa Pinto et al., 2010

AMPA:NMDA ~ GIuN1 GluA2 Chapter 4
PSD-95:Gephyrin  Gephyrin PSD-95 Pinto et al., 2015

Classic MBP:Golli MBP  [NGolllMBR Classic MBP Chapter 3

2A:2B | , GIuUN2A [GIUN2B Chapter 4
VGAT:GAD65 . vVeAT GAD65 Pinto et al., 2010
Synapsin:Synaptophysin Synaptophysin Synapsin Pinto et al., 2015
Gephyrin:GAD65 . Gephryin GAD65  Pinto et al., 2010
GABAxa1: GABAG3 _ GABAaa1  Pinto etal., 2010

Figure 2 -- The development of index protein expression in human V1. Columns in order
from left to right: Protein index studied, Stage 1 expression - Infancy (<1 Year), Stage 2
expression - Young Childhood (<1-4 years), Stage 3 - Older childhood (5-11 years); Stage 4 -
Adolescence (12-20 Years) and Young Adulthood (21-55 years); Stage 5 - Older Adulthood (>55
Years). Relative levels of protein expression are represented as grated shades of green or red.
Bright colours indicates peak levels of that protein, while lighter colours represent less relative
expression. White cells indicate there is balanced expression between the two proteins. Proteins
are labelled when there was peak relative expression across the lifespan.

This stage of E-I balance in humans provides neurobiological evidence for the initiation of the
CP in humans, as the onset of E-I balance in mice initiates ODP (Fagiolini and Hensch, 2000).
This stage marks the onset of the sensitive period for developing amblyopia, where the average

age of diagnosis is about 1.2 years (Birch and Holmes, 2010). Early treatment of cataracts in
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infancy shows rapid improvement in visual acuity even within 1 hour of removal (Maurer et al.,
1999), and the earlier the treatment in infancy the better chance of developing normal acuity
(Birch et al., 1993). Despite this, even adults who were treated for dense bilateral cataracts in
infancy show signs of abnormalities in V1 event-related potentials to glass patterns (Segalowitz
et al., 2017). Thus, patterned visual input is necessary at this early age for normal lifelong vision
(Lewis and Maurer, 2009). Furthermore, I found expression of GFAP, astrocyte marker, increase
by 3 months of age in V1 (Chapter 5). Astrocytes are large glial cells with processes that can
extend to cover millions of synapses in human cortex (Oberheim et al., 2009). Furthermore,
astrocytes participate in bidirectional glutamatergic and GABAergic signalling to both excitatory
and inhibitory synapses that result in active participation in regulating the E-I balance (Fellin et
al., 2006; Papouin et al., 2017; Perea et al., 2014). The pattern of neurobiological mechanisms
expressed at this stage of human V1 development contribute toward balancing excitatory and
inhibitory transmission, and is dependent on matched patterned binocular vision. Monocular
deprivation in the CP causes reorganization of layer IV circuits that results in an imbalance of
excitatory and inhibitory transmission, that is reversed with normal binocular visual experience
(Maffei et al., 2006; Maffei et al., 2004; Nahmani and Turrigiano, 2014). The imbalance of
excitatory and inhibitory transmission results in imbalanced ocular dominance in the visual
cortex, resulting in depression of the weak and potentiation of the strong eye (Kuhlman et al.,
2013). Thus, therapeutic targets in infancy include matching visual activity processed through

each eye in order to regain E-I balance in the visual cortex.

Young Childhood (1-4 years): Neuronal variability for optimal circuits
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Young childhood is characterized by a period of interindividual variability captured in
oligodendrocyte protein Golli-MBP (Siu et al., 2015), in a set of glutamatergic proteins (Siu et
al., 2017), and in dendritic spine protein Drebrin (Chapter 5). My lab has previously identified
waves of interindividual variability in pre-synaptic proteins Synapsin and Synaptophysin, post-
synaptic proteins PSD-95 and Gephyrin (Pinto et al., 2015), as well as in Ube3a expression early
in childhood (Williams et al., 2010). Interestingly, not all developmentally regulated proteins in
human V1 show a interindividual variability, like classic-MBP, B-tubulin, B3-integrin, GFAP, or
GAPDH.

During this developmental stage (~1-3 years), children most susceptible to abnormal binocular
experience (Banks et al., 1975). My studies point to this period of inter - or intra- individual
variability, especially in the glutamatergic proteins as be a key indication for plasticity in
developing visual circuits. Inter-individual variability suggests that different people develop at
different rates, and therefore have varying levels of protein expression compared to their cohort
members. Intra-variability, however, suggests that all children in this stage have variable
amounts of protein expression from one moment to the next. Clearly this is a period for change
where there is a greater dynamic range of protein expression that could contribute to increased
plasticity, learning for optimal behavioural performance (Garrett et al., 2013). Interestingly, this
stage of interindividual variability comes just after the E-I balance has been reached in human
V1 (Figure 2). Balanced excitation and inhibition in the cortex establishes criticality in the
cortex, a dynamic range of spontaneous activity that maximizes the range of inputs that can be
processed (Shew et al., 2009). Thus, this stage of variability we see in childhood, may be a result

of the E-I balance achieved in infancy.
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Interindividual variability is not uncommon in human studies. High interindividual variability in
PET imaging across human visual cortex areas can be attributed to variances in borders and
shape of visual areas between individuals and within individuals between hemispheres (Hasnain
etal., 2011), as well as physiological variability where different visual areas may process the
same visual stimuli across individuals (Hasnain et al., 1998).

As discussed in Chapter 4, this stage of variability may be a prominent feature of visual
development when visual circuits ‘learn’ complex processing and create variability in responses
to fine-tune efficient behaviour (Gordus et al., 2015; Siu et al., 2017). The functional result of
neuronal variability has yet to be fully understood as either adaptive or maladaptive in
developing circuits (Dinstein et al., 2015). These studies are the first steps toward characterizing
neural variability across the lifespan in human visual cortex, as further studies will be necessary

to test these the benefits or costs of variability in visual perception.

Older Childhood (5-11 Years): End of susceptibility of CP in human V1

This stage of development is considered the end of period of susceptibility to amblyopia in
humans (Assaf, 1982; Lewis and Maurer, 2005; Epelbaum et al., 1993). Thus, I hypothesized an
upregulation of molecular mechanisms that reflect the brakes on CP plasticity in this stage
(Bavelier et al., 2010). PSD-95 and GluA2 peaked between 5-11 years in human V1 (Siu et al.,
2017), two glutamatergic proteins that have been correlated with the end of CP in mice, and the
peak maturation if silent synapses (Chen et al., 2015; Huang et al., 2015). Potentiated synaptic
activity increases the trafficking of PSD-95 to the post-synaptic membrane that creates “slots”

for AMPAR insertion (Chen et al., 2015). GluA2-containing AMPARS are recruited to the
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synapse following high-frequency stimulation resulting in LTP, that contributes to stabilizing
synapses (Liu and Cull-Candy, 2000). Furthermore, GluA2 is necessary for synaptic scaling, that
is a homeostatic mechanism to maintain synaptic strength over fluctuations in synaptic activity
(Gainey et al., 2009). The homeostatic scaling up (or down) of AMPAR is dependent on firing
rates of synaptic activity, and may cooperate with competitive Hebbian plasticity during the CP
to refine cortical connectivity and promote synaptic stability based on visual input (Desai et al.,
2002; Mrsic-Flogel et al., 2007; Turrigiano and Nelson, 2004).

GluA2-containing AMPAR are highly expressed on PV+ cells in primate (Kooijmans et al.,
2014), indicating the excitatory input onto PV+ is upregulated at this time in human V1.
Increased excitability of PV+ cells constrains plasticity (Gu et al., 2016). Gephyrin expression
peaks at this stage of V1 development (Pinto et al., 2010; 2015), that is directly related to
strength and stability of inhibitory synapses (Tyagarajan and Fritschy, 2014). To fully classify the
mechanisms for the end of CP plasticity in humans, it will be important to characterize the
development of PV+ inhibitory interneurons across development of human V1.

There is significant visual plasticity for recovery from amblyopia at this stage in human vision as
both amblyopes and children with normal vision experience perceptual improvement with
training (Li et al., 2005; Liao et al., 2016; Mintz-Hittner and Fernandez, 2000). Although this
stage sees the end of susceptibility for developing amblyopia, there is perceptual and
neurobiological evidence for multiple sensitive periods across development (Lewis and Maurer,
2005), as recovery from abnormal vision can continue to be achieved through perceptual

learning.
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Young Adults (21-55 years): Prolonged adult plasticity

Many specialized visual abilities continue to improve well into adulthood including face and
motion perception (Germine et al., 2011; Hadad et al., 2015; Susilo et al., 2013). Although many
visual neuroscientists attribute this later developing vision solely to the late maturation of
extrastriate areas, I found significant evidence for prolonged maturation of plasticity mechanisms
in human V1. Those mechanisms include Classic MBP -- mature myelin protein, GluN2A --
mature NMDAR subunit, and Drebrin -- actin-binding dendritic spine protein, that each develop
until late 30s or early 40s in human V1 (Figure 1). These results align with previous findings of
maturation for GABAergic transmission by the prolonged development of GABA producing
protein GAD65, and GABAaal receptor subunit in human V1 that influences efficient GABA
transmission in this stage (Pinto et al., 2010) (Figure 1).

Interestingly, a very important finding in this thesis is evidence for mechanisms underlying
contrasting forms of plasticity in human V1 and extrastriate areas in adulthood. In V1, the 2A:2B
balance shifts towards more GluN2A in adulthood. This developmental profile has been
characterized before in many species (Chen et al., 2000; Flint et al., 1997; Monyer et al., 1994;
Sheng et al., 1994; Zhang and Sun, 2011), and the function of this subunit balance regulates
metaplasticity in the visual cortex and other areas (Abraham and Bear, 1996; Philpot et al., 2001;
2003; 2007; Yashiro and Philpot, 2008). Metaplasticity is the probability that synaptic activity
will elicit potentiation or depression of a synapse, dependent on the synapses previous history of
synaptic activity, that is dependent on NMDAR receptor subunits GluN2A and GluN2B (Philpot
et al., 2003; 2007; Yashiro and Philpot, 2008), where more GIuN2A in a synapse can decrease

the probability of eliciting LTP, and GIuN2B in a synapse can increase the probability of eliciting
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LTP. Metaplasticity has been well characterized in animal models, but in human V1, the
protracted development of the 2A:2B balance into adulthood was unprecedented. Furthermore,
the development of 2A:2B ratio in human extrastriate suggests that different plasticity
mechanisms are present in adulthood, that could support adult LTP plasticity in extrastriate while
supporting adult LTD in V1 that has previously been found in monkeys (Murayama et al., 1997).
The 2A:2B balance is associated with limiting CP plasticity in animal models (Chen et al., 2000;
Erisir and Harris, 2003; Roberts and Ramoa, 1999), as is the increase in intracortical myelination
(McGee et al., 2005), and the rise in Drebrin (Imamura et al., 1992). Although it does not appear
that juvenile-like CP plasticity extends past 6-10 years of age, that marks the end of
susceptibility to developing amblyopia, the prolonged development of these mechanisms in
human V1 suggest there is adult-like plasticity well into the 5th decade of life.

Perceptual studies show there is plasticity in adulthood that allows recovery from amblyopia
(Levi and Polat, 1996). Adults with amblyopia can improve visual acuity with extensive
perceptual training (Levi, 2005), and have success in refining contrast sensitivity (Liao et al.,
2016), orientation selectivity (Jehee et al., 2012), stereopsis (Ding and Levi, 2011), spatial
discrimination (Li and Levi, 2004) and face learning (Du et al., 2016; McMahon and Leopold,
2012). Thus, the prolonged development of neurobiological mechanisms for plasticity in human
V1 and extrastriate provide evidence for the potential for synaptic plasticity in adulthood that can

be harnessed through visual perceptual learning.

Older Adults (>55 years): Maintaining function
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Aging visual cortex is characterized largely by changes in contrast sensitivity (Allard et al.,
2013Db), orientation selectivity (Betts et al., 2007), face perception (Konar et al., 2013; Wilson et
al., 2011), increases in receptive field size (Brewer and Barton, 2014), and changes in motion
perception (Bennett et al., 2007; Hutchinson et al., 2012; Owsley, 2011). Some of those age-
related changes in visual perception have been attributed to the loss of inhibitory transmission in
the cortex, that has been rescued by increasing GABA levels (Leventhal, 2003). Even in the
human V1, levels of GAD65 decrease (Pinto et al., 2010), along with Ube3a plasticity protein
(Williams et al., 2010). Here, I showed there are significant losses in synaptic proteins in human
V1, such as B-tubulin and B3-integrin that may contribute to maladaptive changes in vision.
Interestingly, some of the losses in protein expression in human V1 (Figure 1) switch the balance
of their functional pair toward a juvenile-like state (Figure 2). For example, the loss of GIluN2A
in aging shifts the 2A:2B balance toward more GluN2B, that regulates juvenile, LTP-dominated
plasticity. In addition, the loss of mature myelin protein classic-MBP in aging shifts the Classic
MBP:Golli MBP balance back toward immature myelin protein Golli MBP. These shifts toward a
more juvenile state suggest a shift toward a more plastic environment in adulthood that may be
needed in order to maintain visual function in a degenerating optical system (Artal et al., 2003;
Glasser and Campbell, 1999). The shift toward more juvenile-like plasticity in NMDAR subunits
suggests it is possible that visual perceptual learning in this stage may have significant
improvements, like in early childhood. Despite this, not all of the synaptic mechanisms for
plasticity shift back toward an immature state, like the GABAA proteins that remain with mature
subunits dominating could suggest an imbalance in the system at this time. Interestingly, none of

the synaptic proteins studied in extrastriate areas V2d or V4 showed the a significant loss in
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aging as found for many proteins in V1, even though vision studies have suggested that later
developing high-order visual perceptions, like face recognition and motion perception, are the

first to be lost in aging (Habak and Faubert, 2000; Wilson et al., 2011; Yu et al., 2006).

7.3 Future Directions

The work in this thesis contributes to the field by identifying expression of synaptic and non-
synaptic proteins in the human visual cortex that contribute to neuroplasticity and visual
perception at all stages across the lifespan. These findings will help the future of vision research
in both animal models looking to translate mechanistic findings to human application, and for
human researchers who are looking to identify neurobiological mechanisms that underlie
perceptual behaviour in development and aging. The next step for this research is to identify
where and how these synaptic mechanisms develop in a neural circuit, and different cell types
across the lifespan. These results will help fine-tune the of resolution of functional imaging
studies in humans by pinpointing neurobiological targets, and help broaden the impact of animal

knock-out studies in humans across the lifespan.
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