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Abstract

The past three decades of synaptic research have provided new insights into synapse
biology. While synapses are still considered the fundamental connectors between
the nerve cells in the central nervous system, they are no longer seen as simple
neuron-to-neuron contacts. In fact, the estimated 100 trillion of human synapses are
extremely complex, diverse and capable of performing sophisticated computational

operations giving rise to advanced repertoires of cognitive and organic behaviours.

These intricate synaptic properties mean that existing methodologies for
quantifying and characterising synapses are inadequate. Yet, understanding of synapse
biology is crucial to deciphering human pathology as disruptions in synapse numbers,

architecture and function have already been linked to many human brain disorders.

The purpose of this PhD was to evaluate a novel, high-throughput synaptic
protein quantification method at a single synapse resolution in human post-mortem
brain tissue. The method has already been successfully tested in our laboratory in
genetically engineered mice, whereby synapses have been systematically quantified
across a large number of areas to generate the first molecular maps of synapses, the

synaptome maps.

In this project, methods have been developed to label human brain tissue with
postsynaptic density protein 95 (PSD-95), the most common postsynaptic protein. We
describe the use of PSD-95 combined with confocal microscopy and computational
image analysis to quantify synaptic puncta immunofluorescence (IF) parameters in
the human brain. In the first part of this study, the new method was used to
quantify PSD-95 IF across selected 20 human brain regions to generate first PSD-95

human synaptome map. In the second part, PSD-95 IF was systematically assessed
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across 16 hippocampal subregions. Finally, we confirmed that our novel synaptic
quantification method was sensitive to hippocampal synaptic losses in patients with
Alzheimer’s Disease (AD). Such a high degree of systematic synapse quantification

has not previously been reported in human brain tissue.

Our method is a promising approach for synaptic protein quantification in tissue
with several potential applications in diagnosis and development of therapeutics for

neurological and psychiatric disorders.
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Lay Summary

Synapses are the communication points between nerve cells in the brain. There are
billions of synapses in the human brain and their powerful network-like connectivity
determines how we think and behave. The canonical synapse has a simple architecture:
each synapse has four basic components. Yet, each component is complex and made
up of thousands of proteins. These proteins determine synaptic identity and provide
clues to their diversity. One of the limitations of modern neuroscience is a lack of
adequate tools to study the distribution, morphology and molecular characteristics of
synapses at a large scale given their vast numbers and diversity. Modern technologies,

however, are emerging to allow for study of synapses in great detail.

This thesis describes an application of one such modern technological tool to
examine millions of synapses in the human brain tissue. Synapses were identified by
adding a fluorescent tag to a synaptic protein. The fluorescent tag was counted, and the
fluorescent signal it produced was analysed to provide information about the synapse
diversity. The distribution of this synaptic protein tag across many human brain areas
was presented as a synaptic map, or a synaptome. This process of synaptome mapping
was applied to brain tissue obtained from normal individuals with no evidence of a
neurological disease. Synaptome mapping was subsequently applied to a brain tissue
in which there had been a diagnosis of a neurological disease. This work demonstrates
that synaptome maps are very useful to examine possible synaptic changes in human

brain disorders and to discover new aspects of the synaptic organisation.

The novelty of this work lies in the application of modern technology, including
automated computational methods and powerful microscopy, to study synapses in

human tissue. This technology could potentially be used to assess any neurological



or psychiatric condition with underlying changes in synaptic proteins, and reveal novel

insights into the biology of these disorders.
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1 Introduction



THE SYNAPSE

1.1 THE SYNAPSE

The synapse is the fundamental communication point between neurons in the central
nervous system (CNS). Although highly specialised, the canonical synaptic structure
comprises the following elements at the ultrastructural level: densities on the
cytoplasmic faces in the pre- and postsynaptic membranes; named synaptic membrane
densities; synaptic vesicles in the presynaptic axon terminal adjacent to the presynaptic
density; and a synaptic cleft (Figure 1.1.A). At the light microscope level, the
term synapse refers to the contact established by a presynaptic element (mostly an
axon terminal or synaptic bouton) and a postsynaptic element (mostly a dendrite
or a cell body). More recently, astroglia, a third partner in close contact with
pre- and postsynaptic elements, have been shown to be involved in synaptic signal
transmission giving rise to the concept of the "tripartite synapse" (Haydon, 2001).
The extracellular matrix (Dityatev and Rusakov, 2011) and microglia (Schafer et al.,
2013) are the most recent elements of synaptic machinery shown to be involved
in synaptic information transfer, extending the synaptic terminology to "tetrapartite
synapse" and "quad-partite" synapse, respectively. Importantly, as the concept of a
synapse evolves, so is the growing evidence from physiological and genetic studies
revealing an astonishing molecular complexity of synaptic compartments, with each
structure containing a large number of distinct proteins. The presynaptic terminal, for
instance, contains an estimated 485 different proteins (Weingarten et al., 2014) whereas
the postsynaptic density (PSD), found at the postsynaptic terminal, harbours over a
thousand different proteins (Husi and Grant, 2001a). However, despite the evidence
for the molecular complexity of synapses and their compartments, little is known about

the diversity of synapse types and their distribution.

Early studies led to the traditional classification of synapses into electrical
and chemical types, depending on the differences between their apposition
structures and functional properties (Pereda, 2014). Chemical synapses are sites
of discontinuity where signal propagation is highly regulated and mediated by
chemical substances called neurotransmitters (Figure 1.1.A). Electrical synapses are
continuously connected gap-junction channels allowing bidirectional propagation

of the electrical signals (Figure 1.1.B). Further studies subdivided synapses into

2
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excitatory, inhibitory or modulatory depending on the actions of the chemical signals
known as neurotransmitters. This physiological synaptic diversity was mirrored in
early morphological studies demonstrating a corresponding morphological dichotomy.
Using transmission electron microscopy (TEM) techniques, synapses were subdivided
into two major morphological groups, type 1 and type 2, based on the ultrastructural

features of presynaptic and postsynaptic structures (Gray, 1959) (Figure 1.1.C).

Type 1 synapses, typically located on dendritic shafts and spines, posses a
long and very prominent postsynaptic thickening, known as the postsynaptic density.
In contrast, type 2 synapses, mostly found on neuronal cell bodies, and known as
axo-somatic synapses, have thin postsynaptic membranes (Figure 1.1.D). Type 1
synapses, also referred to as asymmetrical synapses, were later attributed to excitatory

synapses, whereas type 2, or symmetrical synapses, were found to be inhibitory.

However, the above classification, established over 60 years ago, does not allow
for adequate synapse categorisation (Klemann and Roubos, 2011). Synaptic diversity
goes beyond the early descriptions and this is not surprising given the knowledge of
complexity of neuronal systems. Modern high-throughput analysis of over 20,000
different genes at single neurons revealed that 70% of genes are expressed in less
than 20% of cells. Thus, a high degree of molecular diversity between cell types is
expected. This also implies that many synaptic types and subtypes have not yet been

characterised (Hawrylycz et al., 2012; Lein et al., 2007).

Studies conducted in the last decade demonstrated the necessity for refinement
of the existing synapse classification with molecular data highlighting the potential
vast diversity of synapses (O’Rourke et al., 2012). A systematic knowledge of synapse
diversity will be important for further understanding of synapse circuitry, development,
plasticity, and ultimately, synapse-based susceptibility to human brain disorders. The
knowledge of protein composition of synapses and synaptic subtypes will become
clinically relevant as over 130 neurological and psychiatric conditions are caused
by mutations in synaptic genes and the diseases of synapses (’Synaptopathies’) are
emerging as an unexplored cause of human brain diseases (Bayés et al., 2011). In fact,
abnormal proteins of the PSD are responsible for the greatest disease burden in the

CNS (Grant, 2012).
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A. Schematic of a chemical synapse with its basic structure consisting of
four compartments: presynaptic terminal, synaptic cleft, vesicles filled with
neurotransmitters and postsynaptic terminal. Chemical synapses require ionotropic
and metabotropic receptors for chemical transmission utilising neurotransmitters. B.
Schematic of an electrical synapse with numerous intracellular gap junctions allowing
for electrical transmission. Images in A and B adapted by permission from Macmillan
Publishers Ltd: Nature Reviews Neuroscience (Pereda, 2014), copyright 2014. C.
Ultrastructural features of asymmetric and symmetric synapses. Arrows point to four
asymmetric (Type 1) synapses and an arrowhead points to a symmetric (Type 2)
synapse on four dendritic spines (d1 to d4). Type 1 synapses have a thick postsynaptic
density. Type 2 synapse has a thin postsynaptic density. Scale bar, 500 nm. Image
reproduced from an open access article (Merchan-Pérez et al., 2009). D. Schematic of
the typical neuronal location of synapses. Type 1 synapses (axo-dendritic) are found
on dendritic spines and shafts. Type 2 synapses (axo-somatic) are typically found on
the cell bodies.

1.2 GLUTAMATERGIC SYNAPTIC TRANSMISSION AND PLASTICITY

Synaptic transmission is the biological process by which a neuron communicates with
a target cell across a synapse. It is regarded as the fundamental process underlying
all complex behaviours including advanced cognitive abilities. The two main types of
synaptic transmission in the mammalian CNS (excitatory and inhibitory) are carried
out mainly via the chemical synapse. The predominant excitatory transmitter system
uses glutamate as the major neurotransmitter that binds to the glutamate receptors.
Glutamate receptors come in two forms: ionotropic, which are ligand-gated ion
channels, and metabotropic, which mediate their effects by activation of a secondary
messenger cascade. The ionotropic glutamate receptors are broadly classified
into three subtypes based on pharmacological and electrophysiological properties:
N-methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA), and kainate receptors. AMPA and kainate receptors, also known as
non-NMDA receptors, mediate rapid excitatory synaptic transmission. In contrast,
NMDA receptor (NMDAR) activation generates slow synaptic potentials, which are

involved in various forms of activity-dependent synaptic plasticity.
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Synaptic plasticity is yet another property of synapses that plays a fundamental
role in the formation, storage and removal of memory. This process allows synapses
to modify the strength of transmission in accordance with electrochemical signals
received: increased activity can strengthen synapses, but equally, reduced or lack of
activity can weaken synapses or even result in their loss (Trachtenberg et al., 2002).
Unlike non-NMDA receptors that mediate the fast excitatory postsynaptic potential
(EPSPs) via monovalent ions, such as Na™ or K™, NMDA receptors have additional
properties: they posses a high Ca>" permeability, are highly glutamate sensitive and
display a voltage dependence that is blocked by external Mg?* (Nowak et al., 1984).
NMDA receptors also require two agonists for activation: glutamate and glycine
(Johnson and Ascher, 1987). While non-NMDA receptors are generators of electrical
signals, NMDA receptors have additionally specialised as molecular ’coincidence
detectors’ (Blitzer, 2005), a functional property important for participation in learning.
When glutamate is released at a synapse, unless the resting membrane is depolarised
by high stimulus frequencies, generated by AMPARs, sufficient to relieve the resting
Mg?* block, the NMDA receptors will not conduct. Once the Mg?* block is
removed, there is Ca?' influx into the postsynaptic neuron allowing changes to
be initiated at the synapse (Lynch et al., 1983; Malenka et al., 1988). NMDARs
thus detect the coincidence of postsynaptic depolarisation and glutamate release at
the synapse, initiate Ca?* influx and trigger one of the most important changes in
synapses, known as long-term potentiation (LTP). Induction of LTP in the CA1 region
of the hippocampus suggested its importance for encoding and storage of associate
long-term memories (Bliss and Gardner-Medwin, 1973). Persistent modification of
synaptic strength, such as LTP and its counterpart LTD (long-term depression), has
subsequently been considered a cellular mechanism underlying learning and memory
(Collingridge et al., 2004); direct evidence for this, nevertheless, is still lacking.
Critically, recent studies have started to challenge these long-standing views and LTP

may not be required for encoding associative memories (Bannerman et al., 2014).

Apart from the pivotal role NMDA receptors play in the synaptic transmission
and plasticity that underlie learning and memory, dysfunction of NMDARSs has been
increasingly implicated in the pathophysiology of human neurological disorders that

affect cognitive abilities (Lau and Zukin, 2007; Mota et al., 2014; Zhang et al., 2016).
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NMDARSs consist of seven subunits: one GluNI1, four GIuN2 (A, B, C, D) and
two GIluN3 (A and B), and typically contain the obligatory glycine-binding subunit
GIuNT1 plus either glutamate-binding GluN2B or GluN2A or a mixture of the two
(Moriyoshi et al., 1991). GluN1, GIuN2 and GIuN3 were previously called NR1,
NR2 and NR3, respectively. GRINI, GRIN2 and GRIN3 genes encode the respective
NMDA receptor subunits. Recent genetic studies identified several single-nucleotide
polymorphism (SNP) variants in some of the NMDAR subunit genes in conditions,
such as schizophrenia, bipolar disorder, neurodevelopmental disorders and AD. For
instance, a missense GRIN3A p.R480G variant encoding the GluN3A subunit showed
a strong association with schizophrenia (Takata et al., 2013). A genetic variation of the
GIuN3B subunit, insCGTT, inserts four bases within the coding region of this NMDA
subunit gene predisposes to schizoid type personality trait (Matsuno et al., 2015).
A p.N615K substitution mutation in the GIuN2A subunit gene causes early-onset
epileptic encephalopathy (Endele et al., 2010). Lastly, in AD patients, a missense
p-K1293R mutation of the GRIN2B gene was detected suggesting a close association
between this mutation of the postsynaptic GluN2B-subunit and alteration of synaptic

structures (Andreoli et al., 2014).

Dysfunction of NMDARs has already been therapeutically exploited as a
potential treatment for AD, the commonest form of dementia, as will be discussed
in later chapters. Memantine, a NMDA receptor antagonist, is one of only a few
established medications approved worldwide for treatment of AD patients (Winblad
et al., 2016). Memantine protects neurons by attenuating tau protein phosphorylation
(Song et al.,, 2008). In clinical trials, memantine improved patients’ cognitive
functions, including memory, language, functional communication as well as activities
of daily living (Wilkinson, 2012). It is worth pointing out that the only other
group of drugs used to treat AD include acetylcholinesterase inhibitors (donepezil,
galantamine and rivastigmine), and that despite all the scientific efforts, there are still
very few approved effective drugs that can be used for AD treatment (Ruthirakuhan
et al.,, 2016). Other drugs targeting NMDARs and showing promising therapeutic
applications in treating AD include neramexane and ifenprodil. Neramexane is a
non-competitive NMDAR antagonist that enhances long-term memory in adult rats

(Rammes, 2009). Ifenprodil is a specific GIuN2B receptor antagonist that prevents
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Af-induced inhibition of LTP, impairment of synaptic transmission and retraction of
synaptic contacts (Ronicke et al., 2011). Development of these NMDARs-targeting
drugs further solidifies evidence for the role of NMDARSs as a possible convergence

point for A3 and tau toxicity in AD (discussed later).

In summary, the growing body of evidence demonstrates the relevance of
synaptic receptors and their proteins to human brain diseases and how these could

further be studied to progress development of new therapeutic strategies.

1.3 SCAFFOLD PROTEINS AT THE POSTSYNAPTIC DENSITY

In excitatory synapses, NMDARs are found in the postsynaptic density (PSD). PSD is
a dense thickening of postsynaptic sub-membranous cytoskeleton within the neuronal
dendritic (spine) compartment, as demonstrated by EM studies (Kennedy, 1993, 2000).
Biochemical analyses of purified PSDs from different types of neurons have shown
that PSDs consist of densely packed proteins that form disc-shaped multi-protein
assemblies a few hundred nanometers in width and ~30-50 nm in thickness (Chen
et al., 2008; Harris and Weinberg, 2012). Since PSDs have a characteristic structure
and are contiguous to the presynaptic active zone, where neurotransmitter release takes
place, the PSD is able to receive, integrate and propagate various incoming signals.
This, in turn, allows PSDs to have several functions, including the stabilisation of
synaptic junctions, the concentration and regulation of neurotransmitter receptors, and
the induction of the transcriptions in response to synaptic transmission. In addition,
PSDs are the smallest unit of neuronal plasticity as they modify their shape and

molecular machinery in response to local signals.

Recent proteomic approaches have significantly contributed to defining a
quantitative molecular inventory of proteins making up PSDs. At the molecular level,
PSDs are tremendously complex and contain thousands of proteins with variable
regional abundances; these proteins include scaffold proteins, synaptic membrane
receptors, neurotransmitter receptors, cell adhesion molecules, signalling enzymes,
membrane trafficking proteins, cytoskeletal proteins kinases and phosphatases (Zhu

et al., 2016). Central to the organisation of all these proteins in excitatory synapses are
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scaffold proteins, in particular, those of the Membrane Associated Guanylate Kinases
(MAGUK) family protein (Figure 1.2), of which the DLG1-4 subfamily of proteins is

crucial for the PSD proteome integrity.

Presynaptic cell

Postsynaptic cell

D Ankyrin repeat () GBRdomain O L27 domain ¢) PDZ domain ) SH3 domain
@D CaMkinase domain () GK domain | pBm @ sam <> WW domain

Nature Reviews | Neuroscience

Figure 1.2 Proteome organisation of PSDs mediated by scaffold proteins in
excitatory synapses.

The hundreds of proteins found at the excitatory synapses are organised by scaffold
proteins, of which MAGUKSs play central roles in interfacing synaptic membrane
receptors or channels with signalling enzymes and cytoskeletal proteins in the PSD.
The DLG1-4 subfamily of MAGUKSs is believed to be one of the most critical
proteins that determine the overall structure of PSDs. PSD-95, also known as DLG4
(highlighted in red ovals), is one of the best characterised members of the DLG1-4
subfamily central to PSD integrity. MAGUKSs have modular structure allowing
different members of interacting proteins to form multi-protein complexes. For
simplicity, the figure shows the DLG-SAPAP-SHANK complex that can bind to
glutamate receptors to form co-clustered nanodomains (the AMPA-type glutamate
receptors complex (AMPA-RC)). The wide variety of proteins found at the PSD
allow for numerous functions. For instance, multimerisation of DLG1-4 MAGUKs
facilitates clustering of AMPARs. Synaptic adhesion molecules (e.g., ILIRAPL1) bind
to MAGUKSs by their cytoplasmic tails. Small GTPase regulatory proteins (SYNGAP,
RAPGEF, SPAR, Kalirin 7) assemble synaptic protein complexes. Abbreviations:
AKAP, A-kinase anchor protein; CaMKII, calcium/calmodulin-dependent protein

9
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kinase II; CaN, calcineurin; Cav2.2, voltage-gated calcium channel subunit-o
Cav2.2; EphR, ephrin receptor; GBR, GK-binding region; GK, guanylate kinase-like;
GRIP, glutamate receptor-interacting protein; L27, LIN2-LIN7; LAR, leukocyte
common antigen related; LRRTM, leucine-rich repeat transmembrane protein; MAGI,
membrane-associated guanylate kinase inverted; MAPIA, microtubule-associated
protein 1A; mGluR, metabotropic glutamate receptor; NGL-3, netrin-G3 ligand;
NMDAR, NMDA-type glutamate receptor; PBM, PDZ-binding motif; PDZ,
PSD95-DLG1-Zonula occludens 1; PKA, protein kinase A; PKC, protein kinase
C; PICK1, protein interacting with C kinase 1; SAM, sterile a-motif; TARP,
transmembrane AMPAR regulatory protein; VELII, vertebrate lin-7 homologue 1.
Image adapted by permission from Macmillan Publishers Ltd: Nature Reviews
Neuroscience (Zhu et al., 2016), copyright 2016.

1.3.1 MAGUK protein family

Studies have shown that within the PSD proteins are not uniformly distributed, but
instead are assembled into multi-protein complexes (Husi et al., 2000; Schwenk et al.,
2012). The prototype multi-protein complex within the PSD is formed by the MAGUK
family of scaffold proteins. MAGUKSs have a characteristic modular structure that
allows for receptors and enzymes to bind in close proximity, but MAGUKSs per se do
not possess any intrinsic enzymatic properties (Funke et al., 2005). These modular
protein-binding domains form large protein networks and MAGUKSs represent just one
superfamily of multi-domain proteins. MAGUKSs tend to have three types of domains
forming a common structure: a guanylate kinase-like (GK), a PDZ (Postsynaptic
density-95/ Discs large homolog/Zona occludens-1) (PDZ) and a src homology 3
(SH3) domains.

MAGUK family of proteins have been classified phylogenetically into 10
subfamilies based on the PDZ-SH3-GK domains and they comprise the following
subfamilies: calcium/calmodulin-dependent serine protein kinase (CASK), membrane
protein palmitoylated (MPP), zona occludens (ZO), caspase recruitment domain
containing MAGUK protein (CARMA), discs large 5 (DLGS), calcium channel 3
subunit (CACNB), MAGUK with an inverted repeat (MAGI), and discs large 1-4
(DLG1-4) (Oliva et al., 2012)(Figure 1.3.A).

10
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The DLG1-4 subfamily is one of the most studied MAGUKSs due to its role
in synapse formation and function. The first MAGUK to be discovered was Disc
large 1 gene (Dlgl) in Drosophila, which was initially identified as a recessive
oncogenic mutation (Stewart, Murphy, & Fristrom, 1972). Its protein, DLG, is the
sole Drosophila representative of DLG subfamily of MAGUKSs, also known as the
Postsynaptic Density-95 (PSD-95) subfamily of MAGUKSs, after its most abundant
and best characterised member - the postsynaptic density 95 (PSD-95) protein. The
mammalian homologue of DLG subfamily, however, consists of additional three
members, namely Synapse Associated Protein 97 (SAP97), Postsynaptic Density
Protein 93 (PSD-93) and Synapse Associated Protein 102 (SAP102). It is thought
that the mammalian DLG1-4 subfamily members have evolved following two rounds
of genome duplication events that took place approximately 500 - 600 million years
ago (Emes and Grant, 2012) and which resulted in four paralogs of the ancestral gene
Dlgl, present today in Drosophila melanogaster (Ryan and Grant, 2009). Furthermore,
studies demonstrate that these proteins are also highly conserved between different
species, including mice (Distler et al., 2014; Bayés et al., 2012; Collins et al., 2006),
rats (Peng et al., 2004; Han et al., 2015), humans (Bayés et al., 2011, 2012) and most
recently zebrafish (Bayés et al., 2017). The four members of the DLG1-4 subfamily

proteins with their typical three tandem PDZ domains each are shown in Figure 1.3.B.

The "supertertiary" structure of PSD-95 includes three PDZ domains
(Postsynaptic density-95/ Discs large homolog/Zona occludens-1), a src homology 3
(SH3) domain, and a guanylate kinase-like (GK) domain (Zhang et al., 2013) (Figure
1.3.C and D). PDZ domains are about 100 amino acid repeat sequences that mediate
protein-protein interactions (Hung and Sheng, 2002). The SH3 domain is implicated in
scaffold oligomerisation (McGee et al., 2001). The guanylate kinase-like (GK) domain
is an enzymatically inactive region of approximately 300 amino acids at the C-terminus

(Zhang et al., 2013).

MAGUKSs are part of the signalling complexes present within the synapses.
These are higher order structures which play a key role in detecting and processing
the information that arrives at the postsynaptic terminal (Emes and Grant, 2012). The

prototype postsynaptic signalling complex is known as MASC (MAGUK-associated

11
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signalling complex). MASC contains the principal postsynaptic machinery involved in
synaptic transmission and synaptic plasticity: ionotropic and metabotropic glutamate
receptors, ion channels, adhesion proteins as well as MAGUKSs and other scaffold

proteins with their associated signalling enzymes and structural proteins (Figure 1.3.E).

The first MASC was identified to cluster with NMDA receptors and was
subsequently called NMDA-R signalling complex (NMDA-RC)(Husi et al., 2000).
The isolated NMDA-RC contained some 70 different postsynaptic proteins in addition
to the PSD-95 (DLG4) member of the DLG1-4 subfamily of MAGUKSs. The
NMDA-RC is a subtype of PSD-95-dependent MASCs, and purification of PSD-95
itself results in an extensive list of more than 100 different proteins (Fernandez et al.,
2009). Apart from MASCs, other receptor-coupled multi-complexes are found in the
synapse, such as AMPA receptor complexes (AMPA-RC), or Shank-Homer-mGIluR
complexes (mGlu-RC). However, MASCs contain the majority proportion of the

protein population of the PSD (Chen et al., 2015)(Figure 1.3.F).

The most recent analyses of organisation of postsynaptic proteins using in
vivo models have provided further insights into the molecular hierarchy of the
postsynaptic proteome (Frank and Grant, 2017). Specific subunits of postsynaptic
proteins have been found to assemble into complexes that further associate with other
proteins, in some cases as many as 50, to form supercomplexes (Figure 1.4). For
instance, a recent study showed that NMDA receptors form NMDAR complexes
and NMDAR supercomplexes (Frank et al., 2016). The most abundant components
of the NMDAR complexes were the NMDAR channel subunits (GluN1, GluN2A
and GluN2B) whereas the NMDAR supercomplexes additionally contained PSD-95
and PSD-93, two members of the DLG1-4 subfamily of MAGUKSs. In the mouse
forebrain, all PSD-95 was assembled into NMDAR supercomplexes, but only 3% of
these contained NMDARs implying that NMDAR supercomplexes constitute a small
subset of a much larger family to PSD-95 supercomplexes, most of which do not
posses NMDARs. This astounding complexity of the postsynaptic proteome supports
an emerging concept of the vast array of synaptic diversity. It is possible that the
differential distribution of postsynaptic supercomplexes in the different brain areas

could be one factor contributing to the synaptic heterogeneity (Frank and Grant, 2017).
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A. Conserved domain organisation of the tetn MAGUK subfamilies. As a key member
of the DLG1-4 subfamily, PSD-95 shares a common modular structure with the rest of
the MAGUK members. All members posses a GK domain with several PDZ domains
N and/or C-terminal to the GK domain. All members except for MAGI have an SH3
domain immediately N-terminal to the GK domain. The smallest CACNB subfamily
contains only the SH3 and GK domain. MAGUKSs structure has been conserved
throughout evolution with all, except MAGI and CACNB, subfamilies containing a
PDZ — SH3 — GK tandem. Image adapted from (Oliva et al., 2012; Zhu et al.,
2012, 2016) B. Conserved domain organisation of individual members of the DLG1-4
subfamily. PSD-95 has arisen from genome duplication of an ancestral dlg gene about
500 million years ago. There are four paralogs of the vertebrate dlg gene giving rise
to four proteins, of which PSD-95 (DLG4) is so far best characterised and studied.
Image adapted from (Nithianantharajah et al., 2013) C. Schematic of the PSD-95
"supertertiary” structure showing five main modular components. PSD-95 has three
PDZ modules. Each PDZ domain has a six (3 strand and two « helix structure that binds
specific peptide motifs at the C-terminal of targeted proteins to allow interactions with
various proteins (Nourry et al., 2003). For instance, the first and second PDZ domains
of PSD-95 protein interact with the C-terminal peptide sequence of NMDA receptor
NR2A/B subunits (Kornau et al., 1995) and the C-terminal sequence of Shaker-type
potassium channel (Kim et al., 1995). The third PDZ domain of PSD-95 binds to
the C-terminal sequence of Neuroligin protein (Irie et al., 1997). PSD-95 also has
one SH3 domain and one GK domain. Image republished from (Zhang et al., 2013),
with permission from Elsevier; permission conveyed through Copyright Clearance
Center, Inc. D. Ribbon structure of the PSD-95 SH3-GK module. The SH3 domain
of PSD-95 contains an incomplete set of four 8 strands forming the core domain
(subdomain SA-D). The missing two strands (subdomain SE-F) are contributed from
the GK domain, which is separated from the core SH3 domain by the hinge region.
The unexpected insertion of the hinge region allows the GK domain to fold back and
tether together with the SH3 domain to form a complete set of six [ strands. Image
republished from (McGee et al., 2001), with permission from Elsevier; permission
conveyed through Copyright Clearance Center, Inc. E. Organisation of signalling
complexes. PSD-95 can assemble into multiprotein signalling complexes with a
wide variety of proteins, including ion channels, structural proteins, cell-adhesion
proteins, enzymes, or even other MAGUKSs, forming MAGUK-associated signalling
complexes, known as MASCs. MASCs comprise as much as 10% of all vertebrate
PSP proteins. Image republished with permission of Annual Review from (Emes
and Grant, 2012); permission conveyed through Copyright Clearance Center, Inc. F.
Venn diagram illustrating the overlap of three gene complexes coding for glutamate
multiprotein receptor complexes (NMDA-RC, mGlu5-RC and AMPA-RC) and their
relative overlap within the proteins of the human PSD (hPSD). MASCs of NMDA-RC
type form a substantial proportion of the total hPSD in comparison to mGlu5-RC and
AMPA-RC. Numbers show genes in each gene set and their overlap for each glutamate
type. Image reproduced from an open access article under the CC BY licence (Hill
etal., 2014).
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Figure 1.4 Supramolecular organisation in the postsynaptic proteome.
Current and most up-to-date understanding of the postsynaptic density proteome
organisation based on animal in vivo studies (Frank and Grant, 2017). Individual
proteins, such as PSD-95, are encoded by the genome and transcriptome and then
organised in a hierarchical way into complexes, supercomplexes and nanoclusters.
Different synapses posses different combinations of nanoclusters and these synapses
are then found in different brain areas. Image reproduced from an open access article
under the CC BY licence (Frank and Grant, 2017).
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1.3.2 Expression pattern of DLG1-4 subfamily of MAGUKs

The DLG1-4 subfamily of MAGUK proteins is highly expressed in the CNS, but there

are distinct spatiotemporal and cellular differences between its members.

1.3.2.1 General expression of DLG1-4

The four protein members show distinct temporal and spatial distribution during
different stages of development (Oliva et al., 2012). In rats, PSD-95 expression is low
during embryonic and early postnatal development in most brain tissues, gradually
increasing during postnatal development reaching maximum expression in adulthood
(Al-Hallaq et al., 2001). The rat hippocampal PSD-93 expression profile is similar
to PSD-95 with low expression in early development that increases in later stages
of life (Sans et al., 2000). In contrast, rat hippocampal SAP102 expression is at its
highest levels during early postnatal and juvenile stages of development. The SAP102
expression is at its lowest during embryogenesis, and it also decreases as it reaches
the adulthood (Miiller et al., 1996). Murine studies revealed that SAP97 shows an
expression pattern that is opposite to PSD-95/PSD-93 in the hippocampus. In addition,
in many brain areas, SAP97 levels decrease from the embryo to adult stages suggesting
that the protein may participate in developmental processes of the CNS (Cai et al.,

2008).

Human studies defining DLG1-4 proteins expression in development are
scarce, and early studies described changes in relation to asymmetric synapses rather
than DLG proteins themselves. However, human cortical expression (in areas BA46
and BA9) of PSD-95 has been studied in 42 subjects aged from 18 weeks gestation to
25 years old (Glantz et al., 2007). Using Western blot analysis, PSD-95 was shown to
increase after birth, peak in early adulthood and slightly decrease in late adulthood.
These changes are in agreement with those seen in the mouse and rodent cortices
with Western blotting (Sans et al., 2000) and electron microscopy (Liu et al., 2004).
Developmental expression patterns of the remaining three members of DLG subfamily

have not been undertaken in humans.
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In adulthood, the four members of the DLGI1-4 subfamily proteins display
a distinct heterogeneity pattern in their spatial distribution (Fukaya et al., 1999;
Fukaya and Watanabe, 2000). In mice, using in situ hybridisation Fukaya et al.
demonstrated that PSD-95, PSD-93 and SAP102 mRNAs were highly expressed
in the telencephalon, with the highest concentrations found in cell bodies of the
hippocampal pyramidal and granular cell layers. High signal levels were also detected
in the olfactory bulb, laminae II-VI of the cerebral cortex, caudate-putamen and
cerebellar cortex, with low to moderate levels detected in the thalamus, hypothalamus
and the brainstem. On the other hand, PSD-93 mRNA was moderately expressed
in the cerebellar Purkinje cell layer and sparingly expressed in the hypothalamus
and brainstem. Only a few PSD-93 signals were reported in the thalamus (Fukaya
et al., 1999). Light and electron microscopy revealed that cerebellum, rather than
telencephalic structures, expressed SAP97 when stained with an anti-SAP97 antibody
in rats (Miller et al., 1995). Immunoperoxidase staining of murine tissue with
affinity-purified polyclonal antibodies against PSD-95, SAP102 and PSD-93 (to
prevent cross-reactivity) yielded very similar distribution patterns of the three proteins
to that previously described with mRNAs (Fukaya and Watanabe, 2000). Specifically,
all three antibodies showed strong staining in the telencephalon, including the cerebral
cortex, hippocampus, olfactory bulb and caudate-putamen. In the hippocampus, all
three DLG proteins displayed high immunoreactivity in the dendritic areas of stratum
radiatum and stratum oriens of the CAl region. PSD-95 expression was also high in
the stratum lucidum of the CA3 region. However, there were some differences between
these areas. For instance, SAP102 was strongly labelled in the thalamus, whereas
only weak staining was detected for PSD-95 and almost no labelling was detected for
PSD-93. In the hindbrain, PSD-93 was restricted to cerebellar Purkinje cell bodies
and dendrites, but was not detected in the brainstem structures (Brenman et al., 1996).
This was in contrast to PSD-95, which was detected in the presynaptic axon terminals
of basket cells, known as pinceau formation, and synaptic glomeruli. PSD-95 was also

detected, albeit at low levels, in the brainstem.

At the synaptic level, it is generally agreed that PSD-95, SAP102 and PSD-93
are predominantly postsynaptic, while SAP97 occurs both pre- and postsynaptically
(Aoki et al., 2001; Funke et al., 2005). Studies using TEM demonstrated that PSD-95,
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PSD-93 and SAP102 are localised on PSDs associated with asymmetric axo-spinous
junctions, the primary sites of glutamatergic receptors (Aoki et al., 2001). In addition,

these proteins can also be expressed outside the synapses.

Non-neuronal tissues have also been found to express some members of
DLG1-4. For instance, in rodents SAP97 is expressed in tissues, such as small intestine
and choroid plexus (Miiller et al., 1995). Rodent SAP102 mRNA or protein have
not been detected in the liver, heart or muscle (Miiller et al., 1996). In humans,
Northern blot analysis detected SAP102 transcripts in the brain, pancreas, thyroid,
trachea and prostate. Further immunohistochemical analysis using an anti-SAP102
polyclonal antibody localised protein expression mainly to non-proliferating cells of
the trachea, prostate, stomach, spinal cord, heart, pancreas and oesophagus (Makino
et al., 1997). Interestingly, in adult rat, in situ hybridisation demonstrated PSD-93
expression restricted to the brain, which is in contrast to PSD-93 mRNA detected in
neurons of spinal cord, dorsal root ganglia, intestine, the thymus and submandibular

gland in E15 rat embryo (Brenman et al., 1996).

1.3.2.2 Subcellular localisation of DLG1-4

Assessment of the subcellular localisation of the MAGUK family members has
historically generated some discrepancies. Biochemical fractionation studies
demonstrated a concentration of SAP102, PSD-95 and PSD-93 in the postsynaptic
density (Brenman et al., 1998; Cho et al., 1992; Miiller et al., 1996). These data were
supported by TEM studies that showed that PSD-95, PSD-93 and SAP102 clustered
directly over the thick PSD at asymmetric synaptic junctions, while SAP97 was also
found at presynaptic membranes (Aoki et al., 2001; Roche et al., 1999; Sans et al.,
2000). However, early immunocytochemical studies combined with light or electron
microscopy (Cho et al., 1992; Kistner et al., 1993; Laube et al., 1996) described
the distribution of DLGs in contrast with the mRNA expression patterns shown by
in situ hybridisation (Fukaya et al., 1999). It was not until 1996 that Hunt et al.
employed immunogold electron microscopy of forebrain synaptosomes to clarify that
PSD-95 labelled the PSD (Hunt et al., 1996). The final breakthrough came with the

introduction of protease antigen retrieval prior to immunohistochemistry to unmask
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antibody epitopes (Fukaya and Watanabe, 2000). The modified immunostaining
highlighted sharp, punctate synaptic staining patterns within the neuropil with empty
dendritic shafts, in accordance with EM and mRNA results (Fukaya and Watanabe,
2000). Recently, the punctate staining was reported in a conditional knock-in (KI)

mouse of PSD-95 with the fluorescent protein mVenus (Fortin et al., 2014).

Further studies have provided more detailed distributions of the DLGI-4
members (Oliva et al., 2012). As mentioned previously, PSD-95, PSD-93 and SAP102
are commonly found on asymmetric axo-spinous junctions. Rarely, PSD-95 can be
located on axo-dendritic and axo-somatic synapses. PSD-95 can also be found at
the non-synaptic portions of axons and dendritic shafts (Aoki et al., 2001). PSD-93
is typically found in the PSDs in dendrites, but it can also localise in non-synaptic
portions of the axon and at presynaptic sites (Aoki et al., 2001). In rodents, SAP102
has been found outside the postsynaptic sites, in dendrites and axons. Similarly, human
SAP102 has been found along axons and dendrites, but not in the cytoplasm of cerebral
cortex neurons (Makino et al., 1997). SAP97 can be found pre- and postsynaptically.
However, SAP97 immunostaining has also been found along the neck of spines,
leaving the PSD unlabelled (Aoki et al., 2001). SAP97 has been found at the nodes of

Ranvier and unmyelinated axons (Miiller et al., 1995).

1.4 PROPERTIES OF PSD-95

This dissertation focuses on the distribution and quantification of PSD-95 protein
throughout several areas of the human brain, as the distribution of this protein in
humans remains poorly characterised. The following section describes in detail current

knowledge of PSD-95 distribution and function.

PSD-95 was first cloned from rat brain preparations of the postsynaptic density.
The isolated protein was identified as a 95 kDa homolog of the Drosophila digA
gene product and was named disks large homolog 4 (DLG4), or postsynaptic density
protein 95 (Cho et al., 1992). Subsequently, another group of researchers identified the
same protein as a 90 kDa synapse-associated protein in rat cerebellum and named it

synapse-associated protein 90 (SAP90) (Kistner et al., 1993).

19



PROPERTIES OF PSD-95

1.4.1 Structure of PSD-95

1.4.1.1 Primary sequence of PSD-95 gene

The original description of human postsynaptic density protein gene DLG4 reported it
to be located on chromosome 17p13.1 and containing 22 exons (Stathakis et al., 1997,
2002). It was predicted that it would encode a 770-amino-acid structure that was 98.8%
identical to rat PSD-95 and 98.5% identical to its mouse counterpart. Apart from the
first 8 residues, human PSD-95 protein contained only three conservative amino acid
changes from either rodent PSD-95/SAP90 protein. One of these differences occurred
in the PDZ2 domain of the mouse protein, and the second difference was in the SH3
domain, where both the rat (Gly466) and the mouse (His455) sequences showed a
single residue change relative to the other two homologs. Since the residues they
affected were not conserved in other mammalian Dlg-related proteins, it was believed

that these changes may not be functionally significant (Stathakis et al., 1997).

The DLG4 gene is expressed in adults and fetuses. It is reported to be
expressed in many human tissues in adulthood, including the brain, as demonstrated
in Figure 1.5 on page 21. In addition, the Allen Brain Atlas Brain Explorer supports
widespread cortical expression of the gene in adult human brain (Hawrylycz et al.,
2012). According to the BrainSpan Atlas (Miller et al., 2014), in the developing
human brain, there is a relatively robust expression of the DLG4 gene from early
gestation with a decrease at around 21 gestational weeks followed by increasing levels
from 37 gestational weeks (Krishnan et al., 2017). Another resource, the BrainCloud
(Colantuoni et al., 2011), reports fetal brain development from 14+ gestational weeks
throughout life with expression increasing particularly during the first year (Krishnan

etal., 2017).
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Figure 1.5 DLG4 gene expression across tissues in humans.
Open-access data on tissue expression of DLG4 (PSD-95 gene) showing particularly
high expression in various brain regions (yellow boxes). The highest median
expression (107.49 RPKM) was found in the brain-Cortex. Expression values are
reported in RPKM (Reads per Kilobase of Transcript per Million mapped reads),
calculated from a gene model with isoforms collapsed to a single gene. The image
has been downloaded from http://www.genome.ucsc.edu website and has
been created using the data from the NIH Genome-Tissue Expression (GTEx) project
also available at the GTEx Portal at http://www.gtexportal.org. The datais
based on gene expression analysis in 53 tissues from GTEx RNA-seq of 8555 samples
(570 donors).

1.4.1.2 RNA expression of PSD-95 gene

Based on Northern blot analysis of different human tissue types, there are six human
PSD-95 transcripts (Stathakis et al., 1997). They are found in a wide variety of neural
and non-neural tissues and they are 4.2, 5.4, 6.2, 8.3, 9.5 and 12.3-kb. The most
abundant of these PSD-95 transcripts, the 4.2-kb, shows the highest expression in the
brain, but is also strongly expressed in the heart, testis, ovary, and skeletal muscle.
Moderate expression is seen in the lung, placenta, kidney, pancreas, spleen, thymus,
prostate, small intestine and breast tissue, while weaker signals are detected in the liver
and colon. The second most abundant transcript, the 6.2-kb, is detected at moderate
levels in the pancreas and ovary and at low levels in the heart, placenta, lung, skeletal

muscle, kidney, spleen, thymus, prostate, testis, small intestine, colon and mammary
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gland, but not in the brain. The 8.3-kb and 9.5-kb messages are detected only at low
levels in various non-neural tissues, but not the brain. Finally, two tissue-restricted
transcripts (5.4 and 12.3-kb) are present only in the testis. The above expression pattern
observed for human PSD-95 contrasts with that of rat PSD-95/SAP90 for which only
two brain-specific mRNA transcripts of 3.8-kb and 6.2-kb have been found (Cho et al.,
1992; Kistner et al., 1993). The major 3.5-kb mRNA is present in the forebrain and
cerebellum, and the minor 6.0-kb mRNA is enriched in the cerebellum (Cho et al.,
1992). The rat transcripts might correlate with the 4.2- and 6.2-kb transcripts detected
in human studies. Kistner et al. (1993), however, reported that 6.2-kb rat is expressed
only during embryonic development, implying that the 6.2-kb human PSD-95 might
not be expressed in adults (Kistner et al., 1993). So, except for the brief interval during
development in utero, in rat, only a single transcript is expressed by the gene-encoding

rodent PSD-95/SAP90 and the transcript is only found in the brain.

While there may be several reasons as to why additional transcripts are detected
in human tissue, including technical reasons, such as increased test sensitivity, it is
entirely plausible that they may reflect true differences between human and rodent
expression patterns. Interestingly, a complex pattern of neural and non-neural tissue
transcripts has also been reported for DIg, the Drosophila orthologue of PSD-95. This
implies that DLG4 may have maintained several ancestral functions in humans that
appears to have been lost or have acquired new functions in rodents (Stathakis et al.,

2002).

Finally, more recently, the human PSD-95 transcriptome expression was
quantified in several major tissues in the human body as part of the Human Protein
Atlas (Fagerberg et al., 2014). A quantitative transcriptomics analysis (RNA-Seq) was
used to measure the normalised mRNA expression levels in 27 different human organs
and tissues. The analysis based on 3 human samples revealed the highest expression of
PSD-95 mRNA in the brain among all tested sites, as illustrated in Figure 1.6 on page
23.
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Figure 1.6 The Human Protein Atlas PSD-95 mRNA expression.
Barplots demonstrating expression of human PSD-95 mRNA in 27 different tissues
from 3 individuals using RNA-seq as part of the Human Protein Atlas (Fagerberg
et al., 2014). The normalised mRNA abundance is presented as FPKM (fragments
per kilobase of exon model of mapped reads) values on y-axis. A FPKM of 1 roughly
represents one mMRNA molecule per average cell in the sample. The highest PSD-95
mRNA expression was reported in the brain (Mean FPKM 34.569 £ 11.992). The
image has been downloaded from http://www.ncbi.nlm.nih.gov/gene/
1742 /?report=expression&bioproject=PRIEB4337.

1.4.1.3 Alternative splicing of PSD-95 gene

In humans, the first published analysis of splicing variants of DLG4 determined that
three different exons are alternatively spliced out of the 22 exons (Stathakis et al.,
2002). Exon 3 was alternatively spliced in transcripts expressed in the brain; exon 20
was alternatively spliced out in transcripts expressed in breast and testis, and finally,
an alternatively spliced exon 4 was found in the testis. However, even then it was
noted that alternative splicing could not completely account for the number and size of
the six DLG4 transcripts detected in the previous study (Stathakis et al., 1997) and a

possibility of existence of additional alternatively spliced variants was considered.

Further interrogation of online resources, such as the Ensembl project (Yates
etal., 2016) from www .ensembl . org website, and genome visualisation tools, such
as the Biodalliance (Down et al., 2011) from www.biodalliance.org website,

revealed that the human DLG4 gene has currently 10 transcripts (splice variants) that

23


http:// www.ncbi.nlm.nih.gov/gene/1742/?report=expression&bioproject=PRJEB4337
http:// www.ncbi.nlm.nih.gov/gene/1742/?report=expression&bioproject=PRJEB4337
www.ensembl.org
www.biodalliance.org

PROPERTIES OF PSD-95

code for 9 proteins, as demonstrated in Figure 1.7 and Table 1.1.
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Figure 1.7 Human DLG4 gene splice variants.
Schematics demonstrating all known-to-date DLLG4 gene splice variants in the human,
as reported by the Biodalliance.org website (Down et al., 2011). Overall, 10 splice
variants have been established for this gene. Graphics from Dalliance 0.13.0-dev at
http://www.biodalliance.org.

Table 1.1 Human DLG4 transcripts

Name Transcript ID bp Protein Biotype Exons
DLG4-001 ENSTO00000399510.2 3975 767aa Protein coding 22
DLG4-003 ENST00000302955.6 3184 72laa Protein coding 20
DLG4-002 ENSTO00000399506.2 3185 724aa Protein coding 20
DLG4-004 ENST00000485100.1 1004 296aa Protein coding 8
DLG4-006 ENST00000451807.2 926 28laa Protein coding 8
DLG4-007 ENST00000447163.1 763  234aa Protein coding 7
DLG4-009 ENSTO00000486626.3 586  115aa Protein coding 5
DLG4-008 ENSTO00000493294.1 573  Olaa Protein coding 5
DLG4-011 ENST00000491753.1 869  85aa Nonsense mediated decay 4
DLG4-005 ENSTO00000489885.1 1894 No protein Retained intron 2

Table demonstrating a summary of all known DLG4 transcripts (splice variants) with transcript
IDs, lengths in base pairs, proteins coded and exons, as freely available from the Ensembl

project (Yates

et al.,, 2016).

Table downloaded from http://mar2017.archive.

ensembl.org/Homo_sapiens/Gene/Summary?db=core; g=ENSG00000132535;r=17:
7189890-7219702; t=ENST00000399510.
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1.4.1.4 Isoforms of PSD-95 protein

In humans, three PSD-95 protein isoforms have been described, as reported on http:
//www.uniprot.org (The UniProt Consortium, 2017). Isoform 1, known as
PSD-95-a, has been chosen as the "canonical" sequence. It contains 724 amino acids
and weighs 80,495 Da. Isoform 2, is known as PSD-95-4, has the longer sequence of
767 amino acids and a weight of 85,430 Da (Stathakis et al., 1997). Isoform 3, has the

shortest amino acid sequence of 721 and a weight of 80,125 Da.

Existence of these alternative isoforms of PSD-95 protein provides yet more
evidence of molecular diversity of this synaptic protein, this time at the sequence level.
Combined, these data suggest that the production of the PSD-95 protein is regulated at

multiple levels.

1.4.2 Expression of PSD-95

The overall expression patterns and localisation of PSD-95 protein has been described

earlier in Chapter 1.3.2.1. Here additional information is provided.

1.4.2.1 General expression of PSD-95

The non-neural expression pattern of human PSD-95 has been conserved between
rat and human proteins (Kornau et al., 1995). In non-neural tissue, the monoclonal
antibody detected a prominent 85 kDa band in five tissue types, including the
heart, kidney, lung, skeletal muscle and liver. Additionally two protein bands were
recognised: an ~80-kDa protein in the heart, lung, and skeletal muscle, and an

~90-kDA protein in the liver.

The neural expression pattern of human PSD-95 is more complex. There
are five bands of approximately 85-, 89-, 90-, 97-, and 109- kDa proteins, with the
97/109-kDa doublet showing the highest expression. Similar observations were made

in the rat brain (Cho et al., 1992).
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In mouse, PSD-95 mRNA distribution was consistent with previous results in
adult rat brain using in situ hybridisation and immunohistochemistry. In particular,
using in situ hybridisation, Fukaya and colleagues detected high levels of PSD-95
mRNAs in the telencephalon, although the pyramidal cell layer of the hippocampus
displayed the highest expression. High levels were also detected in the cerebellar
cortex, with low to moderate signals in various thalamic and brainstem regions (Fukaya

et al., 1999).

1.4.2.2 Heterogeneity of PSD-95 expression

Apart from spatiotemporal and cellular DLGs heterogeneity in protein distribution
described earlier, variation in DLG1-4 members localisation amongst adjacent PSDs
was detected. For instance, some PSDs were devoid of PSD-95, PSD-93, or SAP102
in TEM preparations, suggesting that those PSDs without one DLG protein may utilise
one of the others. In addition, in the same study, a weak but positive correlation
between the PSD-95-immunolabelled particle numbers and the PSD length was found
(Aokietal.,2001). Even though the correlation was low, this finding provided evidence
for heterogeneity in PSD-95 expression within individual synapses, since some PSDs
expressed high levels of PSD-95, whereas others expressed lower levels. Furthermore,

a proportion of synapses showed absence of PSD-95 labelling.

A recent study has provided an additional level of evidence for PSD-95
heterogeneity and demonstrated that PSD-95 may not be uniformly distributed within
the PSD depending on the regional locatisation within the brain. Using a knock-in
mouse and super-resolution microscopy, Broadhead et al. (2016) studied PSD-95
nanoclusters within the PSD. While size of the nanoclusters per synapse appeared

conserved, the number of nanoclusters varied across different hippocampal subregions.

Overall, these observations add to the evidence for the concept of heterogeneity
among DLG synapses at a protein level. Evidence shows that some PSDs might
lack one or several members of DLG1-4 subfamily of proteins. In addition, as
super-resolution studies reveal, protein distribution within the PSD may depend on

location within the brain.
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1.4.3 Binding partners of PSD-95

PSD-95 has no detectable enzymatic activity, but rather acts as an adaptor molecule
through protein-protein interactions mediated by the discrete domains. The number of
PSD-95 interacting protein partners is enormous and it would be difficult to provide
an exhaustive list of all the proteins that are known to bind to PSD-95 (Figure 1.8
on page 28). The most important interactions are listed in Table 1.2 on page 32.
This list contains a vast diversity of proteins belonging to different types of protein
families, including ion channels, transmembrane proteins, neurotransmitter receptors,
intracellular enzymes, adhesion molecules, cytoskeletal proteins and other scaffold
proteins. As can be seen from the table, most of these PSD-95 interactors were
defined using in vitro methods, including yeast-2-hybrid interaction and pull-down
assays. These methods are thought to be useful in defining potential binary interactions
between proteins, but do not accurately reflect the organisation of proteins in vivo,
particularly when interactions are multivalent with more than two components involved
(Frank and Grant, 2017). This fact has been highlighted by a recent study which
demonstrated that some of in vitro defined interactions are not always found in in
vivo testing. For instance, the canonical PDZ ligands of GluN2A and GluN2B have
been found entirely dispensable in vivo for the assembly between NMDAR and DLG
proteins, of which PSD-95 is a member (Frank et al., 2016).

1.4.3.1 Transmembrane receptor binding partners of PSD-95

PSD-95 interacts with several postsynaptic transmembrane receptors. For instance, in
in vitro binding assays, rat PSD-95 interacts directly with the cytoplasmic tails of both
Shaker-type voltage-gated Kt channels (Kim et al., 1995) and the NR2 modulatory
subunit of NMDA-type glutamate receptors (Kornau et al., 1995; Niethammer et al.,
1996). In addition, co-transfection of heterologous cells with constructs encoding
PSD-95 and with constructs encoding either type of transmembrane receptor gives
rise to co-clustering of these proteins (Kim et al., 1995), suggesting that PSD-95 is
an essential component in regulating the macrostructure of ion channels. Consistent

with these in vitro studies, analysis of transgenic mice carrying a targeted mutation in
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the gene encoding PSD-95 suggests that PSD-95 is essential in signal transduction by

coupling the NMDA receptor to pathways that control bidirectional synaptic plasticity

and learning (Migaud et al., 1998).
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Figure 1.8 Human PSD-95 (DLG4) network interactors.

Schematics demonstrating the summary of all known PSD-95 (DLG4) interactors in
the human from BioGRID (Stark et al., 2006). Overall, 197 physical interactions have
been established for this protein. Overall network statistics revealed 88 total interactors
(Nodes) and 133 total interactions (Edges). The interactor (Node) distribution
showed 6 different organism nodes, as represented in yellow, and 2 chemical nodes
(Guanidine and Guanosine-5’-Monophosphate), as shown in green. The image
has been downloaded from (https://thebiogrid.org/108086/summary/
homo—-sapiens/dlg4.html).
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1.4.3.2 Signalling proteins of PSD-95

PSD-95 also binds to several intracellular signal transduction proteins. For instance,
the first two PDZ domains of PSD-95 bind to the neuronal nitric oxide (NO) synthase
(Brenman et al., 1996). Neuronal nitric oxide synthase is an enzyme activated by
NMDA receptor-mediated Ca®" influx that catalyses the synthesis of nitric oxide, an
important secondary messenger molecule. Importantly, the binding of NOS to PSD-95

has been clinically exploited, as will be described below.

Moreover, both in vitro and in vivo studies showed that PSD-95 binds SynGap,
a Ras-GTPase-activating protein (Kim et al., 1998) that with several other proteins
is associated with the neuronal cytoskeleton, including GKAP, myosin and dynein or

SAPAPs (Kim et al., 1997; Naisbitt et al., 2000; Takeuchi et al., 1997).

1.4.3.3 Clustering of PSD-95

Numerous studies suggest that PSD-95 is involved in the regulation of protein
trafficking and clustering at the synapse. PSD-95 multimerisation, in particular,
allows for association with postsynaptic membranes, other protein multimerisation,
and clustering of cells surface receptors and ion channels. For instance, the SH3
and guanylate kinase domains of PSD-95 have been shown to associate in an
intra-molecular fashion that has been reported to be necessary for clustering of
membrane proteins (Shin et al., 2000). These domains may also contribute to
multimerisation of PSD-95 in a head-to-tail fashion (Tavares et al., 2001; Tomita et al.,
2001). Additionally, PSD-95 is able to dimerise via sequences in N-terminal residues

(Tomita et al., 2001).

Overexpression of PSD-95 in hippocampal neurons leads to enhanced synaptic
clustering of AMPA receptors but not NMDA receptors, as well as an increase in
AMPA receptor mediated currents. This initially surprising finding, since PSD-95
binds to NMDA receptors and not to AMPA receptors, was subsequently explained
by discovering that PSD-95 interacts with the AMPA receptor-associated protein

stargazin, an important regulator of AMPA receptor trafficking (Schnell et al., 2002).
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By regulating a dynamic pool of AMPA receptors, PSD-95 has therefore an additional

direct role in regulating synaptic strength and thus synaptic plasticity.

These findings were replicated in in vitro studies using KO mutant mice.
Knock-down PSD-95 brain slices and studies of PSD-95 KO mice have indicated that
lack of PSD-95 leads to altered synaptic strength, so that LTP is enhanced while LTD
is eliminated (Migaud et al., 1998). Furthermore PSD-95 KO mice showed significant
deficiencies in a large repertoire of examined behaviours, including reduced spatial
learning, simple operant conditioning, extinction or reversal of learned behaviours or
attention experiments (Migaud et al., 1998; Komiyama et al., 2002; Nithianantharajah
et al., 2013). A study by Nithianantharajah et al. (2013) demonstrated the central
role of PSD-95 in all tested behaviours using KO mice for each of the four DLG
paralogs. Mice lacking PSD-95 were not able to be tested in most cognitive tests.
In contrast, SAP102 and PSD-93 KO mice showed only subtle behavioural deficits
in complex tasks, albeit with opposing effects. In the same study, the researcher
undertook comparative cognitive tests in human patients carrying mutations in the
DLG2 gene coding for the PSD-93 protein. The human subjects displayed visual
discrimination, learning impairments and lower flexibility when using touchscreens
that were comparable with the defects observed in the PSD-93 KO mice. These data
imply that the role of PSD-93 in cognition might be conserved between the humans and
mice. This may also be true for PSD-95, but to this date, similar comparative studies
using PSD-95 in human patients have not been possible since PSD-95 mutations in

humans have not been clinically described (Nithianantharajah et al., 2013).

1.4.3.4 Binding partners of PSD-95 and their relevance to human disease

The interaction of PSD-95 and its partners have become important potential treatment

targets in human disorders, such as stroke.

Since NMDAs are functionally coupled to neurotoxic signalling pathways,
an obvious therapeutic approach is to block the receptors activated by glutamate.
Antagonists at both NMDA and AMPA type glutamate receptors have demonstrated

robust neuroprotection in rodent models of ischaemia (Dirnagl et al., 1999). Clinical
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trials for stroke and traumatic brain injuries in humans have nevertheless failed (Lipton,
2006). The main reason is that inhibition of glutamate signalling impairs normal
neuronal function resulting in unacceptable side effects. However, rather than targeting
the NMDA receptor, it is possible to target its interacting protein in order to achieve

neuroprotection.

Aarts et al. (2002) explored targeting the interaction between NMDA
receptors and PSD-95 instead of the NMDA receptor (Aarts et al., 2002). The
interaction between the PSD-95 and the GluN2B subunit of NMDA -receptors was first
demonstrated by Kornau et al. (1995) who also showed that a nine-residue peptide
mimicking the carboxyl-terminal of GluN2B was able to competitively inhibit this
interaction (Kornau et al., 1995). Subsequently, Aarts and colleagues, using the same
peptide, made it cell-permeable by fusing it to the membrane transduction domain
of the human immunodeficiency virus-type 1 (HIV-1) transactivator of transcription
(Tat) protein (Aarts et al., 2002). By transducing neurons with this peptide, called
Tat-NR2BOc, the authors were able to dissociate PSD-95 from NMDA receptors
by co-immunoprecipitation. This dissociation did not change NMDA receptor
currents or Ca?* influx, but still had a neuroprotective effect against NMDA-induced
excitotoxicity on cultured neurons, as well as after transient middle cerebral artery
occlusion in rats (Aarts et al., 2002). Since the study was published, uncoupling of
NMDA receptors from PSD-95 with consequent removal of nNOS from the proximity
of the receptor became a potential therapeutic strategy for stroke. The Tat-NR2BO9c
peptide has subsequently been shown to be neuroprotective in nonhuman primate
stroke models (Cook et al., 2012a,b) and has been found to be safe and cause a
reduction, albeit not significant, in ischaemic stroke in patients undergoing surgery

for aneurysms (Hill et al., 2012).
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Table 1.2 Selected PSD-95 interactors

Protein Description Domain Function How* References
Adam22 A disintegrin and PDZ3 Synapse maturation 2 (Fukata et al,
a metalloproteinase 2006, 2017;
protein 22 Lovero et al.,
2015)
AKAP79 Scaffold for GK Anchor for kinases 3, (Colledge et al.,
PKA, PKC and and phosphatases 4b 2000)
calcineurin
Arc/ Activity-regulated N/A AMPA receptor 2 (Husi et al., 2000;
Arg3.1  cytoskeleton trafficking and Husi and Grant,
associated protein regulation 2001b; Fernandez
etal., 2017)
BEGAIN Brain-enriched GK Organisation of 1 (Deguchi et al.,
guanylate synaptic junction 1998)
kinase-associated components
protein
Cript Cysteine-rich PDZ3 Recruitment 1,2 (Niethammer et al.,
interactor of PDZ of PSD-95 to 1998)
three microtubules,
cytoskeletal
anchoring
Cypin Guanine deaminase PDZI1-2  Cytoskeleton 4b (Firestein et al.,
enzyme assembly, regulation 1999)
of dendritic
branching, MAGUK
trafficking
Densin  Leucine-rich PDZ1 Protein organisation 2 (Ohtakara et al.,
- 180 repeats at postsynaptic 2002)
brain-specific membrane
protein
ErbB4 Neuregulin (NRG) PDZ Growth factor 3 (Garcia et al.,
receptor  tyrosine receptor,  regulator 2000; Huang et al.,
kinase of expression 2001)
of  voltage- and
ligand-gated
channels in neurons
GKAP  Postsynaptic GK Assembly of 1 (Kim et al., 1997;
adaptor protein multiprotein Takeuchi et al,
complexes, 1997)
anchoring to
cytoskeleton
GPR85 G protein coupled PDZI Regulation of 4b (Fujita-Jimbo
receptor 85 neural and synaptic et al., 2015)
plasticity
IRSp53  Insulin receptor PDZ2 Scaffolding and 3 (Soltau et al,
substrate p53 adaptor protein 2004)
KIF13b  Kinesin Family GK Trafficking of 4b (Hanada et al.,
(GAKIN) Member 13b PSD-95 to the PSD 2000)
Kvl Voltage-gated PDZ1-2  Neuronal signalling 3 (Kim et al., 1995)
potassium channels
Maguin-1 Membrane-associated PDZ Assembly of 2 (Yao et al., 1999)
guanulate synaptic  junctions
kinase-interacting components
protein-1
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Table 1.2 — continued from previous page

Protein Description Domain Function How* References
MAPla Microtubule- GK Regulation of 4b (Brenman et al.,
associated protein microtubule 1998)
la dynamics, neuronal
morphogenesis
Neuro Neuronal cell PDZ3 Formation and 1, (Irie et al., 1997)
-ligins surface  adhesion maintenance of 4a
proteins synapses
nNOS neuronal Nitric PDZ2 Neurogenesis, 3 (Brenman, 1996;
Oxide Synthase regulation of Gottschalk et al.,
glutamate  receptor 2009)
function
NR2A  Tonotropic PDZ1-2  Excitatory synaptic 1, (Cousins and
glutamate receptor transmission, 3, Stephenson, 2012;
subunit synaptic plasticity 4a, Al-Hallag et al.,
4b 2007)
NR2B Tonotropic PDZ1-2  Excitatory synaptic 3, (Kornau et al.,
glutamate receptor transmission, 4a, 1995; Niethammer
subunit synaptic plasticity 4b et al., 1996)
(Cousins and
Stephenson, 2012;
Al Rahim and
Hossain, 2013)
Preso Membrane C-T Dendritic spine 3, (Lee et al., 2008)
cytoskeletal linkers morphogenesis 4b
PSD-93  Postsynaptic N-T Postsynaptic scaffold 3, (Kim et al., 1996)
scaffold protein protein 2
S-SCAM Synaptic GK Assembly of 4b, (Hirao et al., 2000)
scaffolding multiprotein 2
molecule complexes,
anchoring to
cytoskeleton
SALM2 Cell adhesion-like PDZ Differentiation of 3 (Ko et al., 2006)
molecules excitatory synapses
SAP102 Postsynaptic SH3, Postsynaptic 1, (Masuko et al.,
scaffold protein GK organisation 4b 1999)
SAPAP  Postsynaptic GK PSD components  4b, (Hirao et al., 2000)
adaptor protein assembly, anchoring 2
to cytoskeleton
SNX26 Sorting nexin 26 - PDZ Dendritic spine 3, (Kim et al., 2013)
GTPase-activating formation, neuronal 2
protein for Cdc42 development
SPAR Spine-associated GK Regulation of 3 (Pak et al., 2001)
RapGAP dendritic spine
growth
Stargazin Relative of ~-1 PDZ AMPAR trafficking 3 (Chen et al., 2000)
calcium channel and localisation
SynGAP Synaptic PDZ1-3 MAP kinase 1, (Kim et al., 1998;
Ras-GTPase signalling, synaptic 2 Komiyama et al.,
activating protein plasticity 2002)

*How are categories of evidence for interaction with PSD-95:
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1 - yeast-2-hybrid, 2 -
co-immunoprecipitation of endogenous proteins from brain extracts, 3 - co-immunoprecipitation from
double-transfected heterologous cells, 4 - in vitro binding assay (4a - affinity chromatography with
mass spectrometry or amino acid sequencing, 4b - GST pulldown). Abreviations: C-T, C-terminal;
N-T, N-terminal.
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1.5 IMAGING METHODS FOR VISUALISATION OF SINGLE SYNAPSES

Given our expanding knowledge about the extensive molecular diversity of synapses
(O’Rourke et al., 2012), utilisation of high-throughput imaging systems, may be the
best way to study synapses at a single synapse resolution. Currently, however, synapse
imaging is limited to studying one part of the brain without the ability to appreciate
any inter-regional differences or functional heterogeneity that has been revealed by the
recent connectome studies (Oh et al., 2014). Nevertheless, various imaging methods
have been utilised to investigate single synapses. While these techniques continue to

contribute to better understanding of synapses, none are currently ideal.

1.5.1 Electron microscopy

Until recently, single synapses could only be visualised and characterised by EM,
which remains the gold standard for investigating the interactions between individual
molecules or molecular complexes (Hoenger, 2014; Kiihlbrandt, 2014). However,
EM is traditionally a time-consuming, labour intensive and volume-limited technique,
despite advances that have greatly improved throughput (Harris et al., 2006; Knott
et al., 2008). The method offers very limited proteomic discrimination and does not
allow exploration of synapse diversity in situ as the integrity of tissue has to be broken
into minute fragments, prohibiting acquisition of information about circuit context and

cellular morphology.

1.5.2 Light microscopy

Postsynaptic densities are small (close to the resolution of the light microscopy at 250
nm) and their visualisation in the living state remains a challenge. However, they
are big enough to be visualised by light microscopy (LM). The two most common
light microscopes used to study synaptic components, such as PSD-95 IF labelled
postsynaptic elements, are laser scanning confocal microscope (LSCM) and spinning

disk microscope (SDM).

34



INTRODUCTION

1.5.2.1 Laser scanning confocal microscopy

Laser scanning confocal microscope with a typical xy-resolution of 180 - 250 nm and
a z-resolution of 500 - 700 nm, has been the gold standard tool in examining synapses.
LSCM utilises a single pinhole that restricts imaging to a thin optical fragment of tissue
as it removes the out-of-focus light originating from other depths of tissue. LSCMs
have been used to visualise single synapses in a range of assays from cell cultures to
brain tissue slices. However, as the laser beam has to travel across the sample in order
to acquire the complete image in a pixel-by-pixel manner, LSCM is relatively slow
and less efficient than other microscopy systems, such as a spinning disk microscope

(Wang et al., 2005).

1.5.2.2 Spinning disk confocal microscopy

Spinning disk microscopy is a fast acquisition example of a confocal system that has
been widely used for live imaging of rapid processes (Grif et al., 2005). SDM is
equipped with dual rotating disks (confocal spinning disk unit, CSU). The first disk
contains micro-lenses that focus the light into the multiple pinholes of the second
disk. The second disk, or Nipkow disk, allows illumination of multiple points of
the same sample simultaneously allowing for high-speed confocal imaging. SDM
has an equivalent horizontal resolution as LSCM, although its axial resolution is
slightly compromised by the cross-talk between different pinholes (Wang et al., 2005).
An advantage of using SDM is that they commonly use an electron multiplying
charge-coupled device (EMCCD) that has better signal-to-noise performance and

higher sensitivity in comparison to LSCM.

1.5.3 Array tomography

One of the recent methods for studying human synapses is array tomography (AT), a
high-resolution imaging method that combines light and EM approaches to resolve

fine synapse details (Micheva et al., 2010; Micheva and Smith, 2007). AT allows

the immunofluorescence resolution of a single synapse and meticulous cataloguing
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of synapses and thus exploration of the molecular diversity of synapses. In AT, a
matrix of serial brain sections are arranged on coated glass slides, on which antibody
labelling could be multiplexed to allow characterisation of synapses by fluorescence
light microscopy. It is possible to acquire multidimensional immunofluorescence
information about single synapses (up to 24, as compared with to the standard
immunofluorescence limit of four). Another advantage is that AT can be automated
and delivers very high experimental throughput with an estimated rate of one million
synaptic puncta per hour. Importantly, AT has been extended to SEM imaging and

correlative approaches. However, the method is also time-consuming and complicated.

1.5.4 Super-resolution microscopy

In addition, there are several technologies available to examine synapses
collectively known as super-resolution microscopy or nanoscopy, and they include
STimulated Emission Depletion (STED) microscopy; single-molecule localisation
techniques, such as Photoactivation Localisation Microscopy/Stochastic Optical
Reconstruction Microscopy (PALM/STORM); or Structured Illumination Microscopy
(SIM) (Schermelleh et al., 2010). All these techniques exploit properties of fluorescent
molecules and use various strategies to overpass the light diffraction limit. For
instance, in STED microscopy, the focal plane is scanned with two overlapping laser
beams. While the first laser excites the fluorophores, the second longer wavelength
laser drives the fluorophores back to the ground state by the process of stimulated
emission. Alignment of both laser beams reduces the volume of molecules fluorescing
within the field of illumination leaving only a small central portion of STED-induced
illumination to be able to fluoresce therefore reducing the point spread function (PSF)
below the diffraction limit. Single-molecule localisation microscopy assures that only
a small number of fluorophores are in the active emitting state. The fluorescence signal
from each molecule can be fitted to a Gaussian distribution and its centre point can be
detected with nanoscale position. Subsequently, single molecule positions from several
thousand raw images are used to generate a density map with several hundred thousand
single molecule positions within the plane of focus. Finally, in SIM microscopy, the

sample plane is excited by a non-uniform wide-field illumination.
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One of the great contributions of super-resolution microscopy to
our understanding of synapses was the discovery that synaptic proteins are
heterogeneously distributed within the PSD (Fukata et al., 2013). Unlike EM, which
visualised synapses as uniform structures of different types, the super-resolution
methods revealed a sub-synaptic architecture of proteins arranged into clusters
(MacGillavry et al., 2013; Nair et al., 2013). In fact, studies demonstrated that
PSD-95 protein in particular is composed of nanoclusters (MacGillavry et al., 2013;
Broadhead et al., 2016). What is even more intriguing is that there is heterogeneity
in cluster distribution in murine brain, providing yet another level of evidence of
synaptic diversity. For instance, it has been demonstrated that in the circuitry of the
hippocampus, there is an architecture to the organisation of synapses, where different
hippocampal subregions express different numbers of nanoclusters (Broadhead et al.,

2016).

1.5.5 Complimentary techniques

Complementing the above light microscopy techniques are a range of fluorescence
protein-based synapse-detectors, widely used in animal studies, but not available
for use in human tissue (Lee et al., 2016). Imaging synapses with LM by using
engineered fluorescent protein (FP) tagged to synaptic proteins or targeted to synaptic
structures enables fine-resolution visualisation of synaptic anatomy in neural areas
and within large circuits. For instance, single component synaptic detection has
been possible since the discovery of green fluorescent protein (GFP), which can
be used to tag synaptic proteins while minimally interfering with their normal
function. Unsurprisingly, PSD-95 has already been tagged with GFP (Broadhead
et al., 2016; Nelson et al., 2013). The advantage of using fluorescence protein-based
synapse-detectors is that these proteins are in close proximity to the targeted protein,
which is a limitation when using antibodies, which can cause distance displacement

issues.

However, in order for the FPs to be detected and used for brain-wide synaptic
mapping, a partnership with technologies, such as gene delivery, was required to

expand the single-synapse level analysis to systems level neuroscience. Gene delivery
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technologies can broadly use germ line manipulation and viral injections. Genetic
manipulation-based gene delivery led to the development of gene knock-in (KI)
technology that substitutes wild-type genes with FP-tagged copies. Subsequently,
proteins, such as PSD-95 can be expressed throughout the brain mimicking patterns
of endogenous PSD-95. A PSD-95¢eGFP mouse produced using the gene delivery
technology has been created in the Grant laboratory (Dr Zhu, manuscript in

preparation, (Broadhead et al., 2016).

More recent development of this technique allows for a conditional KI
strategy called endogenous labelling via exon duplication (ENABLED) (Fortin et al.,
2014). When a PSD-95-ENABLED mouse is crossed with a dopaminergic cell-type
specific DAT-Cre line, such as PSD-95mVenus, PSD-95 can be expressed specifically
in dopaminergic neurons, allowing assessment of detailed PSD-95 distribution in
dopaminergic systems. Therefore, once FP-based synaptic detectors are introduced
into the brain using gene technology, appropriate brain-wide digital image analysis

can be used to map synaptic anatomy and connectivity throughout the brain.

To summarise, visualisation and characterisation of synapses in brain tissue
are typically performed on biopsy or post-mortem tissue using electron microscopy
or immunohistochemistry combined with various light imaging platforms, such as
brightfield, confocal or super-resolution microscopy. Supporting these techniques are
fluorescent protein-based molecular detectors and gene delivery technologies, which
allow for precise imaging of individual synapses. These tools combined whole-brain
imaging (for instance, using SDM) and computational analysis allow for deciphering
of synaptic anatomy across the whole brain. However, the major limitation of these

techniques is that these tools are only available for animal studies.

1.5.6 Brain imaging

Finally, recent imaging techniques have been used to quantify synapses in the living
human brain. Using positron emission tomography (PET) and a synapse-specific
radioligand, for the first time, (Finnema et al., 2016) demonstrated that it is

feasible to quantify synapses in nonhuman primates as well as healthy human
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controls and patients with epilepsy. The radioligand, called [11CJUCB-J
[(R)-1-((3(11C-methyl-11C)pyridine-4yl)methyl)-4-(3,4,5-trifluorophenyl)

pyrrolidin-2-one] or [11CJUCB-J has been developed to bind to the presynaptic
synaptic vesicle glycoprotein 2A (SVA2), which has been used as an in vivo proxy of
synaptic density. The authors investigated 12 areas in the human brain and showed
that [11CJUCB-J PET, not only can detect regional densities of SV2A across human
brain, but also can reveal changes in synaptic density in patients with compared to
healthy individuals. The SV2A-PET imaging is a promising, minimally invasive
marker of synaptic density, particularly in diseases associated with synaptic loss, such
as Alzheimer’s disease. This imaging method could provide a valuable link between
studies of synaptic diversity in human disease using both post-mortem tissue and in

vivo imaging in living patients.

1.6 SYNAPTIC DISEASES OF THE HUMAN BRAIN

The human brain is estimated to contain approximately 100 trillion synapses arranged
in intricate networks to generate complex human behaviours, including thinking,
learning, memory, emotions and dreaming. Given the enormous synapse abundance
together with a high synapse proteome complexity, it is not surprising that structural
disruption and/or loss of synapses can result in network dysfunction with abnormal

neuronal signalling, which clinically manifest as brain diseases.

Synaptic pathology has indeed been linked to a number of neurological
conditions in humans (Lepeta et al., 2016). One study estimated that over 100 brain
disorders are linked to mutations in genes encoding human postsynaptome (Bayés
et al.,, 2011). In fact, a growing body of evidence reveals that disruption to synaptic
proteins gives rise to synaptic diseases, or synaptopathies (Grant, 2012; Henstridge
et al., 2016; Lepeta et al., 2016). As synaptopathies cross the traditional boundaries
of neurology and psychiatry, they encompass a wide range of brain diseases spanning
from common neurodegenerative disorders, such as Alzheimer’s disease, Parkinson’s
disease or Huntington’s disease, to neuropsychiatric disorders, such as schizophrenia,
autism, intellectual disability, or rare neurodevelopmental disorders, such as Fragile

X Syndrome. Currently, none of these disorders are curable. Therefore establishing
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the impact of abnormal synaptic systems on health is crucial for increasing our
understanding of, not only basic brain functions, such as learning and memory, but
also the rational treatment for these progressive diseases. Understanding of synapses

and their pathology is therefore an important part of scientific endeavour.

Finding a synaptic quantification method that is compatible with the structural
complexity and volume of synapses in human tissue would be an important
development. Whilst many of the synaptopathies are not subject to traditional
neuropathological disease classifications, proteomic, genetic and phenotypic data
could provide new insights into the pathophysiology of these diseases. Potential
therapeutic modalities developed as a result of these new scientific data analyses could

lead to the future restoration of optimal synaptic functions in synaptopathies.

Many MAGUK proteins have been linked to human brain disorders, including
PSD-95. Below is a brief description of selected diseases, in which PSD-95 protein
aberrations have been directly or indirectly implicated, and therefore would potentially
benefit from our novel quantification method. Although this is not an exhaustive
list, it provides an insight into the potential clinical impact of our new quantification

technique.

1.6.1 Neuropsychiatric disorders

Neuropsychiatric disorders are an important group of conditions characterised by
life-long cognitive dysfunction associated with different underlying causative genetic

mechanisms and postsynaptic targets.

1.6.1.1 Schizophrenia

PSD-95 has been implicated in the pathogenesis of schizophrenia. For example,
Felice lasevoli et al demonstrated changes in protein and mRNA expression of
several PSD members, including PSD-95, in post-mortem tissues from schizophrenic
patients (lasevoli et al., 2013). Furthermore, PSD-95 expression was reduced in

prefrontal cortex of schizophrenic patients (Ohnuma et al., 2000). Increased levels
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of PSD-95 and NMDA receptor subunits were significantly higher in post-mortem
dorsolateral prefrontal cortex and occipital cortex of schizophrenics as compared to
controls (Dracheva et al., 2001). Schizophrenics also had increased levels of PSD-95
transcripts. Moreover, multiple de novo mutations in genes coding for members of
the DLG family members are associated with schizophrenia and polymorphic markers
in DLG gene encoding for PSD-95 are associated with susceptibility to schizophrenia
(Cheng et al., 2010). Another study further identified multiple mutations in synapse
proteome with enrichment of mutations in the PSD and MASC complexes, including
the MAGUK scaffold protein PSD-93 (Banerjee et al., 2014). In addition, patients
with schizophrenia have been shown to possess enhanced PSD-95 - ErbB4 coupling
(Hahn et al., 2006). Overall, the evidence suggests that schizophrenia is a complex
glutamatergic synapse problem, in which PSD-95 is one of the affected proteins

(Morrison and Pilowsky, 2007).

1.6.1.2 Autism

PSD-95 may be indirectly linked to autism. This is a complex neurodevelopmental
disorder with a strong genetic link. Clinically autistic patients show impairments
in social interaction with social and emotional deficits, impairments in relationships
and stereotyped behaviours. Since the disorder encompasses a spectrum of clinical
phenotypes, it is better defined as Autism Spectrum Disorders (ASD) (Brian et al.,
2015; Lord and Bishop, 2015; de Schipper et al., 2015). It is believed that ASD is
linked to abnormal expression of a diverse set of genes encoding synaptic proteins
with related functions in synaptic development and activity (Zoghbi and Bear, 2012).
Supportive evidence comes from genetic studies showing that mutations in the
scaffolding protein Shank (Durand et al., 2007) and neurexin (Feng et al., 2006)
are associated with autism. Both of these proteins interact with PSD-95, although a
specific PSD-95 mutation in autism has not been yet demonstrated. More recently,
two mutations in yet another protein interacting with PSD-95 via neuroligin receptor
complex, GPR85, have been found in autism patients (Fujita-Jimbo et al., 2015).
Moreover, a single nucleotide polymorphism (SNP), called rs13331, of exon 22 of

PSD-95 has recently been shown to confer an association with an increased risk of
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ASD (Wang et al., 2016). Increasingly, evidence supports the idea that there is an
error in the general function for synaptic proteins working within common molecular

pathways giving rise to ASD (Jiang and Ehlers, 2013).

1.6.1.3 Fragile X syndrome

Changes in PSD-95 have also been detected in Fragile X Syndrome (Tsiouris and
Brown, 2004). This is an inherited form of mental retardation caused by silencing of
a single gene (FMR1) that codes for the Fragile X mental retardation protein (FMRP).
The FMRP protein is involved in mRNA translation and its expression is induced
by mGIuR activation. FMRP is involved in mGluR-mediated synaptic plasticity
and activation of mGIluR increases translation of PSD-95 via an FMRP-mediated
mechanism. More recently, Zalfa and colleagues reported a new role for the FMRP
in regulation of PSD-95 mRNA stability (Zalfa et al., 2007). Nevertheless, mutations
in the human DLG3 gene, rather than DL.G4, have been shown to be associated with
X-linked mental retardation (Tarpey et al., 2004). It is believed that the truncating
mutations of DLG3 impair the ability of SAP102 to interact with the NMDA receptor
and/or with other proteins involved in signalling pathways downstream of the NMDA

receptor.

1.6.1.4 Drug addiction

PSD-95 has been implicated in diminished behavioural and synaptic plasticity
associated with psychostimulant drug addition. Reduced levels of PSD-95 have
been found in animal models of chronic psychostimulant abuse (Yao et al., 2004).
In addition, a study examining a direct interaction between the N-terminal region
of PSD-95 and the dopamine D1 receptor revealed that PSD-95 reduces DI
receptor surface expression, reducing dopamine-mediated excitation of medium spiny
neurons and cortical pyramidal neurons (Zhang et al., 2007). Moreover, PSD-95
knockout animals show enhanced DI1-mediated responses. It therefore has been
hypothesised that interactions between D1 receptors, PSD-95 and NMDA receptors

provide a mechanism for simultaneous regulation of surface expression and prevent
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excessive positive feedback generated between the two receptors, altering the balance
between dopaminergic and glutamatergic signalling at individual spines by changing

receptor/scaffold complexes.

1.6.2 Neurodegenerative disorders

Neurodegenerative disorders represent another group of conditions characterised
by alterations in synaptic machinery and disrupted synaptic plasticity. Perturbed
synaptic functions are thought to be secondary to synapses being exposed to
pathologically-modified protein aggregates. For instance, accumulation of different
abnormal protein aggregates, including A/ and hyperphosphorylated tau, a-synuclein,
and Huntingtin are the hallmarks of Alzheimer’s disease, Parkinson’s disease
and Huntington’s disease, respectively. Despite the different proteins underlying
neurodegeneration, all these diseases share synaptic pathology as a common feature.
The abnormal protein aggregates may induce synaptic loss in vulnerable brain areas.
They may also alter synaptic proteins, impair synaptic vesicle transport and alter
synaptic and dendritic morphology. The nature of the synaptic alteration, however,

may not necessarily be the same within each disorder.

1.6.2.1 Alzheimer’s disease

Alzheimer’s disease (AD) is the most prevalent form of dementia in the elderly
population (Scheltens et al., 2016). Patients suffering from AD characteristically
develop progressive memory impairment, cognitive decline, personality changes, and
ultimately, complete dependence on others (Sheng et al., 2012). The Apolipoprotein
E (ApoE) gene is the most important genetic susceptibility factor for the disease, with
the ApoE4 allele increasing the risk for AD threefold to fourfold in heterozygous cases
(Kim et al., 2009; Yu et al., 2014). The neuropathological hallmarks of the disease
are deposition of insoluble extracellular beta-amyloid (A3) plaques and intraneuronal
hyperphosphorylated tau-positive neurofibrillary tangles (NFTs) (Selkoe et al., 2012).
A very small fraction of AD patients (1-5%) have genetic form of the disease with the

majority of AD cases being idiopathic (Gatz et al., 2006).
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The best correlation between cognitive decline and neuropathological changes
is observed with neurofibrillary tangles (Braak and Braak, 1990) and synaptic loss
(Terry et al., 1991), whereas the relationship between the density of AS plaques and
loss of cognition is weaker. This suggests that the loss of synapses is sufficient to drive
AD-related cognitive changes prior to loss of neurons (Selkoe, 2002; DeKosky and
Scheff, 1990).

Although the mechanism for synapse loss is not fully understood, abnormal
tau and amyloid proteins have both been implicated. The role of these proteins in
triggering synaptic loss is still being elucidated. Soluble Af, rather than deposited
plaques, has been considered the trigger for synaptic damage and subsequent cognitive
decline in AD, with tau protein acting downstream of A/ in AD pathology (Ferreira
et al., 2015; Bilousova et al., 2016). This idea is supported by identification of the
pathogenic soluble A species at damaged synapses in AD (Takahashi et al., 2004) and
their association with PSD in vivo (Koffie et al., 2009). The mechanisms of Af toxicity
are, however, not fully understood, but it has been shown that oligomers can interact
with synaptic proteins, including PSD-95 (Pham et al., 2010). Contrary to this, there
is evidence that the loss of neocortical synaptic inputs in AD could be independent
from amyloid deposits (Masliah et al., 1993). Moreover, neurodegeneration in AD
is not a direct result of extracellular A neurotoxicity (Carter and Lippa, 2001). In
addition, synaptic deficits are observed in many neurodegenerative conditions, which
are independent of any A pathology, such as Fronto-Temporal Lobar Degeneration
(FTLD), Progressive Supranuclear Palsy (PSP), or Niemann-Pick Disease Type C
(NP-C) (Jadhav, Cubinkova, Zimova, Brezovakova, Madari, Cigankova and Zilka,
2015). Thus, A pathology on its own may not be sufficient to act as a direct
causal agent for synapse loss (Musiek and Holtzman, 2015). There are only a limited
number of studies reporting tau protein as the direct candidate mediating synaptic
protein loss. Instead, several lines of indirect evidence point to tau pathology being an
important factor in mediating synaptic damage. For instance, as mentioned previously,
tau pathology correlates well with the cognitive decline in patients affected by AD,
it shows stronger correlation with synapse density and synapse loss parallels tangle
formation. Moreover, synapse loss occurs in the same regions as tangle formation in

AD brains (Davies et al., 1987), and higher tangle counts are associated with lower
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levels of presynaptic proteins in AD (Honer, 2003). Finally, neurons with NFTs have
selective synaptic deficits and show a 35-57% reduction in synaptophysin mRNA in
the AD brain (Callahan et al., 2002). Although not definitive at this stage, the evidence
for a well-established relationship between synaptic pathology and tau pathology
appears stronger than for A pathology. Importantly, the modern understanding of AD
incorporates these opposing views into a general scenario proposing synapse failure as

underlying cause of cognitive decline (Lepeta et al., 2016).

In addition to the controversies regarding the causative factors in AD, there are
further debates regarding the exact synaptic component targeted in AD. Early studies
suggested that AD is predominantly a result of presynaptic dysfunction. For instance,
conditional genetic inactivation of presenilins, proteins involved in generation of Af
forms, in the mouse forebrain led to impaired NMDA receptor function, defective
LTP, defective learning and memory, and age-related neurodegeneration (Saura et al.,
2004; Zhang et al., 2009). By genetically disrupting presenilins in hippocampal
presynaptic (CA3) or postsynaptic (CA1) neurons, Zhang et al. (2009) showed that
presynaptic, but not postsynaptic presenilin is required to support normal LTP as well
as short-term plasticity and synaptic facilitation. The preferential presynaptic loss in
AD has originally been documented in studies using electron microscopy (Masliah
etal., 1991). More recently, the presynaptic changes are usually measured by detecting
changes in synaptophysin immunoreactivity, synaptophysin being a synaptic vesicle
protein (Selkoe, 2002). However, preferential reduction in postsynaptic compared
with presynaptic elements has been documented based on decreased levels of drebrin,
a postsynaptic actin-binding protein (Harigaya et al., 1996; Shim and Lubec, 2002).
The pathological changes in PSDs due to dynamic rearrangements caused by proteins,
such as drebrin, could alter the assembling and elimination of PSD components
and subsequently might lead to a fast alteration of synaptic structures underlying
normal function or pathological changes of synapses. Evidence to support this
idea comes from studies demonstrating altered PSDs in pathological states. For
instance, PSDs from frontal cortical regions of patients with AD, isolated and analysed
using proteomic approaches, showed significant alterations in a range of postsynaptic
proteins, including PSD-95 (Gong et al., 2009). The pathological changes in these

PSD proteins could directly or indirectly affect the dendritic spine, synapse function
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and homeostasis (Gong and Lippa, 2010). Further evidence that supports the idea
that the postsynaptic component may also be involved in AD comes from studies
examining tau protein. Historically, tau protein was believed to be mainly confined
to axons, but recent studies indicate that it can also be found in both the nucleus and
dendrites (Zempel et al., 2010; Ittner et al., 2010; Hoover et al., 2010). Importantly,
tau has also been reported to accumulate in the somatodendritic compartment in
AD (Ballatore et al., 2007; Li et al.,, 2011). Tau protein has been found in the
PSD with one study ientifying tau in total synaptosomes isolated from a rat brain
(Mondragén-Rodriguez et al., 2012). However, other studies have failed to reproduce
this finding (Jadhav, Katina, Kovac, Kazmerova, Novak and Zilka, 2015). Even though
evidence points to preferentially presynaptic axonal tau localisation, tau protein has
been shown to migrate to dendrites following synaptic activation (Frandemiche et al.,
2014). Mislocalisation of hyperphosphorylated tau in dendritic spines is thought to
disrupt glutamate receptor trafficking and thus synaptic function (Hoover et al., 2010).
Significantly, in synapses, tau protein has been found to interact with various proteins,
including NMDAR and PSD-95 (Mondragén-Rodriguez et al., 2012). Finally, a recent
meta-analysis of synaptic pathology in AD has clearly demonstrated that both pre-
and postsynaptic components are affected in this neurodegenerative disease (de Wilde
et al.,, 2016). Analysis of 57 synaptic markers revealed that the hippocampus and
the frontal cortex showed similar reduction of synaptic markers, although more
presynaptic markers were affected than postsynaptic markers. Interestingly, the
difference between pre- and postsynaptic markers was the greatest in the hippocampus,

as demonstrated in Figure 1.9 on page 47.

Lastly, several human studies have demonstrated alterations of PSD-95 in AD
indicating the importance of this postsynaptic protein in AD pathogenesis (Love et al.,
2006; Leuba, Savioz, Vernay, Carnal, Kraftsik, Tardif, Riederer and Riederer, 2008;
Leuba, Walzer, Vernay, Carnal, Kraftsik, Piotton, Marin, Bouras and Savioz, 2008;
Proctor et al., 2010). Even though human studies show inconsistent results, they could
be explained by assessment of different anatomical areas and different techniques used.
Animal studies are thought to be limited as they do not show the full spectrum of

pathological changes observed in AD.
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In summary, although there is increasing evidence that synaptic dysfunction is
potentially one of the major determinants of AD, a direct link to disruptions in synaptic
structure and function as the prime cause of AD is missing, and at present, AD could
not be resolved as a simple synaptic dysfunction disorder. However, despite these
limitations in our understanding of AD pathophysiology, there is a need to further
investigate the role of abnormal synapses in AD to reveal their impact on the balance

between the cause and effect in this disease.

Hippocampus (-1.04) Frontal cortex (-1.12) C,ET (-1.56)
Presynaptic: -1.21 Presynaptic: -1.35 Presynaptic: -1.62 Legend

AD = Control

Postsynaptic: -0.33 Postsynaptic: -1.06 Postsynaptic: -1.54 signaling

Figure 1.9 Presynaptic and postsynaptic marker changes in AD.
Schematic representation of presynaptic and postsynaptic marker changes in the
hippocampus, the frontal cortex, C, E, T (cingulate gyrus, entorhinal cortex, and
temporal cortex) in AD. In these areas, presynaptic markers are more affected than
postsynaptic markers and the greatest difference between the synaptic terminals is
seen in the hippocampus. The changes are measured in the standard mean differences
(SDM) between the markers. Image reproduced from an open access article under the
CC BY NC ND licence (de Wilde et al., 2016).
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1.6.2.2 Huntington’s disease

Huntington’s disease (HD) results from a trinucleotide (CAG) repeat expansion in
the huntingtin gene, giving rise to a polyglutamine expansion in the huntingtin
protein. This causes selective degeneration of striatal GABAergic medium-sized
spiny neurons (MSNs) that clinically manifests as movement disturbances (chorea and
bradykinesia), cognitive deficits (dementia), and psychiatric problems (depression).
Notably, wild-type huntingtin protein exists in the PSD and binds to PSD-95.
Specifically, Sun et al. (2001) demonstrated that polyglutamine expansion impairs
the ability of huntingtin protein to bind PSD-95 and promotes neuronal sensitivity
to glutamate-mediated excitotoxicity, which may be important in the pathogenesis of
Huntington’s disease (Sun et al., 2001). Moreover, mutant protein has been found to
alter normal trafficking of postsynaptic receptors in a transgenic model of HD, a finding
that could be exploited clinically. More recently, Fan et al. (2009) demonstrated using a
YAC transgenic mouse model of Huntington disease that uncoupling NR2B-containing
NMDARs from PSD-95 eliminated excess NMDAR neurotoxicity in this system

revealing a possible therapeutic modality for HD (Fan et al., 2009).

1.6.2.3 Parkinson’s disease

Parkinson’s disease (PD) is a movement disorder which can, in some cases, have
associated dementia (Parkinson’s disease dementia). It is caused by progressive
loss of dopaminergic neurons projecting to the striatum. In Parkinson’s disease
dementia the clinical features include fluctuating cognitive impairment with loss of
attention and executive function, visual hallucinations and pathognomonic motor
disturbances of rigidity, pill-rolling tremor, bradykinesia and postural instability. PD
is treated with exogenous L-DOPA to enhance dopamine signalling. Classically,
neuropathology reveals accumulation of the presynaptic a-synuclein protein forming
neuronal intracytoplasmic aggregates called Lewy bodies, and extracellular Lewy
neurites. PD is considered a presynaptic dysfunction, but postsynaptic compartment is
also affected. For instance, L-DOPA diskinetic rats showed abnormal redistribution of

NMDA receptor subunits in the striatum, including an increase in NR2A and a decrease
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in NR2B subunits. The abnormal NR2B redistribution, in particular, was correlated to
abnormal motor behaviour after chronic L-DOPA treatment (Gardoni et al., 2006).
More recently, Chen et al. (2015) demonstrated decreased NMDA-dependent currents
in cultured hippocampal neurones after a-synuclein internalised NMDA receptors

affecting Ca®" signalling (Chen et al., 2015).

1.6.3 Neurological disorders

Glutamate is the major excitatory amino acid neurotransmitter within the CNS
and glutamate receptors are pivotal in mediating excitotoxic brain damage.
Understanding how PSD scaffolding protein-protein interactions may contribute to
NMDA receptor-mediated excitotoxic insults and how alteration of these interactions
can reduce excitotoxic brain damage against glutamate-mediated excitotoxicity is
an important area of research (Aarts et al., 2002). Stroke (lasevoli et al., 2013)
and epilepsy (Ying et al., 2004) are conditions where NMDA receptor-mediated
excitotoxicity has been implicated in their pathogenesis. However, altered interactions
between PSD-95, in particular, and NMDA receptors have been found in other
neurological disorders, including transient global ischaemia, trauma or pain (Arundine
and Tymianski, 2003; Sattler and Tymianski, 2000). Better understanding of how
to disrupt the underlying synaptic interactions may offer better insight into future

treatment of these conditions.

1.6.4 Conclusion remarks

Human brain disorders have a significant impact on affected individuals, families and
society and greater understanding of the role of synaptic proteins in these diseases
is necessary for the development of effective treatment modalities. The underlying
molecular complexity of synapses, however, may be one of the reasons for the lack of
progress in treating many of these disorders (Dieterich and Kreutz, 2016; Reig-Viader

etal., 2017).

The enormous molecular synaptic complexity requires that our understanding

of synapses may need to be adjusted from a belief that synapses are simple connectors
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between neurons to understanding that they are complex dynamic structures capable
of complex computations giving rise to complex behaviours and phenotypes. Perhaps
then, rather than exploring ’single protein default’ science, we should direct our
thinking at changes affecting systems and a constellation of proteins. Alternatively,
we could explore the ’single protein default’, but at a much larger scale - at the whole
brain scale. However, for that we need to take advantage of modern technology
and computational powers available to researchers at present. Fortunately, diverse
techniques of contemporary neuroscience combined with powerful computational

capabilities have started to allow for the new technologies to be implemented.

One such powerful method of synapse quantification will be presented in this

dissertation.
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1.7 FINAL AIMS

There are two aims of this dissertation.

Firstly, to adapt the existing Genes to Cognition Synaptome Mapping
Pipeline (G2CSynMaP), which comprises a standardised synapse imaging platform,
quantification methodology and a bespoke image analysis, developed at the Grant
laboratory to quantify synapses in a genetically modified mouse, to human tissue.
This would lead to development of an automated, high-throughput, single-synapse

resolution quantification method in the human material.

Secondly, to apply the G2CSynMaP pipeline to one of the most common
neurodegenerative brain disorders, Alzheimer’s disease. The hypothesis tested in
the second part of this thesis will be that this novel synapse quantification method
will demonstrate and confirm in accordance with current evidence that a postsynaptic

protein, as exemplified by PSD-95, is altered in pathological human brain disorders.

PSD-95 is one of the most important scaffold proteins in the postsynaptic
proteome. My interest also lay in studying human synapse diversity and how a
disease state affects populations of synapses and their individual characteristics. The
methodology applied here will ultimately lead to the creation of human synaptome
maps that describe and chart excitatory synapses across a number of selected areas
in the human brain tissue. I further hypothesise that the synaptome maps will be
altered in AD. The results can potentially provide better insights into neuropathology
of many other synaptic human brain diseases, particularly those that currently show

little morphological change histologically, such as schizophrenia.

Throughout this thesis any referral to a synapse is synonymous with
postsynaptic density (PSD). The term "PSD-95 synapses" is synonymous with PSD-95

antibody labelled postsynaptic density detected using immunofluorescence.
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1.8 THESIS OVERVIEW

This thesis contains additional five chapters.

Chapter 2 provides a description of the materials and methods used in this
thesis. It characterises the human and mouse brain tissues used, and describes
the immunofluorescence technique and its validation procedures. It also includes
descriptions of proteomic analyses performed on the same human cohort in our

laboratory, courtesy of Dr Marcia Roy.

Chapter 3 presents the validation of immunofluorescent labelling using PSD-95
antibody in human tissue. Human and mouse controls are presented as well as the

results of validation with proteomic techniques.

Chapter 4 describes the generation of PSD-95 synaptome maps in 20 human
brain areas using G2CSynMaP analysis. These data were acquired using LSCM in
human control brain tissue. Detailed descriptions of PSD-95 IF distribution across the
human brain are provided as well as their comparison with a genetically modified
mouse developed in the Grant laboratory. Presented are comprehensive data to
illustrate inter-regional and intra-regional PSD-95 synaptic puncta heterogeneity in the

human brain.

Chapter 5 provides an example of a clinical application of the human
G2CSynMaP analysis to a human disorder. I will demonstrate how the novel PSD-95
IF quantification method can be successfully used to observe the re-organisation of the
PSD-95 synaptome in pathology. These data were acquired using SDM and are based
on human brain tissue obtained from Alzheimer’s disease patients through the MRC
Edinburgh Brain Bank. Re-organisation of hippocampal PSD-95 synaptic puncta IF
maps will be presented. These comprehensive data are set to show how hippocampal

PSD-95 synapses are modified by disease at individual and subregional levels.

Chapter 6 concludes with an overall discussion on the importance of our novel

synapse quantification method and its possible future applications.
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2.1 BRAIN TISSUE - HUMAN

2.1.1 Ethical approval

Post-mortem human brain tissue was obtained from the Medical Research Council
UK (MRC) funded University of Edinburgh Sudden Death Brain and Tissue Bank
(SDBTB). All procedures were approved by East of Scotland Research Ethics Service
(EoSREC) 1 under tissue bank generic ethical approval for peer-reviewed projects

(REC reference 11/ES/0022).

2.1.2 Human subjects

2.1.2.1 Control cases

There were two groups of control subjects used in this study. The first control
group comprised brain tissue obtained from 4 control subjects (3 males, 1 female;
mean age in years = SD : 51£6.9) that was used to perform the PSD-95 mapping
study using LSCM. The second group of control subjects was included in order to
examine the hippocampal PSD-95 distribution in disease (9 males, 5 females; mean
age in years £ SD : 60.07£10.13). Details of all human subjects used in this
PhD project are listed in Table 2.1 on page 60. None of the control subjects had
a history of dementia, neurological or psychiatric disorders. Human brain tissue
donated to the SDBTB was processed according to the departmental protocols. Briefly,
formalin-fixed paraffin-embedded 4 pm tissue sections are stained with haematoxylin
and eosin (H&E) for routine neuroanatomical and neuropathological surveys. Selected
sections are stained with a panel of antibodies, which include phosphorylated tau
for neuronal and glial inclusions, $-amyloid for vascular and parenchymal amyloid
deposition, ubiquitin for ubiquitinated aggregates and/or a-synuclein for Lewy body
pathology. This panel however is not exhaustive and other relevant antibodies may
be used depending on the clinical and neuropathological findings. Gross anatomical
and microscopic examinations of the brain tissue revealed only low neuropathological

changes in the control brains. As human tissue is a scarce resource, tissue samples
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were chosen from the left and right sides depending on tissue availability (Table B.1

on page 314). Information about handedness of human subjects was not available.

In contrast to biopsy material, human post-mortem brain tissue is more
accessible for research. Ethical factors and the logistics of obtaining biopsy material
from healthy controls are the main difficulties in obtaining biopsy specimens (Kay
etal.,2013; Jones et al., 2017). However, the use of post-mortem material is associated
with several limitations, the major being the post-mortem time (PT), i.e. the time from
person’s death to tissue fixation. Animal tissue is typically fixed by perfusion with
no PT delay (PMD). Similarly, the human biopsy material can be fixed in formalin
immediately after removal from the brain at surgery with no PT delay. However,
the post-mortem tissue is almost never fixed immediately after death. Instead it is
fixed after autopsy, which can be delayed several hours or days after demise. Yet,
studies have shown, that the longer the PT delay, the larger time-induced detrimental
changes are seen at the genetic, molecular, biochemical and structural levels in the
tissue (Gonzalez-Riano et al., 2017). Importantly, PT delay has recently been shown to
affect immunohistochemical staining of common markers used to analyse post-mortem
tissue from control and diseased brains (Gonzalez-Riano et al., 2017). The same study
further demonstrated that the levels of some metabolites are also affected in the autopsy
material. Therefore knowledge of which markers are affected by PMD is important.
Consequently, it is vital that the post-mortem tissue is well characterised and any
results obtained using such material should consider the impact of PT delay factors
on final conclusions. This should be particularly relevant when extrapolations from
animal in vivo or functional data, not affected by PMD artefacts, are made to the human
data without considering the PMD factors. For these reasons, post-mortem tissue
collected by brain banks is assessed by a range of tissue quality markers, including
post-mortem delay (PMD), tissue pH and RNA preservation using RNA integrity
number (RIN) value (Millar et al., 2007). However, certain ante-mortem events, such
as fever, anoxia and hypovolaemia, may have more profound adverse effects on the
quality of brain tissue than post-mortem quality markers, such as short PMD at less
than 24 hours. It is worth noting that no significant changes in the pH of the CSF or
brain samples are thought to occur within a 24 hour PMD. The PMD in this project

was calculated from the time of death to the time of removal of the brain from the skull
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at autopsy (Trabzuni et al., 2011). All these quality markers were available from the

SDBTB, as illustrated in Table 2.1 on page 60.

A tissue quality marker routinely recorded in the SDBTB databases is RIN
number. Since PMD is thought to have a limited effect on mRNA quality (Harrison
et al., 1995; Tomita et al., 2004; Trabzuni et al., 2011), the RIN measurement has been
used to assess integrity of mRNA more reliably. All extractions and purification of
RNA are performed by the Brain Bank neuropathology staff according to the existing
protocols (Trabzuni et al., 2011). The RIN values are obtained using the Agilent 2100
Bioanalyzer (Agilent Technologies, UK Ltd). RINs and total RNA electropherograms
are calculated by the 2100 Expert Software (Agilent Technologies, UK Ltd). The
software algorithm analyses electrophoretic profiles of mRNA producing a numerical
scale from 1 to 10, with 1 reflecting the most degraded RNA and 10 the most intact

RNA. For very short PMI, RIN values above 7 are best for molecular research methods.

Another quality marker recorded by the SDBTB is the brain pH. It is obtained
at post-mortem using a portable Hanna HI8424 hand-held pH meter with a glass bodied
electrode (Fisher Scientific, Loughborough, UK). A single pH measurement from the
lateral ventricle is obtained as it has been previously demonstrated that the pH does not
vary between different brain regions (Stan et al., 2006; Monoranu et al., 2009). Brain
pH is considered the most important post-mortem factor influencing RIN-based RNA
integrity (Durrenberger et al., 2010; Monoranu et al., 2009; Trabzuni et al., 2011).
Generally, a pH above 6.0 is considered the optimum for RNA preservation (Trabzuni

et al., 2011).

In addition, the tissue from the initial 4 control cases was concomitantly
assessed in the Grant laboratory for synaptic protein degradation using HUSPIR value
(Bayés et al., 2014). The 4 control cases were specifically selected for the mapping
study, as HUSPIR values and thus synaptic proteome integrity was already known for
all the areas surveyed. In a separate experiment, further cases, including additional
controls and AD subjects used in this study, were tested in Prof Tara Spires-Jones’
laboratory for synaptic protein integrity using HUSPIR. Two further subjects (one
control (SD63/13) and one AD (SD64/13)) have been tested and used in a publication

(Henstridge et al., 2015), and they both showed good synaptic protein preservation.

56



MATERIALS AND METHODS

2.1.2.2 Alzheimer’s Disease cases

The second part of the project examines the pathological human brains and included
patients with evidence of abnormal tau deposits at the neuropathological examination.
The extent of these tau deposits further subclassified cases into two tau stages: a
Braak neurofibrillary tau tangle stage II and a Braak neurofibrillary tau tangle stage
VI. The AD cases in this thesis were primarily selected on the basis of a Braak tangle
stage of II for mild cognitive impairment/early AD group and Braak tangle stage of
VI with a clinical diagnosis of dementia for the late AD group. The demographic
characteristics of the AD groups have been shown previously in Table 2.1 on page 60.
These two Braak stages, II and VI, were chosen to represent the early and late stages
of AD disease, respectively. However, there are important limitations to the use of
this terminology for the AD patient cohorts. The neuropathological diagnosis of AD
requires fulfilment of the Consortium to Establish a Registry for Alzheimer’s disease
(CERAD) of "definite AD’ criterion in addition to a Braak tangle stage (i.e., according
to the NIA-Reagan criteria stipulating that a high likelihood of a dementia is caused
by AD pathology) (McKhann et al., 2011). This means that AD diagnosis requires
ante-mortem history of dementia that can be then correlated with the Braak stage
at neuropathological examination. It is, however, recognised that even this current
classification system is flawed. The neuropathology of AD may be found across a
broad clinical spectrum, which encompasses people who are cognitively normal, those
with mild cognitive impairment, and those with dementia. Furthermore, patients with
early Braak stages, i.e. the entorhinal stage I and II, may not display any cognitive
symptoms. Moreover, it also is known that a proportion of neurologically intact
individuals have hippocampal tau deposits, but show no evidence of dementia, and this
is a part of their normal ageing process. At current state of knowledge, it is difficult to

distinguish age-related changes from effects of undetected disease.

Throughout this thesis, I use the term AD to encompass the neuropathological
diagnosis of AD, which includes the Braak stages. This is an important shortcoming in
the definition of "AD groups" in this study limited by the fact that relevant clinical
information was also limited for the entire cohort. However, as far as could be

ascertained, none of the individuals in controls and Braak stage II (also referred to
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as early AD) had history of dementia and of the 8 cases in the Braak stage VI (referred
to as late AD) in only one case there was no information available about the patient’s

dementia status (Table 2.2 on page 61).

Finally, the limited availability of human cases meant that the majority of AD
cases, primarily selected to this study based on Braak stages, included individuals,
who were also consented to participate in the Lothian INtraCerebral Haemorrhage,
Pathology, Imaging and Neurological Outcome (LINCHPIN) study. This prospective
community-based study examined the causes of intracerebral haemorrhage using
research autopsy in case of death (Samarasekera et al., 2015). Although care
was taken to include only patients with anatomically intact hippocampi, it is not
possible to exclude a potentially confounding effect of having double pathology, such
as vascular disease and tau pathology, on PSD-95 synaptic puncta quantifications.
Synaptic proteins levels have been reported to be altered in vascular dementia (Sinclair
et al.,, 2015). Moreover, many patients have concomitant Alzheimer’s disease and
cerebrovascular disease, but lack of distinguishing features of dementia for these two

conditions, is a recognised limitation of current diagnostic criteria.

2.1.3 Post-mortem procedures

At post-mortem examination (PME), brains were macroscopically dissected into 1
cm-thick coronal slices and sampled according to the SDBTB protocol (Samarasekera
et al., 2013). Small tissue blocks were immediately fixed in 10% formaldehyde
between 24-72 hours prior to further tissue processing and embedding in paraffin wax.
The blocks were sampled from 13 neocortical areas (frontal x6, temporal x3, parietal
x1 and occipital x2), 1 allocortical area (hippocampus), 2 subcortical grey matter
areas (thalamus and caudate nucleus) and 4 infratentorial regions (midbrain, pons,
medulla and cerebellum). An overview of the anatomic regions and subregions are
summarised in Table 2.3 on page 62 and their location within the human brain is shown
in Figure 2.3 on page 92. The 13 neocortical areas are defined as Brodmann’s regions
and include sensory (visual (BA17 and BA19), auditory (BA41/42)), motor (BA4),
premotor (BA6/8), associative frontal (dorso-lateral (BA9, BA46), ventro-lateral
(BA44/45), orbital (BA11/12)), associative temporal (BA20/21, BA38), associative
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parietal (BA39) and associative occipito-temporal (BA37) regions. A brief summary

of the cortical areas is provided in Table B.2 on page 315.

The pathological changes in neurodegenerative diseases are present throughout
the brain parenchyma; however, careful selection of representative areas can allow for
diagnosis of many disease entities (King et al., 2013). The choice of the anatomic
regions examined in this study was restricted by the availability of all 20 blocks for
all four control cases. Tissue blocks were macroscopically dissected by experienced
pathologists according to the standard protocol of the SDBTB (Samarasekera et al.,
2013). The selection of blocks closely followed topographical brain anatomy using
patterns of the sulci and gyri. Regions of interest were further identified using an
atlas of human brain (Mai and Paxinos, 1997). Nissl-stained sections from blocks
immediately adjacent (where possible) to those used for immunofluorescence were
examined to assess and confirm the distinctive cytoarchitectural features of various
areas. In addition, absence of neuropathological findings was confirmed by routine
examination of immunohistochemical and special stains available from the department
of academic neuropathology. Some of the stains and markers available include H&E,

phosphorylated Tau (pTau), amyloid-5 (A5), p62, CD68, ubiquitin and others.

In the first part of this study, a total of eighty 4 pum-thick formalin-fixed
paraffin-embedded sections were labelled using the immunofluorescence technique.
The same staining methods were followed for all 4 subjects. However, the staining
procedure was adjusted for the SDM control groups; nevertheless all of the subjects

within this group were labelled in the same way, as will be described in later chapters.
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Table 2.1 Characteristics of human subjects

No ID Group Age Sex PMD Brain Brain RIN Cause
(years) (hours) weight pH value of

(g) death

1 SD25/13 Control (CTL) 47 M 31 1690 6.50 5.30 CAA
2 SD36/13 Control (CTL) 51 M 141 1510 6.30 5.85 HPC
3 SD23/13 Control (CTL) 53 M 103 1650 6.10 5.65 CAT
4 SD29/13 Control (CTL) 58 M 90 1470 590 4.80 PE
5 SD38/13 Control (CTL) 58 M 49 1260 590 4.90 CAA
6 SD03/14 Control (CTL) 59 M 74 1500 6.10 6.10 MI
7 SD32/13 Control (CTL) 61 M 99 1270 6.20 6.15 HPC
8 SDO05/14 Control (CTL) 63 M 42 1460 6.30 4.50 HPT
9 SD24/15 Control (CTL) 78 M 39 1290 6.17  6.50 LBC
10 SD42/13 Control (CTL) 46 F 27 1210 6.50 4.90 MI
11 SD10/15 Control (CTL) 57 F 113 1300 592  6.95 CAA
12 SD35/14 Control (CTL) 59 F 53 1280 6.30 5.00 CAA
13 SD14/13 Control (CTL) 74 F 41 1520 6.30 5.80 PE
14 SD63/13 Control (CTL) 77 F 72 1320 6.50 5.60 LBC
1 SD43/13 Braak II (Early AD) 67 M 77 1360 N/A  6.05 ICH
2 SD28/14 Braak II (Early AD) 72 M 22 1430 6.40 3.75 ICH
3 SD09/14  Braak II (Early AD) 83 M 39 1460 6.50 3.60 ICH
4 SD60/13  Braak II (Early AD) 84 M 115 1443 6.30 5.25 ICH
5 SD31/12 Braak II (Early AD) 68 F 80 1250 6.20 4.80 BIS
6 SD13/14 Braak II (Early AD) 74 F 32 1316 6.30 3.20 ICH
7 SD11/14 Braak II (Early AD) 90 F 35 1040 6.20 495 ICH
8 SD40/14 Braak II (Early AD) 90 F 90 1302 6.02 3.25 ICH
9 SDO01/14 Braak II (Early AD) 91 F 93 1260 6.30 3.70 ICH
10 SDI18/14 Braak II (Early AD) 91 F 25 1060 590 3.70 ICH
1 SD34/13 Braak VI (Late AD) 60 M 28 1389 N/A 420 AD
2 SD39/13 Braak VI (Late AD) 86 M 21 1527 6.00 3.50 ICH
3 SD62/13 Braak VI (Late AD) 87 M 58 1420 6.50 5.30 ICH
4 SD64/13 Braak VI (Late AD) 57 M 58 1200 590 N/A AD
5 SD11/13 Braak VI (Late AD) 75 F 102 833 N/A  N/A AD
6 SD18/13 Braak VI (Late AD) 73 F 96 1090 6.20 5.50 AD
7 SD02/14 Braak VI (Late AD) 87 F 89 1270 590 5.20 VD
8 SD32/14 Braak VI (Late AD) 81 F 60 1289 6.50 3.70 ICH

Abbreviations: AD - Alzheimer’s Disease, CAA - Coronary artery atherosclerosis,
HPC - Haemopericardium, CAT - Coronary artery thrombosis, PE - Pulmonary
thromboembolism, HPT - Haemoptysis, MI - Myocardial infarction, ICH -
Intracerebral haemorrhage, BIS - Bowel ischaemia, VD - Vascular disease, LBC -
Lothian Birth Cohort. F - female, M - male, N/A - not available. PMD - post-mortem
delay. RIN - RNA integrity number. Throughout this thesis Braak II group is referred
to as "Early AD or AD2" and Braak VI group is referred to as "Late AD or AD6". For
the control group an alternative name of "CTL" is used.
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Table 2.2 Neuropathological staging of human tissue

No ID Hxof Thal Braak CERAD CAA APOE HUSPIR
Dementia AS  NFT ele
1 SD25/13 No 0 0 0 0 3/3 2.52
2 SD36/13 No 0 0 0 0 3/3 0.92
3 SD23/13 No 0 0 0 0 3/4 3.75
4  SD29/13 No 0 0 0 0 3/4 2.19
5 SD38/13 No 0 0 0 0 3/3 0.87
6 SDO03/14 No 0 0 0 0 3/3 3.59
7  SD32/13 No 2 I 1 0 3/4 3.94
8  SDO05/14 No 0 0 0 0 3/4 1.75
9  SD24/15 No 2 I 1 0 3/3 1.26
10 SD42/13 No 0 0 0 0 3/3 1.83
11 SDI10/15 No 0 0 0 0 3/3 1.56
12 SD35/14 No 0 0 0 0 3/4 2.19
13 SDI14/13 No 0 0 0 0 3/3 4.88
14 SD63/13 No 2 I 1 2 3/2 0.72
1 SD43/13 No 1 II 1 0 3/3 0.69
2 SD28/14 No 1 II 1 1 3/4 0.76
3 SD09/14 No 4 II 3 2 3/3 0.29
4  SD60/13 No 0 I 0 0 3/3 0.57
5 SD31/12 No 2 II 2 1 3/4 0.83
6 SDI13/14 No 4 II 3 3 2/4 1.89
7 SDI11/14 No 1 11 1 0 2/3 1.49
8  SD40/14 No 2 II 2 3 3/3 0.41
9 SDO01/14 No 2 I 2 1 3/3 0.96
10 SDI1&/14 No 4 II 3 0 3/4 0.54
1 SD34/13 Yes 3 VI 2 3 4/4 0.80
2 SD39/13 Yes 4 VI 3 1 3/4 0.61
3 SD62/13 Yes 5 VI 3 3 3/3 247
4  SD64/13 Yes 5 VI 3 1 3/4 0.96
5 SDI11/13 Yes 4 VI 3 3 N/A N/A
6 SDI8/13 Yes 5 VI 3 0 4/4 1.87
7  SD02/14 Yes 3 VI 3 3 3/3 3.38
8 SD32/14 N/A 2 VI 3 3 N/A 0.86

Abbreviations: Hx of Dementia - History of Dementia; CERAD - Consortium to
Establish a Registry for Alzheimer’s disease; APOE, apolipoprotein E; HUSPIR,
HUman Synaptic Protein Integrity Ratio; N/A - Not available. The APOE genotypes
and HUSPIRs were performed on area BA41/42, except in two cases (SD36/13 and
SD31/12) where it was performed on frontal and temporal samples, respectively
(Brodmann’s areas were not specified).
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Table 2.3 Human brain areas analysed in this study

—

Neocortex

D S A e

—_ = = =
W= o

Motor cortex (BA4)

Premotor cortex (BA6)
Dorsolateral prefrontal (BA9)
Orbitofrontal (BA11/12)
Occipital (BA17)

Occipital (BA19)

Inferior temporal (BA20/21)
Occipitotemporal (BA37)
Temporal polar (BA38)
Inferior parietal (BA39)
Superior temporal (BA41/42)
Ventrolateral prefrontal (BA44/45)
Dorsolateral prefrontal (BA46)

Allocortex

»—
&

Hippocampus (HC)

- Cornu ammonis 1 (CAl)
- Cornu ammonis 2 (CA2)
- Cornu ammonis 3 (CA3)
- Cornu ammonis 4 (CA4)

- Dentate Gyrus (DG)

Subcortical areas 15.

16.

Thalamus (TH)
Caudate nucleus (CN)

Cerebellum 17.

Cerebellum (CB)

- Granular cell layer (GL)
- Molecular cell layer (ML)

Brainstem areas  18.

Midbrain (MB)

- Periaqueductal grey (PAG)

- Substantia nigra (SN)
19. Pons (PO) - Locus coeruleus (LC)
- Pontine nuclei (PN)
20. Medulla (MD) - Inferior olivary nucleus (ION)

- Hypoglossal nerve (CNXII)

BA, Brodmann’s area; TH, thalamus; CN, caudate nucleus; HC, hippocampus; CA,
cornu ammonis; DG, dentate gyrus; CB, cerebellum; GL, granular cell layer; ML,
molecular cell layer; MB, midbrain; PAG, periageductal grey; SN, substantia nigra;
PO, pons; LC, locus coeruleus; PN, pontine nuclei; MD, medulla; ION, inferior olivary
nucleus; CNXII, nucleus of cranial nerve XII (the hypoglossal cranial nerve).

62



MATERIALS AND METHODS

2.2 OVERVIEW OF HUMAN TISSUE ANALYSES

This thesis describes the distribution of the PSD-95 in two broad human cohorts using

immunofluorescence.

The first cohort, referred to as LSCM-acquired samples, comprises 4 control
cases that were concomitantly studied by Dr Marcia Roy in the Grant laboratory. Using
proteomics approaches, Dr Roy supervised two additional types of proteomic analyses
performed on this cohort: HUSPIR value analysis and Western blotting. In particular,
these 4 human controls had all 20 human areas examined for protein degradation using
HUSPIR value, as published in (Bayés et al., 2014). In addition, there was Western
blot analysis performed on 12 cortical areas (manuscript in preparation by Dr Marcia

Roy).

The second cohort, referred to as SDM-acquired samples, comprises 32
human subjects from whom only hippocampus has been examined. In addition to
immunohistochemistry, most tissue was analysed for synaptic protein degradation

using HUSPIR value. In addition, cases were ApoE genotyped.

2.2.1 HUSPIR analysis of LSCM-acquired samples

Due to the limited availability of brain biopsies from living patients, most human
studies use post-mortem tissue. However, one of the limitations of the use of
post-mortem samples is the variable proteolytic tissue degradation, which precludes
detailed molecular analysis. While standard brain quality indicators, such as PMI,
pH or RIN values are widely used to monitor the quality of post mortem tissue,
they are thought to poorly predict the integrity of the postsynaptic proteome from
tissue obtained from brain banks. A new quantitative biochemical quality marker,
Human Synapse Proteome Integrity Ratio (HUSPIR), recently described by the
Grant laboratory, has been developed to assess synapse proteomes. HUSPIR value
is obtained by analysing GluN2B subunit of the N-methyl-D-aspartate receptor
(NMDAR) immunoblots which show a normal intact 180 kDa band (referred to as

Bandl) along with two additional lower bands (Band2 and Band3) when there are
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degradation products in the PM samples. To estimate the extent of degradation of PM
samples, as assessed by HUSPIR, the ratio of Band1/Band?2 intensity is calculated.
HUSPIR value equal or above 1 is thought to reflect a high quality synapse proteome

tissue.

The HUSPIR values for the 20 brain areas from the 4 control subjects used in
this thesis have previously been published in (Bayés et al., 2014), and the method of
obtaining HUSPIR values for the LSCM cohort is reproduced below. The values for

each case and area were kindly provided by Dr Marcia Roy.

2.2.1.1 Sample preparation

In order to prepare the samples for the HUSPIR analysis, the synaptic proteins are
isolated from post-mortem tissue. Human tissue was homogenised using a glass-teflon
dounce at a tissue weight: buffer volume ratio of 100 mg: 1 ml. The homogenising
buffer contained 0.32 M sucrose, 10 mM HEPES pH 7.4, 2 mM EDTA, 5 mM
sodium o-vanadate, 30 mM NaF and a protease inhibitors cocktail (Roche). The
homogenised tissue was centrifuged at 800 x g for 15 min at 4°C; supernatant removed
and centrifuged at 10,000 x g for 15 min. The pellet was resuspended in Triton buffer
(50 mM HEPES pH 7.4, 2 mM EDTA, 5 mM EGTA, 5 mM sodium-O-vanadate, 30
mM NaF, 1% Triton X-100 and protease inhibitors cocktail (Roche)) with half the
volume used for homogenisation. The sample was then centrifuged at 30,000 x g for
30 min at 4°C and the final pellet was re-suspended in 200 p1 of SDS buffer (50 mM
Tris pH 7.4, 1% SDS) and used for immunoblotting.

2.2.1.2 NR2B immunoblot and protein degradation quantification

Following the extraction of the PSD proteins from all the regions of the four human
control brains, they were subsequently separated by SDS-PAGE. On each SDS-PAGE,
a triplicate has been performed for each brain sample. Similarly, the four brains for the
same cortical region have been separated on the same gel allowing us to compare these
results. Immunoblotting for NR2B was then performed to assess the Band1/Band2

ratio. In addition, a separate immunoblot for PSD-95 protein was performed to
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determine the amount present in each sample.

The protein concentration was determined using the Bradford assay (1X
Bradford Quickstart Reagent, Biorad). For immunoblotting, 10 ug of total protein was
resolved on 4-12% NuPage precast SDS-PAGE gels. In particular, protein samples
were mixed with 4X NuPage LDS sample buffer (Novex, Invitrogen) plus 0.1 M
of dithiothreitol (DTT). Samples were boiled and separated using 4-12% NuPage
Bis-Tris gels (Novex, Invitrogen). Proteins were electrophoretically transferred to
PVDF membrane (Millipore) at 10V for 2 hours in order to ensure efficient transfer

of high molecular weight proteins using a semi-dry transfer system (Bio-Rad).

The membrane was blocked for one hour at room temperature in 5% milk
(diluted in 1X PBS - 0.1% Tween 20) then washed three times for 5 minutes in 1X
PBS - 0.1% Tween 20. These washing conditions were used after incubation with
primary and secondary steps. The membrane was incubated overnight at 4°C with
the primary antibody (diluted in 1% milk, 1X PBS - 0.1% Tween 20). The secondary
antibody, conjugated to horseradish peroxidase (diluted in 1% milk, 1X PBS - 0.1%
Tween 20), was added for one hour at room temperature. In order to display the
bands, the membrane was incubated for 60 seconds with Super Signal West Femto
Maximum Sensitivity Substrate (Thermo Scientific) and the image was acquired using

the Odyssey Fc (LI-COR).

Mouse anti-NR2B (1:1000, BD Biosciences) was used as the primary
antibody. Sheep anti-mouse IgG-horseradish peroxidase (1:40000, GEHealthcare)
was used as the secondary antibody. Protein expression levels were quantified using

ImageStudioLite software.

2.2.1.3 PSD-95 immunoblot quantification

In a separate experiment, PSD-95 quantification in each of the above sample was
determined by Western blot analysis. Tissue sample preparation and protein separation
was identical to the methods used for determining the HUSPIR values described above.
The primary antibody used was rabbit anti-PSD-95 (1:6000, LifeSpan Biosciences).
The secondary antibody used goat anti-rabbit IgG-horseradish peroxidase (1:40000,
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GEHealthcare). Protein expression levels were quantified using ImageStudioLite
software. The analysis description as well as the results of this analysis were kindly

provided by Dr Marcia Roy.

2.2.2 HUSPIR analysis of SDM-acquired samples

Measurement of post-mortem synaptic protein stability was also performed for the
SDM cohort. Similarly to the LSCM samples, in order to establish synaptic protein
degradation using the HUSPIR value (Bayés et al., 2014), synaptic proteins were
extracted from frozen human brains and processed for Western blots. Fresh frozen
samples from cortical area BA41/42 were collected from all cases where available.
In two cases, SD36/13 and SD31/12, frontal and temporal cortical areas, respectively,
were used instead, as BA41/42 areas were not available in the brain bank. Frozen tissue
was not available in one case - SD11/13. The HUSPIR value for case SD32/14 was
performed on an earlier occasion, and additional tissue was not available for further
analysis. The HUSPIR analysis of the SDM-acquired samples was carried out in Prof

Tara Spires-Jones’ laboratory.

2.2.2.1 Sample preparation

Frozen tissue was removed from -80°C and individually homogenised using a
pre-cooled dounce homogeniser filled with 500 pL ice-cold buffer A (a few short
strokes were applied to disrupt the tissue, followed by fifteen 6-12 o’clock strokes
to homogenise the tissue). Buffer A was made by mixing 25 mmol/L HEPES [pH 7.4],
1 tablet of complete EDTA-free protease inhibitor (Roche, UK, Product no 04 693 159
001), and phosphatase inhibitor cocktail set V (Calbiochem, USA, Product no 524629).
A 500 pL aliquot was saved from each case sample. Each aliquot was mixed with 200
pL water and 75 pl 10% SDS and boiled to prepare the total extract. The protein
concentration in each extract was quantified using a bicinchoninic acid assay (Pierce
R BCA Protein Assay, USA, Product no 23224), according to the manufacturers
instructions and using a spectrophotometer (Dynex Technologies). Equal amounts of

proteins were then analysed by SDS-PAGE.
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2.2.2.2 NR2B immunoblot and protein degradation quantification

An equal volume of 35 ym of 2x Laemmlin buffer (Sigma, Product no S3401-1VL)
was added to each protein sample to normalise protein concentration. The total
volume of each sample was 70 L. The samples were boiled at 100°C for 5 minutes,
and then cooled to room temperature (and centrifuged at 13,000 for 10 s to collect
condensation). Samples were then analysed by SDS-PAGE. NuPAGE® 4-12%
Bis-Tris gels 1.0 mm x15 well (Invitrogen, Product no NP0323BOX) were used to
perform separation of all proteins with a molecular weight less than ~130 kDa. 20x
NuPAGE® MES SDS running buffer (Novex, USA, Product no NP0O002) was used for
running Bis-Tris gels following diluting it 1:20 with dH20O. The SDS-PAGE gels were
run in Invitrogen Novex® Mini-Cell (Invitrogen) with wells facing into the central
chamber. The seals were closed and the central chamber filled with the running buffer.
The running buffer was added to the outside chamber until it was higher than the foot
of the gel. Fourteen microliter of each (1.5 mg/mL) protein sample was loaded into
each of lane 2-15 of the gel one and lane 2-8 of the gel two. Protein loading was
undertaken using Hamilton syringe with distilled water washes between each load. 14
1L was added to each well to avoid spillage. Five pL. of molecular weight markers
(Li-COR) were loaded into lane 1 of each gel at the end. The Novex® Mini-Cell tank

was then connected to a power supply (Bio-Rad, Germany) and run at 95 V for 3 hours.

Upon the completion of the SDS-PAGE electrophoresis, transfer and blotting
of protein were undertaken. The chilled transfer buffer was made by mixing 28.8 g
of glycine, 6 g of Tris Base, 400 mL of methanol, all made up to 2 L with dH20.
A Nitrocellulose membrane (Bio-Rad, Germany, Product no 162-0112) was placed
in the cold transfer buffer. Transfer sponges (Bio-Rad, Germany) and 3 mm blotting
paper (Whatman) were soaked in the cold transfer buffer. The bonded sides of gel
cassettes were separated with the end of a metal spatula and the gels were carefully
removed from cassettes. The western transfer stack was assembled in a Mini-Transblot
Electrophoretic Tranfer Cell (Bio-Rad, Germany) making sure air bubbles between the
Nitrocellulose membrane and gel were eliminated. The transfer cell assembly was as

follows: (2 sandwiches per tank)
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Black side of cassette

2 pads

1 blotting paper

1 SDS-PAGE gel

1 Nitrocellulose membrane

1 blotting paper

1 pad

1 blotting paper

1 SDS-PAGE gel

1 Nitrocellulose membrane

1 blotting paper

2 pads

Clear side of cassette

The blot modules were placed into a chamber and filled with the transfer buffer,
which was subsequently connected to a power source (Bio-Rad) and transferred at 30V

for 120 min.

The Nitrocellulose membranes were removed from the western transfer
assembly, cut into four pieces and each placed directly into four small containers
filled with a 10 mL blocking solution comprising 5 mL of Odyssey® blocking buffer
(Product no 927-400000) diluted in 5 mL of PBS to prevent desiccation. The blocking
lasted for an hour at room temperature. The primary antibody was subsequently
diluted in Odyssey® blocking buffer with 0.1% tween-20 mixed with 5 mL PBS.
The membranes were incubated overnight at room temperature on the shaker. The
total volume of antibody diluent was 10 mL per membrane/container. Twenty-four
hours later, the membranes were washed 6 times, 5 min each at room temperature
in PBS with 0.1% Tween. The secondary antibody (Donkey anti Mouse, Li-COR,
Product no 926-32212) was diluted 1:5000 in saved Odyssey® blocking buffer for
60 min at room temperature on the shaker. The primary antibody used was mouse
anti-NMDAR2B (BD Biosciences, 1:500, Product no 610416). Protein expression
levels were quantified using ImageStudioLite software. The results of quantification

are presented in the Appendix in Figure A.1 on page 310.
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2.2.3 ApoE genotyping of SDM-acquired samples

The ApoE genotyping of the SDM subjects was carried out in Dr Tara Spires-Jones’
laboratory. The process was divided into two phases: extraction of DNA from frozen

tissue and polymerase chain reaction (PCR) analysis.

2.2.3.1 DNA extraction for PCR

In order to perform ApoE genotyping, DNA was extracted from frozen human tissue
stored at -80°C until the time of DNA extraction. Isolation of DNA was performed
using a standard DNA extraction kit - QIAamp® DNA Mini Kit (Qiagen, Germany,
Product no 51304) according to the manufacturer’s protocol, as described previously
(Koffie et al., 2012). The extracted DNA was used as the template for polymerase

chain reaction.

2.2.3.2 PCR analysis

The ApoE genotyping technique used in this study was based on restriction fragment
length polymorphism (RFLP) and was performed on 22 cases. Briefly, to perform
RFLP, PCR amplification of the single nucleotide polymorphism (SNP)-containing
DNA region is undertaken first. This step is then followed by specific restriction
enzyme cleavage of the PCR product to generate allele-discriminating DNA fragments

(Ingelsson et al., 2003). Oligonucleotide sequences are listed in Table 2.4 on page 71.

DNA samples were amplified through PCR using
forward  primer 5’-taagcttggcacggctgtccaagg-3’ and  reverse primer
5’-ggcagtgtaccaggccggggcgaattctgt-3°.  The PCR mixture consisted of 10 ul of
Master Mix containing 0.5 ul of each primer, 1x DNA Taq amplification buffer (NE
BioLabs, UK, Product no M0273), 200 M each deoxyribonucleotide triphosphate
(ANTP) (NE BioLabs, UK, Product no N0447L), 2 ul dimethyl sulfoxide (DMSO)
(NE BioLabs, UK, Product no 12611) and 5.5 p1 of dH20 to which 1.5 ul of genomic
DNA and 1.25 units of Tag DNA polymerase (NE BioLabs, UK, Product no M0480)
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were added separately to make up a total volume of 20 pl per sample.

After an initial denaturing step of 94°C for 10 min, the PCR was performed
(Thermal Cycler, AB Applied Biosystems) for 32 cycles for denaturation at 94°C for
30 sec. The annealing temperature was set to 56°C for 30 seconds and the extension
temperature was 72°C for 60 seconds. A final extension step of 72°C for 4 minutes

was also included.

The PCR products were analysed by restriction pattern of ApoE alleles. In
order to achieve this, the PCR products i.e. the amplified DNA, were digested with
Hha I restriction fragment endonuclease (NE BioLabs, UK, Product no RO139S) for
3 hours at 37°C. The digested DNA fragments were separated by electrophoresis on
a 20% TBE acrylamide gel (Invitrogen, Product no EC63155BOX) at 130 volt for 2
hours along a 100 bp DNA ladder (NE BioLabs, UK, Product no B7025S). Finally,
the polymorphic patterns were visualised by ethidium bromide staining using UV
transillumination. Raw ApoE genotyping gels are presented in the Appendix in Figure

A.2 on page 311.
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Table 2.4 ApoE primers used to genotype human tissue

ApoE DNA Primers (5’ -> 3’)

Isoforms Products Forward primer -> Reverse primer -> Hha I site

€2 38bp taagcttGGCACGGCTGTCCAAGGAGCTGCAGGCGGCGCAGGCC
16bp CGGCTGGGCGCGGACATGGAGGACGTGTGCGGCCGCCTGGTGC
91bp AGTACCGCGGCGAGGTGCAGGCCATGCTCGGCCAGAGCACCG
18bp AGGAGCTGCGGGTGCGCCTCGCCTCCCACCTGCGCAAGCTGC
81bp GTAAGCGGCTCCTCCGCGATGCCGATGACCTGCAGAAGTGCCT

GGCAGTGTACCAGGCCGGGGCgaattctgt

€3 38bp taagcttGGCACGGCTGTCCAAGGAGCTGCAGGCGGCGCAGGCCC
16bp GGCTGGGCGCGGACATGGAGGACGTGTGCGGCCGCCTGGTGC
91bp AGTACCGCGGCGAGGTGCAGGCCATGCTCGGCCAGAGCACCG
18bp AGGAGCTGCGGGTGCGCCTCGCCTCCCACCTGCGCAAGCTGC
48bp GTAAGCGGCTCCTCCGCGATGCCGATGACCTGCAGAAGCGCCT
33bp GGCAGTGTACCAGGCCGGGGCgaattctgt

€4 38bp taagcttGGCACGGCTGTCCAAGGAGCTGCAGGCGGCGCAGGCCC
16bp GGCTGGGCGCGGACATGGAGGACGTGCGCGGCCGCCTGGTGC
91bp AGTACCGCGGCGAGGTGCAGGCCATGCTCGGCCAGAGCACCG
72bp AGGAGCTGCGGGTGCGCCTCGCCTCCCACCTGCGCAAGCTGC
18bp GTAAGCGGCTCCTCCGCGATGCCGATGACCTGCAGAAGCGCCT
48bp GGCAGTGTACCAGGCCGGGGCgaattctgt
33bp

ApoE genotyping was performed using PCR. Forward primers are in bold text.
Reverse primers are in italic text and Hha I sites are underlined.
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2.3 BRAIN TISSUE - MICE

2.3.1 Ethical approval

The handling and treatment of all mice was in accordance with the UK Animals’ Act

(Scientific Procedures) 1986 and all procedures were approved by the British Home

Office.

2.3.2 Animal cases

Three animals were sacrificed in this study, as follows:

1. One adult PSD-95 wild-type (WT) male mouse
(PSD-95-GK strain (GBJ/479))

2. One adult PSD-95 knock-out (KO) male mouse
(PSD-95-GK strain (GBJ4/478))

3. One adult PSD-95 genetically engineered knock-in (KI) female mouse
(PSD-95¢GFPxCMV-Cre(B6) strain 386)

2.3.3 Generation of PSD-95eGFP Kl and KO mouse lines

The fluorescent PSD-95eGFP knock-in mouse line was created by Dr Fei Zhu
under supervision of Professor Seth Grant. The detailed description of the mouse
construction method is provided in Dr Zhu’s PhD thesis and a brief description is given
by Broadhead at al (Broadhead et al., 2016) and reproduced below. The gene targeting
strategy used to construct the mouse line was previously described by Fernandez et
al (Fernandez et al., 2009). The eGFP coding sequence was inserted into the open
reading frame of PSD-95/Dlg4 gene at the 3’end immediately before its stop codon
using recombineering in Escherichia coli as described in previously published methods
(Zhou et al., 2004). Targeting plasmid DNAs were excised using Xbal and Bcll

endonuclease restriction sites and incorporated into mouse embryonic stem cells (ES).
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Positive targeted ES cell clones were identified by PCR, cloned, expanded and frozen
down before their injection into blastocysts from C57BL/6J mice. Homozygous mice
were produced by backcrossing of adult chimeric males with wild-type females to
generate heterozygous mice that were subsequently intercrossed. The function and
localisation of the endogenous PSD-95 protein was then characterised in the eGFP
mice to ensure that the insertion of the eGFP construct had not disturbed the protein.
The tests revealed that the mouse line displayed normal physiological, behavioural and

electrophysiological characteristics (Zhu et al., in preparation).

The fluorescent PSD-95eGFP knock-out mouse was constructed by a deletion
of necessary exons of the DLG4 gene, which encodes the PSD-95 protein, giving rise
to a loss-of-function mutation (Migaud et al., 1998). The mice were generated by gene
targeting of 129 ES cells and backcrossing onto both the 129S5/SvEvBrd (129S5)
background and C57BL/6J background in the heterozygous state. Intercrossing

generated knock-out mice for control studies.

2.3.4 Genotyping of mice

All mice were routinely genotyped in the Grant laboratory by Mr David Kerrigan
and/or Mr David Fricker according to an optimised protocol. Ear and tail tissue
(approximately 5 mm?) were collected following anaesthesia prior to perfusion. The
tail sample was sent for genotyping and the ear sample was kept at -20°C as a
back-up. Tail DNA was extracted and analysed by PCR. Briefly, DNA was extracted
using MyTaq Extract-PCR kit (Bioline). DNA samples were amplified through
PCR using forward and reverse primers. For PSD-95-GK strains, a forward primer
GKoptFor2 and a reverse primer GKoptRev2 were used. For the PSD-95¢GFP mouse,
an f° PSD-95 primer 95GFPExF — N1 and two 3’ 95GFPUTRR — N1 and
95GF PF — N2 primers to distinguish the PSD-95 wild-type alleles (4/+) from either
the heterozygous (+/eGFP) or homozygous alleles (eGFP/eGFP) were used.

The PCR mixture consisted of 2.5 pl of 10X PCR Buffer, 0.15 ul of Taq
enzyme, 0.5 pl of deoxyribonucleotide triphosphate (ANTPs, 10 mM), 0.5 ul of

appropriate primers at various concentrations and 2 ul of DNA all mixed up with
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double dH2O to a final total volume of 25 ul per sample.

PCR primers and mixtures were placed in the PCR machine and run at
specific temperature cycles. PCR products were separated on 2% agarose gel
in Tris-Acetate-EDTA (TAE) buffer contacting 0.5 pg/ml ethidium bromide and
visualised by UV transillumination. Genotyping results revealed that the KO and KI
were homozygotes (eGFP/eGFP) and the WT was a PSD-95 heterozygote (+/eGFP).

2.3.5 Surgical procedures

All mice underwent the same procedures. They were sedated with 670 mg/kg
pentobarbital sodium (Euthatal, Merial Animal Health Ltd) by intraperitoneal injection
and then intracardially perfused with 10 ml of phosphate buffered saline (PBS, Fisher
Scientific) followed by 10 ml of 4% v/v paraformaldehyde (16% PFA, Alfa Aesar 16%,
diluted 1:4 and dissolved PBS). The brain was dissected in its entirety and fixed 3-4 h
at 4°C in 4% PFA. The brain was later placed in 30% sucrose (VWR Chemicals, w/v
in PBS) at 4°C for 72 hours until it sank. The brain was then embedded in optimal
cutting temperature (OCT) medium (VWR Chemicals) and frozen in liquid nitrogen
with tissue cooled down in isopentane (2-Methylbutane, Sigma-Aldrich). Coronal
sections (18um thick) were cut with a cryostat (NX70 Thermo Fisher) through the
whole brain. Sections were directly mounted on Superfrost®Plus (Thermo Scientific)
slides, left to dry overnight and stored at - 80°C. Brain sections from the fluorescent
PSD-95eGFP mouse were kept in darkness to preserve the fluorescence of the fusion

protein.

2.4 ANTIBODY SPECIFICITY AND CONTROLS

The anti-PSD-95 mouse monoclonal antibody (IgG2a mAb K28/43, 1:250, UC
Davis/NIH NeuroMab) was the main antibody used throughout this project. Specificity
of this PSD-95 antibody has been validated using immunofluorescent staining
in PSD-95 KO mouse and compared with that of the genetically engineered
PSD-95eGFP/eGFP mouse and the wild-type mouse. A list of all anti-PSD-95

antibodies tested for specificity is shown in Table 2.5 on page 75. The results of
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these tests are shown in a Supplementary Figure A.3 on page 312. A lack of PSD-95

immunoreactivity was found in the PSD-95 KO mouse using the NeuroMab antibody.

Further controls included in the immunocytochemical procedures were
obtained either by omitting the primary antibody, omitting the secondary antibody,
or replacing the secondary antibody with an inappropriate secondary antibody (i.e. an
antibody directed against different species), as detailed in Chapter 3. No significant
immunolabelling was detected under any of these conditions with the anti-PSD-95

NeuroMab antibody.

A comprehensive list of all the primary antibodies used in this project for

fluorescent immunohistochemistry is shown in Table 2.6 on page 76.

Finally, a Western blot was carried out to confirm the anti-PSD-95 antibody

specificity on human tissue, as shown in Chapter 3.1.1 in Figure 3.1 Panel 1.

Table 2.5 PSD-95 antibodies tested for specificity

No. Source Cat No. Host Conc. Immunogen
(Isotype)
1 NeuroMab K?28/43 Mouse 1in 250 Fusion protein aa77-299
(Mono) of human PSD95.
2 Abcam Ab18258 Rabbit 11in 200 Mouse PSD95, 50-150aa.
(Poly)
3 Frontier Af628 Rabbit 1in 200 Mouse PSD95, 1-64aa.
Institute (Poly)
4 GeneTex  GTX61948 Rabbit 11n 200 Synthetic peptide corresponding
(Mono) to residues in the N-terminus
of human PSD95.
5 Millipore  04-1066 Rabbit 1in 200 Synthetic peptide corresponding
(Mono) to residues in the N-terminus
of human PSD95.
6 Synaptic 108E10 Mouse 11n 200 Recombinant protein, PDZ domain,
Systems (Mono) Mouse PSD95, 64-247aa.
7 Synaptic 360C5 Mouse 1in 250 Information not provided.
Systems (Mono)
8 Thermo MA1-045  Mouse 11in 200 Purified recombinant rat PSD95.
(Mono)

Cat no., catalogue number; conc., concentration.
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Table 2.6 Primary antibodies used for immunohistochemistry

Antibody Species Isotype Company Clone CatNo. Conc.

PSD-95 Mouse  Mono NeuroMab K28/43 75-028 1 in 250
(IgG2a)

Synapsinl Rabbit  Mono Cell N/A 13197S 1 in 200

(IgG)  Signaling
Synaptophysin Rabbit Mono  Thermo SP11 RM-9111 11in 200

(IgG)
vGluT1 Guinea Poly Millipore ~ N/A AB5905 1in 150
Pig IgG)
Calbindin D-28K Rabbit  Poly Swant N/A CB38 1 in 50
IgG)

PSD-95, Postsynaptic density protein 95; vGluT1, vesicular Glutamate transporter 1; Cat no.,
catalogue number; conc, concentration; non-comm; non-commercial.

2.5 FLUORESCENT IMMUNOHISTOCHEMISTRY

Formalin-fixed paraffin-embedded human brain sections placed on microscope slides
(Superfrost®Plus, Thermo Scientific) were first dewaxed and dehydrated as per the
SDBTB neuropathology laboratory protocol. Briefly, sections were dewaxed in two
3-minute xylene washes followed by further four 3-minute graded alcohol washes,
including two 74°OP (IMS99%) alcohol washes and two 70% alcohol washes. This
was followed by a 15-minute wash in saturated alcoholic picric acid to remove
any formalin sedimentation and a final wash in running tap water for 15 minutes.
Antigen and heat retrieval techniques were used to enhance cell surface staining,
antigen detection from antigen masked formalin-fixed paraffin-embedded sections and
reduction of non-specific background staining. The slides were placed in 250ml
of freshly made antigen retrieval solution of 0.1 M sodium citrate buffer (Fisher
Scientific) at pH 6.0 and pressure cooked (A. Menarini Diagnostics) with a setting
of maximum temperature of 125°C for 30 seconds. After cooling in tap water,
sections were washed once with PBS and blocked with 5% bovine serum albumin
(BSA, Sigma) in 1x TBS (Fisher BioReagents) containing 0.2% Triton X-100 for
solubilisation for 1 hour at room temperature. Sections were then incubated with the

primary antibody diluted in TBS containing 3% BSA in 0.2% Triton X100 (Sigma)
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overnight at 4°C in 4pug/ml mouse anti-PSD-95 monoclonal IgG2a (NeuroMab) at
dilution 1 in 250.

After three S5-minute washes with TBS containing 0.2% Triton X-100,
secondary antibodies AlexaFluor®546 goat anti-mouse IgG2a (72a) (Molecular
probes) were added at dilution 1:500; and sections were incubated for 2 hours at
room temperature in 4pg/ml antibody. The original concentration was 2mg/mL.
In addition, at the same time as the secondary antibody was applied, each
immunohistochemical staining round was accompanied by nuclear cell counterstaining
with 4°,6-diamidino-2-phenylindole (1 pg/mL DAPI, Sigma, diluted 1:1000 in PBS).
Finally, the slides were washed three times with TBS containing 0.2% Triton
X-100. For elimination or reduction of lipofuscin-like autofluorescence, sections
were subsequently treated with Autofluoresence Eliminator Reagent (AER)(Millipore
Chemicon International). Lipofuscin pigment accumulates in the cytoplasm of brain
cells and can hamper the use of fluorescence microscopy because of its broad excitation
and emission spectra. AER is a commercially available Sudan Black B (SB)-based
reagent that has been successfully used in studies using human tissue (Blazquez-Llorca
et al.,, 2010). SB has been reported to provide the best compromise between the
reduction of lipofuscin-like fluorescence and maintenance of specific fluorescent labels
(Schnell et al., 1999). Briefly, the sections were first immersed in 70% ethanol for
5 minutes, followed by the Autofluoresence Eliminator Reagent (Millipore), which
was applied for 30 seconds. Slides were washed in 70% ethanol for a further 3
minutes before being mounted with mounting medium and covered with a glass
coverslip (thickness no 1.5, Menzel-Glaser). The mounting medium (Mowiol with
1,4-Diazabicyclo[2.2.2]octane (DABCO), Sigma-Aldrich) was left to curate overnight.
The mounting medium stock was prepared by Mr Jamie Ross at Grant laboratory. It
was constituted by dissolving a mixture of 96 g of glycerol (Sigma-Aaldrich, BioXtra
>99%) and 38.4 g Mowiol (Calbiochem) in 192 ml 0.2M Tris buffer (pH 8.5) and 96
ml milliQ water (18.2 M(2). The entire solution was subsequently heated at 50°C until
clear and divided into 10 ml aliquots that were centrifuged at 8,500 rpm for 15 min
at 4°C. The collected supernatant was mixed with 2.5% DABCO in order to prevent

bleaching of fluorescent samples. The final aliquots were stored at -20°C.
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Due to the long acquisition times on the SDM, the application of AER was
modified to minimise the loss of immunofluorescence. Following antigen retrieval,
the sections were briefly washed in PBS. Drops of AER (approximately 100 ul)
were added to each slide for 5 minutes at room temperature. The slides were then
washed in PBS, before adding the blocking solution. The rest of the protocol remained

unchanged.

2.6 NissL (CRESYL VIOLET) STAINING

Cresyl violet acetate solution is used to stain Nissl substance in tissue. Nissl substance
is composed of rough endoplasmic reticulum present in neurons. Cresyl violet stains
the Nissl substance dark blue to purple. Tissue sections adjacent to those used for
immunofluorescence were stained with Nissl stain for histological examination, region
delineation and neuronal counting. The staining was performed according to the
standard SDBTB protocol. Briefly, the slides were stained in 0.1% cresyl violet (1g
cresyl violet, 10 ml of 1% acetic acid and 990 ml of distilled water) for 20 min at room
temperature, and then rinsed in distilled water for 3 minutes followed by a wash in
95% alcohol until most of the stain had been removed. Finally, the slides were dipped
in Histoclear (National Diagnostic) before being cleared in xylene and coverslipped in

DPX mounting medium.

2.7 QUANTIFICATION OF PSD-95 COLOCALISATION WITH SYNAPTIC

MARKERS

In order to validate PSD-95 as a reliable postsynaptic marker, two types of
immunofluorescence (IF) staining were undertaken with PSD-95: double IF staining
performed with synaptophysin or synapsin 1 antibodies; and triple IF staining with
synapsin 1 and VGlutl antibodies. Double IF was performed for LSCM and SDM
images. Triple staining was undertaken for SDM images only. The two types of IF
staining were subsequently quantified in a semi-automated method divided into two

steps.
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2.7.1 Quantification of colocalisation

Quantification of colocalisation comprised two steps. The first step utilised a trackmate
plugin from Fiji software to detect synaptic puncta from IF images. For each image
acquisition method (LSCM vs SDM) detection was achieved by manually setting
up 3 parameters: approximate punctum radius, a threshold, and an addition quality
threshold. Having established the best parameters for each microscopy method, the
parameters were then inputted into a code written in the Matlab software to generate
a list of xy coordinates for each punctum from each channel representing a synaptic

marker in a text file.

In the second step, a custom-made plugin (Object Based Colocalisator version
0.5), developed by Dr Zhen Qui, was used to quantify IF synaptic puncta colocalisation
between two synaptic markers. This plugin uses the previously generated text files
with synaptic puncta co-ordinates to calculate the percentages of synaptic puncta
colocalisation. For every detected signal in one channel, the plugin detects the distance
with its closest neighbour in the second channel. Once the overall threshold distance
is established, the percentages of puncta that have a nearest neighbour within this
distance are returned. Two objects are considered colocalised if the distance between

their centre positions is less or equal to the established overall distance threshold.

It is worth noting that given the high stain density of pre- and postsynaptic
puncta, colocalisation can occur by chance. In order to ameliorate this, random
colocalisation was assessed by 90 degrees clockwise rotation of synaptophysin or
synapsin 1 (or VGIuT1 images for the triple labelled images) and then comparing

colocalisation with the original PSD-95-stained images.

2.7.2 Image analysis

For the double-labelled SDM images, 10 images obtained from the stratum pyramidale
of hippocampal CA1 subregion from 4 control subjects (SD23/13, SD25/13, SD29/13
and SD38/13) were analysed. In addition, 10 images from superficial layers of BA46
from 4 control subjects (SD23/13, SD25/13, SD32/13 and SD42/13) were analysed.
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Equal numbers of images were acquired per channel, and two channels were analysed.
Colocalisation between PSD-95 synaptic puncta and the synapsinl or synaptophysin

synaptic puncta was calculated.

For the triple-labelled SDM images, 10 images from superficial layers of BA37
cortical area from 4 control subjects (SD23/13, SD25/13, SD32/13 and SD42/13) were
analysed for colocalisation with synaptophysin and VGIuT1. The overall distance

threshold was set for 600 nm, pixel size was 84 nm and image size 512x512 pixels.

For the LSCM dataset, similar to the SDM dataset, double immunofluorescence
was performed for PSD-95 and synaptophysin or synapsin 1. Colocalisation was
calculated based on 10 images from superficial cortical layers of area BA46 from
4 cases (SD23/13, SD25/13, SD32/13 and SD42/13). Results were presented as
percentage of colocalised puncta between PSD-95 and two markers, synaptophysin
and synapsinl, respectively. Triple-labelling for LSCM images was not repeated. The
overall distance threshold was set for 600 nm, pixel size was 46 nm and image size

1024x1024 pixels.

2.8 IMAGE ACQUISITION

All fluorescent images were acquired using one of three imaging platforms. In order
to describe the distribution of PSD-95 across 20 human brain areas, the images
were acquired with a laser scanning confocal microscope (LSCM). Images of the
hippocampal distribution of PSD-95 were acquired using a spinning disk microscope
(SDM). Widefield fluorescence microscopy was used to obtain image overview of
whole human slides to confirm tissue integrity, neuroanatomy and guide structural

annotation.

2.8.1 Widefield fluorescence microscopy

The brain section scans were acquired using a Zeiss Axio Scan.Z1 Slide Scanner (Carl
Zeiss) with a x20 plan-apochromat lens (numerical aperture (NA) of the objective

= (0.8 NA). Fluorescent images were obtained using sections stained with secondary
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antibodies to Alexa Fluor 488 nm, DAPI 405 nm and Alexa Fluor 633 nm excitation
light with laser exposures set at 40 ms, 50 ms and 60 ms, respectively. Pixel resolution

using the x20 objective was 0.325 pm and the depth of images was 16 bits.

The widefield fluorescence microscopy system uses a Colibri.2 light emitting
diode, which allows for a narrow-band illumination at 365 nm for DAPI, 470 nm
for Alexa Fluor 488 (AF488) and 625 nm for Alexa Fluor 633 (AF633). First, the
excitation light is filtered at 365 nm for DAPI and with band pass (BP) filters for
AF488 at 470/40 nm and for AF633 at 640/30. Then, the light passes a colour splitter
("farb teiler" (Ft)), which sends excitation light towards the sample (DAPI: Ft 395 nm;
AF488: Ft 495 nm; AF633: Ft 660 nm). Emission light reflected from the tissue passes
through the colour splitter again and is filtered with BP filters before reaching the
detector (DAPI: BP 445/50 nm; AF488: BP 525/50 nm; AF633: BP 690/50 nm). Light
is finally detected with a Hamamatsu Orca-flash 4.0 monochrome camera (Scientific

CMOS Sensor).

The scanner employs ZEN lite 2012 software (Zeiss) for image acquisition
and adjustments. The slide scanner allows for visualisation of the whole mounted
tissue sections. Coronal IF brain section images were background and contrast
adjusted to provide reasonable comparison of expression. All control images were
directly comparable with their negative controls using the same settings. The images
acquired with the slide scanner were used for qualitative rather than quantitative
purposes. In addition, brightfield sections of Nissl stained tissue were acquired using
this microscope and the software. Nissl staining allowed for direct assessment of the

cytoarchitecture of every tissue section used in this study.

2.8.2 Laser Scanning Confocal Microscope (LSCM)

To resolve individual synaptic puncta, fluorescently-labelled brain sections were
captured by a Zeiss laser scanning confocal microscope (LSCM510). The LSCM set
is equipped with an inverted Axiovert microscope combining a UV laser (405 nm, 25
mW), an argon laser (458/488/514 nm, 25 mW), a green helium laser (543 nm, ImW),

ared helium laser (633 nm, 5 mW) and a mercury arc lamp. The confocal laser system
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was warmed up and stabilised for 30 minutes in order to avoid severe photopower
fluctuations prior to image acquisition. In addition, the microscope detector PMT
was adjusted to maintain a working linear range required for optimal visualisation of
emissions from different fluorophores. The DAPI and blue fluorophore (Alexa Fluor
405) were excited by the UV 405 nm laser, and its emission read using a 420-480 nm
band pass filter. Antibodies conjugated with red fluorophores (Alexa Fluor 546) were
excited using 543nm laser and its emission read using 560-610 nm band pass filter.
EGFP and green fluorophore (Alexa Fluor 488) were excited by the 488 nm laser and

its emission read using a 505-550 nm band pass filter.

Images were obtained using a Zeiss Plan-Apochromat 63x oil-immersion
objective lens (numerical aperture (NA) of the objective = 1.4 NA) with a frame size of
1024x1024 pixels and 8 bit depth. Each pixel measured 46 nm x 46 nm. The pinhole
size was set to 1.0 times the Airy disk to maximally reject out-of-focus haze and to
improve spatial resolution. For improved signal-to noise ratio, up to eight scans were
averaged at each optical section. All raw images used for the analysis were obtained
with x3.1 zoom as stacks of 6 image planes with z-step of 130 nm pixels and a total
length of axial plane 780 nm pixels in accordance with Nyquist sampling. Images were
saved as CZI files. Scale bars were added to the representative images using ImageJ
application. The total area used for synaptic density determination varied depending
on region, but for cortical areas 18 images per area per subject were acquired. Overall,
1510 confocal images were acquired in this part of the study. However, due to technical
problems 21 images (1.4%) were excluded. The exclusion criteria were images with
too low signal-to-noise ratio precluding adequate image analysis, images not aligned in
z-stacks and images with overexposed synaptic puncta. In this study, it is estimated that
more than half a billion individual synaptic puncta were identified and counted. Images
for figures were prepared in Adobe Photoshop® and Adobe Illustrator® softwares.
Where necessary images were adjusted for brightness for correct display, but no other

corrections were made.
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2.8.3 Laser Spinning Disk Microscope (SDM)

For high throughput, high-resolution data acquisition, high magnification x100
confocal images of PSD-95 and DAPI from 16 hippocampal subregions were
captured using an Andor™ Technology SDM set up with an Olympus IX81 inverted
microscope with oil immersion objective (Olympus UPlanSAPO, x100 oil immersion
lens, NA 1.49). Detection was achieved with an Andor iXon Ultra monochrome
back-illuminated electron multiplying charge coupled device (EMCCD) camera. For
improved illumination and to reduce tiling artefact of the acquired images, the SDM
set up included Borealis Perfect Illumination Delivery™. The obtained images were
512 x 512 pixels and 16 bit depth. Each pixel had dimensions of 84 x 84 nm. All cases
acquired with SDM were captured with the same parameter settings: x100 lens at 488
nm and at 405 nm laser excitation with exposure times 40 ms and 60 ms, respectively,
and laser power of 35% and 20% respectively. The Andor SDM set up had a Nipkow
disk (CSU-X1) with a pinhole of 50 pm pixel size. It was equipped with 4 lasers for
excitation at the following wavelengths: 405 nm for DAPI, 488 nm for AF488, 561
nm for AF564, and 640 nm for AF633. The images used for PSD-95 quantification
were acquired using Quad-488 and Quad-405. Later, for colocalisation data, Quad-564
and Quad-633 were also used. The quad filter allows light through at four different
wavelengths: 440/40, 521/21, 607/34 and 700/45 nm. For two-channel acquisition,
a single dichroic mirror (400-410/486-491/560-570/633-647 nm) and a single quad
filter were used to direct and filter the light from each channel to the sample. The two
quad filters used avoided having to switch filters between channels, which speeded up

acquisition time.

The SDM employs 1Q3.3 software (Zeiss) for image acquisition. Acquisition
of the entire hippocampus was performed by mosaic tiling. A single rectangular grid
covered the entire section. Images were acquired without overlap between adjacent
tiles. Images were saved as Tiffs and Image J software was used for further image
adjustments and analysis. Multiple images per case were first stitched using Matlab
software using a custom-written code for human tissue analysis to create an overall
16x downsized montages. The montages were subsequently manually delineated along

structures or cortical layers using a polygon selection drawing tool within ImageJ
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region of interest (ROI) Manager tool. The data with image sizes and tile numbers

are seen in Table B.1 on page 314.

2.9 IMAGE PROCESSING AND ANALYSIS

For LSCM data, digital confocal images were acquired as Zeiss LSCM files (czi
format) and then converted to 8-bit Tiff format. For SDM data, digital confocal images
were acquired as 16-bit Tiff format. Image analysis was performed using a novel
approach, called Ensemble, described in the next section. In addition, supplementary
data were analysed using the National Institiute of Health (NIH) Imagel software
and the Corsen image plug-in, both freely available on the web. The Corsen image
pre-processing has been written as a batch processing custom-modified code in the
Grant laboratory, and it is widely used for processing and analysis of mouse data.
This method of counting was validated on rodent data. Both methods are fully
automated thus allowing efficient processing of a large number of images and ensuring
an improved consistency of the results. Images were not altered in any way, e.g., by
removing or adding image details. However, linear enhancement (brightness/contrast)
with background subtraction and median filtering were used for later image figure

preparation using Adobe Photoshop ® and Adobe Illustrator ®.

2.9.1 Ensemble image analysis

Ensemble is a novel, automated, high-throughput image analysis method. This
synaptic puncta detection technique was developed and performed by Dr Zhen Qiu
(manuscript in preparation). It was written in Python computing language and executed
in Matlab software. Apart from the supplementary data, all data presented in this
thesis have been analysed using the Ensemble method. This method has already been
successfully applied to evaluate synaptic puncta parameters in genetically modified

rodents in the Grant laboratory.

The first step in Ensemble image analysis requires generation of a training set
of random images selected from the LSCM and the SDM datasets. These image sets

were generated by Dr Qiu and subsequently manually, and independently, counted by
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two individuals trained to recognise IF synaptic puncta. The manual counting was
performed in the ImagelJ plugin called "Cell Counter" which generated xy coordinates
for each punctum in an image. These coordinates then were then "fed" into a
machine learning algorithm and served as "ground truth" based on which the algorithm
self-trained on how to localise the synaptic puncta. Two sets of training images were

generated for the LSCM and the SDM datasets each.

The second step in the Ensemble image analysis involves detection of synaptic
puncta, which is based on a multi-resolution image feature detection and supervised
machine learning technique. A multi-resolution and multi-orientation version of
2nd-order nonlocal derivative (NLD) to calculate intensity differences, or image
features, was developed by Dr Zhen Qiu for each of all individual puncta. For instance,
for images with PSD-95 IF as many as 33 image features were calculated per punctum.
These intensity differences were subsequently assembled as feature vectors of each
individual punctum. In order to filter out extremely dim puncta and to avoid missing
true synaptic puncta, an initial intensity detection threshold was set at a very low
value. The candidate puncta were then classified as true puncta or background noise
using the corresponding feature vectors and a classifier that was pre-trained with the
training image set and a machine learning algorithm. The machine learning algorithm
chosen for puncta detection is called an Ensemble learning method. It was selected
partly because it is suitable to classify puncta with diverse intensities, as present in our
images. Once trained, the Ensemble algorithm can automatically identify IF puncta.
The Ensemble learning method is considered to be superior to existing detection
methods when tested on simulated images and it reliably and efficiently recognises
puncta when signal-to-noise ratio is low, which is a known limitation of human
tissue stained with antibodies (Dr Zhen Qiu, personal communication and manuscript).
Moreover existing punctum detection algorithms in fluorescence microscopy can only
process images with similar punctum intensities and background noise and can only be
applied to fluorescence microscopic images collected within very small areas of tissue
rather than at the whole stained section scale (Chenouard et al., 2014). The Ensemble

image analysis, is named after the Ensemble algorithm.

Finally, the Ensemble image analysis provides measurements of each detected
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punctum. All synaptic puncta are identified as bright immunofluorescent dots and each
punctum is described in terms of 2 parameters: mean punctum intensity and an area
of punctum. Once a punctum is detected, it is identified as an object by the Ensemble
algorithm. The object is then segmented by extracting a region of interest (ROI) around
it. Nine pixels with highest intensities in the ROI are averaged and the maximum
punctum intensity is calculated. To calculate mean punctum intensity, the boundaries

around each object are defined as a percentage of the maximum intensity.

The mean punctum intensity is a measurement of the relative amount of
PSD-95 protein within the PSD, since the absolute number of PSD-95 molecules
cannot be resolved using a confocal imaging. Nevertheless, the mean punctum
intensity provides a good insight into the differences in average packing of PSD-95
between areas or individuals. The area of the punctum is a measurement of the relative
size of PSD-95 positive synapses. It is referred to as PSD-95 synaptic punctum size
and it is given in m?. It is defined as the number of pixels within the object area. The
final measurement provided by Ensemble image analysis is number of IF puncta per
image. The measurements are calculated per 100 zm? and they are an approximation

of puncta density per area.

2.9.2 Corsen image analysis

Corsen image analysis was undertaken for acquisition of supplementary data. Corsen is
a free ImageJ plugin originally developed to calculate mRNA-mitochondria distances
(Jourdren et al., 2010). The analysis is divided into two steps. The first step involves
Corsen image pre-processing. Initially, a threshold is applied to the original image
to create a cell mask, which identifies background (Image>Adjust>Threshold: Mean
then Apply). The image is then processed using Corsen image processing macro
with parameters (1,1,No) to form an "intermediate mask". In order to extract bright
synaptic puncta from the "intermediate mask" image a second "particle mask" image
is created with a threshold (Image>Adjust>Threshold: Default then Apply) and then
Imagel filter median (Process>Filter>median: r = 1) is applied to remove background.
Finally, Corsen apply mask macro is used to create a "final image". The second step

of the image analysis involves using the Image] "Analyze particles" plugin. The
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"final image" is analysed using the plugin, which incorporates image detection i.e.,
segmentation algorithm that provides characterisation of the synaptic puncta in terms
of density, size and intensity. The final step of the image processing involves generation

of measurements, which are exported to excel spreadsheets for statistical analysis.

2.10 VALIDATION OF RESULTS WITH PSD-95eGFP MOUSE

2.10.1 Qualitative comparison with PSD-95eGFP mouse

In order to assess the validity of the staining procedures used in this study, a selection
of PSD-95eGFP mouse IF images were qualitatively compared with those kindly
provided by Dr Fei Zhu, the creator of the mouse model. The representative images
of coronal sections from several mouse brain areas were acquired with the same
microscope (LSCM) and with the same parameter set-up, as described above. The

images were originally published in Dr Zhu’s PhD thesis (Chapter 4 page 135 & 138).

2.10.2 Quantitative comparison with PSD-95eGFP mouse

To further assess the validity of the staining, a quantitative comparison between human
and mouse data was performed. Images acquired with SDM from three PSD-95eGFP
mice were quantitatively analysed using Corsen by Melissa Cizeron, a PhD student
in the Grant laboratory. A direct comparison of KI mouse vs. human results was
made for 3 male mice (aged 18 months) and 3 human male control subjects from
10 brain regions. The KI mouse data was acquired with SDM and analysed using
Corsen analysis. Pearson correlation values were calculated to establish a degree
of correlation between the two datasets. P value of less than 0.05 was considered

statistically significant.

2.11 HumAN G2CSYNMAP

All acquired images were exclusively analysed by Dr Zhen Qiu who developed and

undertook the raw image analysis. Dr Qiu was blinded to the clinical information of
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all human cases. He was the principal scientist who pioneered a novel, high-throughput

and automated image analysis pipeline.

The human version of the Genes to Cognition Synaptome Mapping pipeline
(G2CSynMaP) has been developed from the mouse synaptome mapping pipeline. The
rodent pipeline was originally developed for data based on the genetically modified
knock-in mouse created by Dr Fei Zhu. The present study was undertaken in
order to adapt the technique to human tissue. The rodent G2CSynMaP consists
of four main components: 1. genetic tagging of synaptic proteins in knock-in
mice, 2. tissue imaging, 3. image and data analysis, and 4. data storage and
dissemination. The pipeline incorporates several advanced microscopic and data
handling techniques that can characterise and map diversities of individual synaptic
puncta at high near-diffraction-limit resolution (approximately 290 nm in xy). The
human G2CSynMaP has a different first component whereby visualisation of proteins
is achieved with labelling of proteins with antibodies using immunofluorescence
techniques. The overview of the human G2CSynMaP pipelines are illustrated in
Figures 2.1 and 2.2 on pages 90 and 91, respectively. Although the main principles
of the image analysis were the same for all human data acquired, there were two main
pathways of image analysis depending on which microscope was used to acquire the

data.

The G2CSynMaP pathway for images acquired with a conventional laser
scanning confocal microscope (LSCM) is shown in Figure 2.1 panel 1. The raw images
were acquired with a 63x oil objective, as described previously. The generated data
consisted of 6 z-staked 16-bit images measuring 1024 x 1024 pixels each, with each
pixel measuring 46 x 46 nm. The raw data was analysed using the novel Ensemble
method; depicted in Figure 2.1 panel 2. The Ensemble method is specifically designed
to detect immunofluorescent synaptic puncta under a low signal-to-noise ratio and
in a cluttered environment. The method combines results of multiple detectors to
generate visual features of a single synaptic punctum. The synaptic features for human
tissue include synaptic density, as a marker of synapse population, as well as synaptic
intensity and size as measures of individual synaptic puncta. Additional features, such

as circularity, aspect ratio, solidity or roundness of synaptic puncta were determined
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for the rodent images. The results obtained following data analysis were colour-coded
into synaptome maps, examples of which are as depicted in Figure 2.1 panel 3. An
example of a cortical LSCM image flow acquisition is presented in Figure 2.1 panel 4.
Brodmann’s areas were defined using the freely available Allen Institute Human Brain
Atlas (http://human.brain-map.org). Axio scan was used to visualise the
cytoarchitecture of brain areas acquired with LSCM. For cortical areas, there were
18 images acquired with 3 images per layer, but this varied for the remaining human
brain regions. The twenty human brain regions analysed are schematically presented

in Figure 2.3 on page 92.

The G2CSynMaP pathway for images acquired with a laser spinning disc
confocal microscope (SDM) is shown in Figure 2.2. This time the raw images were
acquired with a 100x oil objective (Figure 2.2 panel 1). An additional step was added
to this pipeline, namely stitching of thousands of images per one case using a custom
written Matlab code, into a downsized 16X montage image. The montage image
was then used to perform manual structural delineation of hippocampal subregions
using ImageJ (Figure 2.2 panel 2). The raw data together with the delineations were
subjected to Ensemble analysis in the same way as the LSCM data, as illustrated in

Figure 2.2 panel 3.
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Figure 2.1 Overview of human G2CSynMaP for LSCM data.
Schematics explaining the human Genes to Cognition Synaptome Mapping Pipeline
(G2CSynMaP) for images acquired with a conventional laser scanning confocal
microscope (LSCM). 1. Immunofluorescent anti-PSD-95 labelled raw images were
acquired with a 63x oil objective lens. 2. The raw data were analysed using a
novel Ensemble quantification method, whereby each IF punctum within raw data
image was analysed with various detectors to generate punctum features, including
punctum density, intensity and size. 3. Quantification results from the Ensemble
analysis were converted into colour-coded scales generating synaptome maps of
each synaptic feature. 4. Example of a LSCM image acquisition flow.
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Figure 2.2 Overview of human G2CSynMaP for SDM data.
Schematics explaining the G2CSynMaP analysis for images acquired with a
spinning disc microscope (SDM). 1. Raw data were acquired with 100x oil
objective lens. 2. The additional step used in this analysis pipeline. The thousands
of images obtained with SDM for each case were used to generate a downsized
montage of all raw images for manual delineation of hippocampal subregions. 3.

Subsequent image analysis and synaptome mapping (not shown here) were the same
as for the LSCM data.
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Figure 2.3 Location of anatomical areas examined using LSCM.
Schematics showing location of the 20 human brain areas examined using LSCM. A-E
show coronal slices through the cerebral hemispheres. F shows the approximate levels
at which the coronal sections have been collected at post-mortem examination. Images
are not drawn to scale.
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2.12 ESTIMATION OF NEURONAL DENSITY USING STEREOLOGY

In order to determine neuronal loss in the control and the two AD groups,
a stereological optical dissector protocol was used to estimate neuronal density
(Henstridge et al., 2015; West et al., 1991). Stereology methodology allows for
reliable quantification of a 3-dimensional (3D) object based on 2-dimensional (2D)
measurements. Typically, this is achieved by creating a z-stack of 2D images in order to
create a 3D tissue model. Stereology utilises random, systematic sampling to provide
unbiased and quantitative data. Normally, neuronal numbers are estimated using the
combination of the optical dissector with the fractionator sampling scheme. The optical
dissector uses a reference volume generated by two parallel sections separated by a
known distance to count cells in a 3D space under the microscope. The fractionation
process involves counting of neuronal nuclei with an optical dissector in a strictly
random and systematic sampling scheme that covers a known fraction of the region
being analysed. Since the fractionator’s calculations do not require the exact thickness
to the exact area of the section being analysed, the fractionator provides unbiased
neuronal counts; independent of shrinkage, dimensional changes and expansion of

tissue.

Optical dissectors were applied to the Nissl-stained sections (10 pum thick)
adjacent to those used to count the synapses using SDM. Since most neurons are
located in the pyramidal cell layer, neuronal density was estimated over the entire
pyramidal cell layer in three subregions: CAl, CA2 and CA3. Only a selection of
age- and gender-matched cases was analysed by this method, and the analysed group
contained six individuals within each subgroup (Controls, n=6; AD Braak stage 2, n=6
and AD Braak stage 6, n=6). Counting was performed on a computer screen using
a Zeiss Axio Imager. Z2 controlled by the stereology software (Stereo Investigator,
version 11.02; MicroBrightField Bioscience Inc., Williston, VT, USA). Delineation of
each subregion (one slide per case) was acquired with a 1.25x objective on the Zeiss
microscope. A dissector grid of 100 xm x 100 pm was applied to each subregion and
neurons were counted with a 20x objective using the optical dissector with uniform
random field sampling. For 10 um thick sections dissector height was set at 5 um

and top guard zone height was set at 1 um, rendering a study volume of 5000 ;m?
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per optical dissector. Neurons were identified based on the presence of large nucleoli,
and were counted within each dissector grid in the height of the optical plane along
the z-axis. The neuronal density was determined by using the optical fractionator
workflow within the software. Total cell counts within all grids were divided by total

images volume to generate densities of neurons per mm?.

2.13 NEUROPATHOLOGICAL ASSESSMENT OF HUMAN TISSUE

All brains included in this thesis were examined according to the standard "ABC"
neuropathological classification for Alzheimer’s disease pathology (Table 2.7 on page
95). The three "ABC" score components include: Score A - assessment of the
topographical progression of AS pathology in the brain using the Thal scheme (Thal
etal., 2002), Score B - assessment of the topographic progression of Tau neurofibrillary
tangle pathology using the Braak scheme (Braak et al., 2006), and Score C - evaluation
of the density of cored AS neuritic plaques in the neocortex using the CERAD
criteria (Mirra et al., 1991). Sections from the brains of all cases were stained
using immunohistochemistry for A (6F/3D antibody, Dako, UK, Cat no M 0872)
and phospho-tau (AT8 antibody, Thermo Scientific, UK, Cat no MN1020B) as per

departmental protocols. Brief details of the scores are provided below.

Score A: Thal Ap progression phases (0 - 5): phase 0 - no cortical AS deposits,
phase 1 - neocortical regions affected with A diffuse and non-diffuse plaques, but not
including CAA deposits present, phase 2 - additional allocortical areas affected by AS
plaques, phase 3 - diencephalic nuclei and the striatum affected, phase 4 - midbrain
and medulla involved, and phase 5 - pons and cerebellum affected, as described in
(Thal et al., 2002). The 6-point Thal phases derived from the anatomical location of
AS-immunopositivity, can then be converted to 4-point A sores as follows: AO (Thal

phase 0), Al (Thal phase 1 or 2), A2 (Thal phase 3) and A3 (Thal phases 4 or 5).

Score B: Braak & Braak neurofibrillary tangle pathology (0 - VI), modified
for use with tau immunohistochemistry : stage 0 - no tau pathology, stage I -
transentorhinal region affected, stage II - entorhinal region involved, stage III -

occipito-temporal gyrus involved, stage IV - middle temporal gyrus involved, stage V
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- peristriate cortex involved , and stage VI - striate cortex affected (Braak et al., 2006).
The focus of this staging is on the distribution of neurofibrillary tangles (NFTs) as
visualised with the phospho-tau antibody. These NFTs stages are converted to 4-point
B scores as follows: BO (stage 0), B1 (stage I and II), B2 (stage III and 1V) and B3
(stage V and VI).

Score C: CERAD score (0 to 4) for density of neuritic plaques in the neocortex
(superior and middle temporal gyri, middle frontal gyrus and the inferior parietal
lobule), examined at 100x magnification, to obtain a semi-quantitative assessment
of the single highest number of neuritic plaques per microscopic field. The scores
are as follows: CO - no neuritic plaques, C1 - sparse (between 1-5 neuritic plaques
per 1 mm?), C2 - moderate (between 6-19 neuritic plaques per 1 mm?) and C3 -
frequent (more than 20 neuritic plaques per 1 mm?). Neuritic plaques are defined as
argyrophilic dystrophic neurites, with or without dense amyloid cores. This scoring
was performed using A staining rather than Bielschowsky silver stained sections of

the grey matter of the neocortex, as originally described by (Mirra et al., 1991).

Table 2.7 ABC neuropathological scoring for Alzheimer’s disease

Thal phase Braak and CERAD
Score A for Score B Braak Score C neuritic
Ap plaques NFT stage plaque score
A0 0 BO None COo None
Al lor2 Bl Torll Cl Sparse
A2 3 B2 II or IV C2 Moderate
A3 4or5 B3 Vor VI C3 Frequent

Overview of the three components of the "ABC" neuropathological scoring in
Alzheimer’s disease. To obtain the ABC score the numerical value for A, B and
C components are added together. Abbreviations: AS - amyloid beta; NFT -
neurofibrillary tangles; CERAD - Consortium to Establish a Registry for Alzheimer’s
disease. In this thesis, numerical values for each component rather than ABC scores
were used to make the results comparable with published studies. Modified from
(Hyman et al., 2012).

95



STATISTICAL ANALYSIS

In addition, cerebral amyloid angiopathy (CAA) was graded using a 4-tier
grading system (0-3) to detect CAA in vessels in the leptomeninges, the brain
parenchyma and brain capillaries, where grade 0 - was given if no amyloid was
identified, 1 - scattered deposition on a few leptomeningeal or cortical blood vessels
was present, 2 - more widespread deposits in vessels were seen, and 3 - severe and
widespread deposition of amyloid was observed, as previously described in (Barker

et al., 2013; Olichney et al., 1996).

Finally, the APOE genotypes and HUSPIRs were performed on area BA41/42,
except in two cases (SD36/13 and SD31/12) where it was performed on a frontal and

temporal samples, respectively (Brodmann’s areas were not specified).

The combination of the results of these neuropathological assessments for all

human subjects is shown in Table 2.2 on page 61.

2.14 STATISTICAL ANALYSIS

2.14.1 General considerations

Statistical analysis was carried out using R software (version 3.2.2) and/or GraphPad
Prism version 6, both for Mac. Since SDM human data required huge storage
capabilities (= 22 terabytes were acquired in this project) only a limited number of
cases could be acquired for practical reasons and no statistical methods were used to
predetermine sample size. All data generated in this thesis was saved on the University

of Edinburgh server provided by the Edinburgh Compute and Data Facility.

Three PSD-95 immunofluorescence punctum measurements were performed:
counts (also referred to as density), intensity and size. For synaptic puncta density, the
results are presented as the number of synaptic puncta per 100 yum? area; for intensity,
as arbitrary units (a.u.) representing grey scale values; and for size as synaptic puncta
area in um?. The punctum size is only an approximation when square root of the
results was taken, as majority of puncta are not perfectly spherical. Only excitatory

postsynaptic PSD-95 puncta were counted.
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Where data are presented as box and whisker plots, the Tukey method was
used. Within each boxplot, horizontal lines show the medians; box limits indicate the
interquartile range (IQR) (inferior or 1st quartile range = 25th percentile, and superior
or 3rd quartile range = 75th percentiles). Whiskers extend to data points that are less
than 1.5x IQR away from the 1st/3rd quartile; outliers (data points above or below the
whiskers) are usually represented by black circles, unless stated otherwise. Statistical

analyses were performed where the outliers were included in the analysed data.

To visualise the inter-subject variability (in Chapter 4.5.4) as well as
intra-experimental variation of PSD-95 staining (in Chapter 3.1.3), smoothing
interpolation by loess method was performed using R function geom_smooth from the
package ggplot2. Loess is a non-parametric graphical tool for fitting smooth curves to
data. It does not require an a priori specification of the relationship between variables
and can be used on data sets with a small data point numbers. Specific parameters
used to generate scatterplots with loess curves will be presented separately in graphs’

captions.

Normality of LSCM and SDM data distribution was analysed using D’ Agostino

& Pearson omnibus normality test (GraphPad Prism).

2.14.2 Comparison between two groups

In order to compare differences between two groups, an unpaired Student t-test
was performed (e.g. comparisons of gender differences in Chapter 5.5 or left/right
asymmetry in Chapter 5.6). For non-parametric data, a Mann-Whitney U test
comparing ranks was performed (e.g. testing of PSD-95 antibody as a postsynaptic
marker in Chapter 3.1.2). These analyses were performed using GraphPad Prism. The
data are presented as the mean (or median) + SD, unless stated otherwise. A significant

level was set to p < 0.05.
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2.14.3 Comparison between multiple groups

In order to compare differences between the control subjects and the disease groups (>
2) the non-parametric Kruskal-Wallis one-way ANOVA on ranks with Bonferroni-type
p-value adjustment and post-hoc Dunn’s multiple comparison tests were used to
establish any statistical differences between subgroups (e.g. Chapter 5.7). Differences
between multiple groups and multiple factors were compared using a two-way
ANOVA. Sidak’s post-hoc test was then used to find statistical differences between
the different subgroups and interactions (e.g. Chapter 5.8). These analyses were
performed using GraphPad Prism. The data are presented as the mean (or median)

=+ SD, unless stated otherwise. A significant level was set to p < 0.05.

2.14.4 Similarity matrices

In order to assess if there are any similarities between pairs of regions, similarity
matrices were generated. Similarity was explained using spatial distance as a measure,
in particular the Euclidean distance. The Euclidean difference of zero denotes perfect
similarity. As the Euclidean distance value increases, the regions are less similar. The
Euclidean distance between two pairs of regions is equal to the square root of the sum

of the squared differences between them as shown below:

d :\/(az —a1)?+ (by = b1)? 4 ... + (ng — ny)?

where, (as,bs,...,n2) and (ay,bq,...,ny) are pairs of coordinates and the

Euclidean distance d represents a distance between the two points of coordinates.

Once the Euclidean distance was calculated for each pair of subregions
assessed, it was plotted as a colour-coded matrix visually represented as a heatmap.
A heatmap performs two actions on a matrix (Key, 2012). First, it reorders the rows
and columns so that similar profiles are closer to one another and thus more visible to
the eye. Second, each data entry in the data matrix is displayed as a colour, making

it possible to view similar patterns graphically. There are two important steps in
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generation of a heatmap and they include: data reordering using an agglomerative
hierarchical clustering algorithm, as will be described in the section below, and data

standardisation.

Standardisation of data is undertaken as a measure of handling the variability
across synaptic parameters. To calculate the similarity matrices for our data, the
three synaptic puncta parameters tested were first standardised by using the z-score

normalisation formula as shown below:

where, x is the value to be normalised, p is the mean for the given parameter,
and ¢ is the standard deviation of the population for the given parameter. It means that
each parameter column (or row depending on matrix) in the heat map has a mean of
0 and a standard deviation of 1. This process removes systematic differences between
different parameters, so that areas with the same profile have a small Euclidean

distance.

2.14.5 Hierarchical clustering

In order to assess inter-subject and inter-regional similarities another data analysis tool
was used, namely hierarchical clustering. Hierarchical clustering is an unsupervised
statistical method for classifying a set of items into hierarchy of clusters (groups)
according to the similarities among the items. The inter-subject similarity can be
measured in several ways by estimating a distance (proximity or similarity) between
data items or clusters. In hierarchical clustering, a matrix of distances is generated
that gives rise to a binary tree of data built as the analysis successively merges similar
groups of data. A graphical representation of the tree is a dendrogram which provides
an interpretable representation of the data output. On the dendrogram the items are
joined in a hierarchical fashion from the closest (most similar) to the furthest apart
(most different) and the "Y" axis displays the proximity between the merging clusters.

A set of instructions that creates the dendrogram is called a linking algorithm. The
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linking algorithm defines how the clusters are agglomerated into larger clusters by
measuring the distance between the objects. The agglomeration algorithm chosen to
measure distances between data items in our data sets is known as the Ward method
(Ward, 1963). The distance between the groups is defined as the amount of information
lost (or error created) by summarising the objects into n clusters. At each step, the
agglomeration is chosen which minimises this information loss, which is defined by

the Error Sum of Squares (ESS) calculated as

g

minESS, ESS = (> al - %(Z z)?)

j=1 i=1

where, j is an index for each cluster, n; is the number of objects in cluster j, and
i 1s an index for each object in cluster j. In general, the Ward method tends to produce
tight concentric clusters. The Ward method is also referred to as a minimal increase of
sum-of-squares (MISSQ) since the proximity between two clusters is the magnitude
by which the summed squares in their joint cluster will be greater than the combined

summed square in these two clusters.

The aim for generating the inter-subject dendrograms was to reveal if, based
on the PSD-95 protein quantification results, the brain areas analysed clustered in any
subgroups/categories that would demonstrate the similarity between the 4 subjects used
in the LSCM cohort. The analyses were performed based on the 13 cortical areas as

well as all 20 brain areas tested for each PSD-95 parameter.

The aim for generating the inter-regional dendrograms was to establish if
PSD-95 proteome clustered into larger areas. These dendrograms were generated
as part of heatmaps, and the analysis was performed based on averaging all three

parameters for all 4 control subjects.
2.14.6 Cohen’s d

In order to measure how practically significant an effect between the control and the

diseased groups is, an effect size was calculated using Cohen’s d. Cohen’s d is a
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measure of distance between two means, measured in standard deviations. The formula

used to calculate the Cohen’s d is shown below:

_ (M — My)
S Dpooled

where, M, and )M, are the means for the first and second samples, and SD,p01cq
is the standard deviation for the samples. SD,,q Was further calculated using the

formula shown below:

SDpooled - \/Z(Xl — YI)2 - Z(XQ _ E)Q

n1+n2—2

where, X represents a sample point from the first sample, and X, represents
the sample mean for the first sample. Similarly, X, and X, represent the sample point
and the sample mean for the second sample, respectively. Finally, n, represents the

sample size for the first sample and n, represents the sample size for the second sample.

Cohen’s d of effect size informs how big the effect is compared to the standard
deviation of the groups and in which direction (negative or positive) the effect changes,
but does not inform about the statistical significance of the effect. In order to assess the
statistical significance, effect sizes of the groups were compared by their confidence
intervals. To calculate the confidence interval, the variance of the Cohen’s d statistics

was found using the formula below:

o np d? ny + No

v=( + ) )

N1 * Ny 2(n1+n2—2) n1+n2—2

where, n, represents the sample size for the first sample and n, represents the
sample size for the second sample, and d represents calculated previously Cohen’s d
value. If the confidence intervals overlapped, the difference between the groups was

statistically insignificant.

All the Cohen’s d related calculations were performed using excel spreadsheets
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freely available from the website (http://www.TrendingSideways.com).

2.15 BIOINFORMATICS AND VISUALISATION

All quantifications were compiled in the Microsoft Office Excel (2013 for MAC
version). Graphs were generated using either R software (version 3.2.2) and/or
GraphPad Prism version 6, both for Mac. The majority of analyses were performed
in the open-source statistical programming language R. Dendrograms were generated
with the use of dendextend package (Galili, 2015). Heatmaps were generated with
the use of heatmap.2 function from the gplot R library. Where appropriate, figures
and drawings were made with Adobe ® Photoshop (version CC 2015). Figures were
compiled in Adobe ® Illustrator CS5 (version 15.1.0). This thesis was written in
online LaTeX Editor ShareLaTeX (http://sharelatex.com) using a template

prepared by Thomas Koeppe, 2006-7, which was then customised for this thesis.
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3.1 TECHNICAL VALIDATION OF PSD-95 ANTIBODY STAINING

Labelling of tissue with an antibody using immunohistochemistry is a common method
to identify protein expression used by the researchers working with human tissue
sections. However, there are several well-known limitations in using antibodies and

their validation is essential (Uhlen et al., 2016).

Firstly, antibody access to the studied protein epitopes, such as PSD-95, might
be challenging due to the huge number of proteins present within the PSD that may
mask the intended antigen. Secondly, fixation of human tissue with formalin creates
multiple additional cross-links between the proteins. As a consequence, PSD-95
labelling with an antibody might have a low affinity and can give rise to off target
staining if the antibody non-specifically labels proteins, which are more accessible than
the PSD-95. One way of eliminating this problem is to use an antigen retrieval method,
such as a heat-induced epitope retrieval, or a chemical-based epitope retrieval. Pepsin
antigen retrieval has been successfully used in immunostaining of DLG1-4 family
members (Fukaya and Watanabe, 2000). However, since antigen retrieval can still
cause tissue distortion, tissue loss during the retrieval process or artifactual staining if
not adequately titrated, adequate controls must be performed to ensure specificity of
staining. Nevertheless, even with appropriate controls, such as omission of primary
antibody or omission of secondary antibody, the staining may not be specific if there
is a high level for sequence homology between various antigens as observed with the
DLG1-4 proteins. In this scenario, the best control to perform is to stain a genetic

knock-out animal tissue, which lacks the protein under test.

Finally, a PSD-95 synapse could also be reliably identified with electron
microscopy, but this method is labour-intense and time-consuming. An alternative
method involves double labelling the same tissue with another antibody already known

to localise at synapses and measure colocalisation (Weiler et al., 2014).

In this section, a description of all controls used for antibody specificity is
presented, including methods of validation of PSD-95 staining, such as antibody

colocalisation and comparison with PSD-95 KO and KI mouse staining.
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3.1.1 PSD-95 antibody specificity

To evaluate expression of PSD-95 protein in the human brain, a commercially available
anti-PSD-95 mouse monoclonal antibody (IgG2a mAb K28/43, 1:250, UC Davis/NIH
NeuroMab) against a human peptide corresponding to amino acids 77-299 (PDZ
domains 1 and 2) was used. This region shows two amino acid changes (221/223 amino
acids identical) between mouse and human proteins (1148 & 1149), although these
changes are not located at the PDZ domains. The antibody is predicted to recognise
a molecular weight band between 95-110 kDa (varies with cell background due to

phosphorylation) (Manning et al., 2012).

To confirm specificity of the anti-PSD-95 antibody, a Western blot analysis on
human brain tissue was carried out. A protein band with an approximate molecular
mass of 80 kDa, corresponding to the predicted size of naive PSD-95 protein, was
selectively detected on an immunoblot of human cortical extract (area BA41), as shown
in Figure 3.1 Panel 1. In addition, small peptide bands of molecular weights ranging
from approximately 75 kDa to 30 kDa were also observed. Similar truncated peptides
have been reported for human (Stathakis et al., 1997) and for rat (Cho et al., 1992;
Kistner et al., 1993). These small peptide bands are believed to be attributable to
alternatively spliced isoforms of the PSD-95 gene rather than degradation products
(Hunt et al., 1996). It is based on the observation that when extract was probed
with anti-tubulin, only one prominent protein band is observed, indicating that tubulin
was not degraded and therefore the smaller PSD-95 bands are not a result of general

proteolytic degradation (Stathakis et al., 1997).

The specificity of staining was also determined on frozen sections from mouse
and human brains with and without anti-PSD-95 antibody. The punctate PSD-95
immunostaining was abolished when the primary antibody was omitted in either
murine or human tissue, as illustrated in Figure 3.1 Panel 2&3. Similarly, in human
tissue no punctate staining was detected when the secondary antibody was omitted
or substituted with a secondary antibody from another species as shown in Figure
3.1 Panel 3. In addition, a knockout (KO) control to assess specificity of reactivity

in mouse tissue was performed. No specific punctate staining was detected in the
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PSD-95 KO mouse, as demonstrated in Figure 3.1 Panel 2. This is in keeping with
previous negative KO staining with this antibody reported in mouse (Broadhead et al.,
2016). Furthermore, specific co-localisation pattern of PSD-95 staining with other
antibodies, including synaptophysin and synapsin 1, was evaluated, as previously
described (Koffie et al., 2009) and will be demonstrated below in the next section

3.1.2.

Finally, in addition to testing the anti-PSD-95 antibody specificity for this
project, the NeuroMab antibody has been validated by its originator, the UC Davis/NIH
NeuroMab Facility, as being a reliable and specific to the antigen of interest (Rasband
et al., 2002; Manning et al., 2012). See also http://neuromab.ucdavis.edu/

catalog.cfm.
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WT - PSD-95 Antibody

| PSD-95/DAPI —+JPSD-95/DAPl  ——

KO - PSD-95 Antibody

|PsD-95/DAPI —|PSD-95/DAPI ——

- —PSD-95/BAPI

oPSD-95/DAPI noPSD-95/DAPI

:]PSD-95/DAPI

SD-95/DAPI {PSD-95/DAPI

Figure 3.1 Mouse and human controls of PSD-95 IF staining.

Panel 1 Validation of anti-PSD-95 NeuroMab antibody using Western blot analysis.
Immunoblot against human PSD-95 protein from human cortical area BA41
demonstrated a strong band at approximately 80 kDa. Additional small peptide bands,
ranging in size from approximately 75 kDa to 30 kDa, are believed to be alternatively
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spliced isoforms of the PSD-95 gene rather than degradation products. Molecular
weight (MW) in kDa indicated. Panel 2 Mouse controls. The PSD-95 staining
seen in a wild type mouse tissue A was abolished in the PSD-95 KO mouse D, low
magnification (20x). Similarly, the punctate PSD-95 staining in the wild type mouse
B&C was abolished at a high magnification (63x) in the KO mouse E&F. Panel 3
Human controls. Images A, D, G J were obtained using a slide scanner and, apart from
A which is a positive control, show overview of whole cortical sections lacking PSD-95
staining. Primary antibody was omitted from tissue in row starting with image D. The
secondary antibody was omitted in the next row starting with G. Secondary antibody
from a wrong species (anti-rabbit) was used in the last row of images starting from
J. Occasional immunofluorescence staining in lipofuscin deposits and/or larger blood
vessels was observed. The rest of images were obtained using the confocal microscope.
Images E,H&K demonstrate absence of punctate staining at magnification 63x. Lack
of PSD-95 punctate staining was further confirmed with a zoom 3.1, as seen in images

F,I &L.

3.1.2 PSD-95 as a postsynaptic marker

To determine whether the PSD-95 antibody is a reliable excitatory post-synaptic
marker, dual immunofluorescence labelling was performed with two general markers
of thepre-synaptic terminal, namely synapsin 1 and synaptophysin, as shown in
Figure 3.2 on page 112. Since PSD-95 is located close to the post-synaptic plasma
membrane, the PSD-95 antibody is often used to define the post-synaptic compartment
of the synapse adjacent to a synapsin 1-stained or synaptophysin-stained pre-synaptic

compartment (Glantz et al., 2007; Koffie et al., 2009).

Synapsin 1 is a vesicle-associated actin-binding protein (De Camilli et al.,
1983) and it is reportedly found in all cortical glutamatergic and GABAergic synapses
(Micheva et al., 2010). Synapsin 1 immunoreactivity is a useful proxy for the
identification of synapses, and antibodies against synapsin 1 have been used to estimate

synapse counts (Busse and Smith, 2013).

Synaptophysin is a presynaptic vesicle membrane protein and is found in all
nervous tissue (Wiedenmann and Franke, 1985). Synaptophysin immunoreactivity has
been used as a marker of synaptic density (Masliah et al., 1990). The protein itself has

been associated with many functions, including calcium binding, channel formation,
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exocytosis, and synaptic vesicle recycling (Glantz et al., 2007), and importantly,
changes in synaptophysin expression have been linked to human psychiatric diseases,
such as schizophrenia. For example, studies reported reduced levels of synaptophysin
in the prefrontal cortex of schizophrenic patients (Honer et al., 1999; Karson et al.,
1999) giving rise to the hypothesis that schizophrenia might be a disorder of synaptic

connectivity (Lewis and Lieberman, 2000).

In the first set of experiments, LSCM data was tested. Brain sections from
the cortical area BA46 were double-labelled with PSD-95 and either synapsin 1
or synaptophysin. It was observed that a majority of the PSD-95 synaptic puncta
were juxtaposed with the presynaptic markers and this was further confirmed with
quantification of colocalisation analysis. As a control to account for random
colocalisation, images from each corresponding datasets were rotated clockwise by 90°
to stimulate random puncta. It was found that PSD-95 was statistically associated with
synapsin 1. Median latencies in groups PSD-95 and synapsin 1 were 91.54 and 78.13;
the distributions in the two groups differed significantly (Mann—Whitney U = 13.41,
nl =n2 =4, p < 0.03 two-tailed). In addition, PSD-95 was statistically associated with
synaptophysin (median latencies in groups PSD-95 and synaptophysin were 87.83 and
75.67; the distributions in the two groups differed significantly (Mann—Whitney U =
12.16, n1 =n2 =4, p < 0.03 two-tailed).

Later, SDM images of triple-labelled synaptic puncta with a VGIuT1 marker,
in addition to synaptophysin and PSD-95, were obtained for another cortical area
BA37. VGIUTI is an example of a presynaptic marker. It is the main vesicular
glutamate transporter that accounts for up to 80% of glutamate uptake in the
brain (Fremeau et al, 2004). It was observed that there was a significantly high
colocalisation of PSD-95 with synaptophysin. Median latencies in groups PSD-95
and synaptophysin were 81.71 and 52.31; the distributions in the two groups differed
significantly (Mann—Whitney U = 29.41, nl = n2 = 4, p < 0.03 two-tailed). A
lower, but still significant association was also detected for PSD-95 and VGIuT]1
colocalisation (median latencies in groups PSD-95 and VGIuT1 were 59.99 and 35.28;
the distributions in the two groups differed significantly (Mann—Whitney U = 24.72,
nl =n2 =4, p < 0.03 two-tailed).
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In addition, IF double-labelled images from the same cortical area BA46 were
obtained using SDM. Similar to the LSCM data, it was observed that majority of
PSD-95 synaptic puncta were significantly colocalised with synapsin 1. Median
latencies in groups PSD-95 and synapsin 1 were 82.7 and 53.6; the distributions in
the two groups differed significantly (Mann—Whitney U = 29.11, nl =n2 =4, p <
0.03 two-tailed) as well as with synaptophysin. Median latencies in groups PSD-95
and synapsin 1 were 82.03 and 53.83; the distributions in the two groups differed
significantly (Mann—Whitney U = 28.2, nl =n2 =4, p < 0.03 two-tailed).

Finally, the CA1 hippocampal area was double labelled with PSD-95 and
synapsin 1, and imaged using SDM. As before, it was observed that there was a
significant colocalisation between the two synaptic markers, although not as high as for
the BA46 cortical area. Median latencies in groups PSD-95 and synapsin 1 were 68.71
and 54.84; the distributions in the two groups differed significantly (Mann—Whitney U
= 13.87,nl =n2 =4, p < 0.03 two-tailed).

Overall, these colocalisation results indicate that the majority of the PSD-95
puncta are juxtaposed to presynaptic sites. There may be several reasons as to why
not all synapses colocalise with PSD-95. For instance, it is possible that not all
synapses are labelled with any of the three presynaptic markers given the vast synaptic
molecular diversity. Furthermore, it is feasible that any discrepancies (under- as well as
overestimations) are due to technical errors, such as false antibody labelling, imprecise
detection analysis or inaccurate colocalisation measurements. These factors could have
contributed to the surprising findings for analyses in the BA46 area, in particular.
Even though the differences between the markers were significant, the automated
colocalisation method generated a relatively high percent colocalisation in rotated
images. There are several factors contributing to a lesser accuracy. For instance,
other sources of fluorescent signal from autofluorescent tissue, such as lipofuscin or
red blood cells, could have created additional false labelling. In addition, even though
the parameters used for the colocalisation analyses were kept constant for the tested
and rotated images, they were determined subjectively by visual inspection. Further
rigorous testing against manual quantifications would allow for the numbers to be

more precise. Alternatively, using other methods, such as electron microscopy, which
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unambiguously identifies synapses, could have been used to validate my results.

Finally, there are potential limitations to the assumption that PSD-95 IF
labelling adequately labels PSD-95 synapses. EM studies examining subcellular
distribution of PSD-95 indicated that PSD-95 is not restricted to PSDs, but it is more
prevalent at non-synaptic sites. For instance, only 10% of PSD-95 immunoreactivity
was detected using DAB labelling for EM within layer 1 of the adult human
cortex on dendritic spines (Aoki et al., 2001). The same authors reported 44% of
axonal and 26% of dendritic shaft PSD-95 labelling present at non-synaptic sites.
Moreover, 11% of PSD-95 labelling was found at non-synaptic glial component.
In addition, not all synapses express PSD-95. When PSDs were probed for
PSD-95 using the PEG labelling procedure, Aoki et al. (2001) demonstrated that
approximately 60% of the morphologically identifiable asymmetric synapses showed
PSD-95 expression. Although the number of examined synapses was very low at
just over 250 synaptic profiles, this study additionally highlights possible limitations
of using light microscopy rather than EM with its high resolution capabilities for
PSD-95 IF labelling. Therefore, as outlined above, these data should not be taken as
absolute PSD-95 values, but rather as relative tendencies until validated with additional
techniques. Nevertheless, the associations tested were all significant suggesting that
antibody labelled PSD-95 positive synaptic puncta can be assumed to represent a

majority of postsynaptic PSD-95 terminals.
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Figure 3.2 PSD-95 as a reliable postsynaptic marker (LSCM data).

A-C PSD-95 was co-stained with synapsin 1 antibody and D-F synaptophysin
antibody. Both, synapsin 1 and synaptophysin, are examples of presynaptic markers
and these images demonstrate that postsynaptic PSDs are opposed by a presynaptic
terminal. Inlets in C and F demonstrate typical IF ’snowman’ appearances of
colocalised pre- and postsynaptic markers. Overall, the majority of PSD-95 puncta
are juxtaposed to presynaptic terminals. Scale bars: C and F 10 pum, inlets in C and F 1
pm. G-H Quantification of percentage of PSD-95 positive puncta colocalisation with
synapsinl G and synaptophysin H. The rotated control shows the degree of random
colocalisation obtained by clockwise rotation of the synapsinl G or synaptophysin H
images. The observed colocalisation with either presynaptic marker is significantly
higher than expected by chance. Together, these data strongly suggest that the
PSD-95 antibody is a reliable marker of PSDs. Images and quantifications are based
on the LSCM data. Data are mean £S5D. Significance levels were obtained using
Mann-Whitney U test: *p < 0.05.
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Figure 3.3 PSD-95 as a reliable postsynaptic marker (SDM data).

A-F PSD-95 was triple co-stained with synaptophysin antibody A and VGlutl
antibody C in the BA37 cortical area. Both, synaptophysin and VGIuT1, are examples
of presynaptic markers and these images demonstrate that postsynaptic PSDs are
opposed by a presynaptic terminal as demonstrated in merged D and E images. Arrows
in D and E demonstrate typical IF apposition appearances of colocalised pre- and
postsynaptic markers. F Quantification revealed that overall, the majority of PSD-95
puncta are juxtaposed to presynaptic terminals. Scale bars: 10 ym. G-H Quantification
of percentage of PSD-95 positive puncta colocalisation with synaptophysin G and
synapsin 1 H in the BA46 cortical area. The rotated control shows the degree of
random colocalisation obtained by clockwise rotation of the synaptophysin G or
synapsin 1 H images. The observed colocalisation with either presynaptic marker is
significantly higher than expected by chance. I Quantification of percentage of PSD-95
positive puncta in the CA1 subregion of the human hippocampus. Lower numbers of
juxtaposed synapses were detected in comparison to the cortical areas, but there was
still a significant difference between the tested and rotated controls. Together, these
data strongly suggest that the PSD-95 antibody is a reliable marker of PSDs. Images
and quantifications are based on the SDM data. Data are mean £S5 D. Significance
levels were obtained using Mann-Whitney U test: *p < 0.05.
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3.1.3 PSD-95 antibody staining consistency

Variability of immunohistochemical techniques using antibodies has been well
documented (Fritschy, 2008; Rhodes & Trimmer, 2006). There are many sources
of variation in antibody staining, including intrinsic tissue factors (e.g. post-mortem
delays, mode of death, cause of death), laboratory protocols (e.g. change of chemicals),
acquisition protocols (e.g. change of acquisition parameters) or tissue samples stained

on different days following the same staining protocols.

To assess the potential variability of the PSD-95 antibody staining procedure,
the experimental protocol was repeated three times for one case (SD23/13), as
illustrated in Figure 3.4 on page 116. The PSD-95 staining procedure generated
consistent staining with no significant differences between the experiments in
quantification of PSD-95 IR in the 10 areas tested for the three parameters. Overall,
there was good PSD-95 antibody staining consistency between the experiments.
Among the three synaptic parameters tested, the PSD-95 puncta intensity was least
consistent, with PSD-95 puncta density and size showing similar trends. The density
of fluorescent PSD-95 puncta was relatively consistent for the cortical areas and the
brainstem regions, with most staining variation being seen in the subcortical regions
(TH and HC) and the cerebellum. This pattern of staining variability was repeated for
the size of PSD-95 puncta, but with greater variation discrepancies, especially in the

brainstem.

There could be several explanations for these staining discrepancies. For
example, larger areas were imaged for the subcortical areas in comparison to the rest of
the regions. Since the subcortical areas are naturally more heterogeneous with regard
to cellular populations, the precise neuroanatomical region, and therefore the sampling
of images, might not have been exactly identical which would have affected the results
if areas of different PSD-95 density were sampled. Similarly, the brainstem areas
do not have as homogenenous a cytoarchitecture as the cortical areas. In addition,
very recent data assessing suitability of PM tissue in proteomics using HUSPIR ratio
revealed that the cortical areas are least degraded and thus most preserved for PSD

proteins in the cortical areas. On the other hand, the subcortical (TH and HC) and
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infratentorial (CB, MB, PO and MD) regions were less reliable in terms of protein
preservation. Therefore, while the staining consistency appears particularly good for
well preserved areas, such as cortical regions, the deep grey nuclei and the brainstem
regions are less reliable for at least two reasons: they are more heterogeneous and
therefore sampling may not have been identical at each attempt, but also they are
potentially more degraded so protein preservation may not be identical. However,
the second argument may not necessarily apply as all repeated sections were obtained

from the same tissue block.

Finally, it is interesting that of the four cortical areas tested, BA46 and
BA17 both appeared less reproducible than BA20 and BA39 for all three synaptic
parameters. It is known that the large dorsolateral prefrontal cortex that contains
BA46 area is one of the more functionally heterogenous cortical region of the human
neocortex. It may well be possible that this functional heterogeneity is reflected
in underlying local spatial synaptic diversity. In a similar way, the primary visual
cortex, known as area BA17, is instantly recognisable both macroscopically and
microscopically, in unstained brain slices due to the heavily myelinated stria of Gennari
in an additional cortical layer 4B. This cytoarchitectural peculiarity is a clear example
of neuroanatomical diversity among the cortical areas. In this example, one could
therefore foresee how the local neuronal diversity might give rise to local spatial
synaptic diversity. Since large cortical sections were sampled for all four cortical
areas, the discussed functional and anatomical diversities might have become apparent
on repetitive testing; although as it was mentioned before they were not statistically

significant.

In summary, there was overall good PSD-95 IF staining consistency between
experiments. The consistency of PSD-95 staining was the best for the puncta size,
followed by density and intensity. Cortical areas showed the least staining variability
while the subcortical regions showed the most staining variation. The differences in
staining might be related to the underlying subregional heterogeneity of the tested

areas.
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Figure 3.4 PSD-95 antibody IF staining consistency.

Scatterplots used to assess the consistency of PSD-95 staining among 10 regions for
the three PSD-95 puncta parameters (density, intensity and size). A. PSD-95 puncta
density results were most consistent for the cortical areas, and least consistent for the
subcortical regions. B. PSD-95 puncta intensity measurements were most variable
among the three puncta parameters. The greatest variations were observed in the
subcortical areas (TH and HC) and the brainstem. C. PSD-95 puncta size results
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showed most variation in the brainstem areas. The consistency was assessed by fitting
a loess smoothing curve superimposed among the data points. Each colour-coded
curve represents a repeated experiment. Data points (squares, circles and triangles)
represent a mean value obtained for each tested area. Grey shadow areas represent 95%
confidence intervals (CI). Smoothing interpolation by loess method was performed
using R function geom _ smooth from the ggplot2 package: parameter settings were
method = "loess", se = "95% CI" and span = "0.75" for the curve fitting.

3.2 COMPARISON OF PSD-95 IF STAINING IN HUMAN vS. MOUSE

The patterns of PSD-95 distribution obtained using antibody staining of human tissue
were compared to those observed in the genetically modified mouse generated by gene
targeting in the Grant laboratory. The knock-in mouse expresses a fluorescent protein
(the Enhanced Green Fluorescent Protein (EGFP)) fused to an endogenous PSD-95

protein.

3.2.1 Qualitative comparison of PSD-95 distribution between human and

mouse brains

Comparison between selected anatomical regions including cortex, thalamus,
hippocampus and cerebellum revealed similarities of in the PSD-95 staining patterns
between species, as shown in Figure 3.5 on page 118. A similar pattern of staining
was observed in both species in the cortex and the thalamus. In both species, two
distinct patterns of staining were observed in the cerebellar granular cell layer and in
the molecular layer. In contrast, a similar pattern of staining noted in the hippocampal
CA3 region of the mouse was observed in the human tissue, but in a different
subregion. In mouse the pattern was seen in the stratum lucidum, but in human in
the stratum pyramidale. Overall, these results suggest that the PSD-95 KI mouse
is a good reference animal model to study the distribution of PSD-95 in the human
brain. The distribution differences might be a reflection of functional and connectivity

discrepancies between the species.
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Figure 3.5 Comparison of PSD-95 expression patterns between human and mouse
in various brain regions.

Tissue from mutant knock-in mouse was examined using direct fluorescence
microscopy of PSD-EGFP fusion protein in the adult PSD-95 EGFP/+ heterozygote
(in green). Human tissue was stained with PSD-95 antibody using indirect
immunofluorescence (in magenta). There was a striking similarity in PSD-95 punctate
staining observed in selected areas between the knock-in mouse and the human tissue.
Similar patterns of staining were observed in cortex A-B’ and thalamus E-F’. Two
distinct patterns of staining were observed in both species in the cerebellum (in
granular cell layer: G-H’; and in molecular cell layer: I-J’. In contrast, a similar
pattern of staining was noted in hippocampal CA3 region. However, the pattern

118



VALIDATION OF PSD-95 ANTIBODY STAINING

occurred in two different subregions: in mouse in stratum lucidum C-C’, but in
human in stratum pyramidale D-D’. Mice images were kindly provided by Dr Fei
Zhu. Abbreviations: HC, hippocampus; CA3, cornu ammonis; CB, cerebellum; GCL,
granular cell layer; MCL, molecular cell layer. Scale bars: A, C, E, G, I -20pum; A’,
E’,G, I’ -2um; C’ -5um; B, D, J -30pm; F, H-100pm, B’, D’, F°, H’, J* -10pm.

3.2.2 Quantitative comparison of PSD-95 distribution between human and

mouse brains

To further evaluate PSD-95 antibody staining in human tissue, a qualitative comparison
of PSD-95 puncta measurements (puncta density, intensity and size) between the
species was undertaken. The human data was acquired with LSCM and analysed using
the Ensemble quantification method. The KI mouse data was acquired with SDM and
analysed using the Corsen quantification method. Despite the different acquisition
and quantification methods, overall, there were good, positive and linear correlations
between the two species for the three synaptic puncta parameters tested (Figure 3.6 on

page 124).

The high and significant Pearson’s correlation value for PSD-95 puncta density
suggests that despite different microscopy platforms both acquisition systems are
comparable at detection of individual synaptic puncta. The slightly higher synaptic
puncta numbers for the KI mouse might be due to a clearer immunofluorescent signal
emitted by the KI mouse tissue. Images obtained from the antibody stained human
tissue are notorious for low signal-to-noise ratio. The numerical differences are
probably less likely to have resulted from using different imaging platforms, as SDM
images were sampled at a lower rate and larger pixel size of 84 nm, rather than 46 nm

by the LSCM obtained using the digital zooming.

In contrast, the different microscopy platforms might have contributed to
differences in puncta intensity. Compared to SDM, synaptic puncta obtained with
LSCM were dimmer. Since both platforms have different intensity detection systems,

and thus different sensitivity and/or depth of detection, and use different acquisition
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settings, such as gains or laser powers, the intensities they generate cannot be taken
as absolute values and should not be directly compared. Nevertheless, well correlated
intensities for different regions might be due to existing regional synaptic similarities

between the species.

Finally, there was a good correlation between the species for the synaptic
puncta size, although the human PSD-95 synaptic puncta were larger than rodent.
The main explanation for this discrepancy might be due to the use of antibodies in
the human tissue. Antibodies have intrinsic dimensions that can increase the size of
the IF signal as they attach to the protein surface. One of the ways of improving
the accuracy of this comparison, not undertaken in this study, would be to compare
human tissue with a wild type mouse tissue labelled with the same PSD-95 antibody.
Another explanation might be technical and be due to the use of different quantification
methods, and therefore associated with setting up of different counting parameters.
Nevertheless, despite different absolute size numbers, the size of PSD-95 puncta

appears well correlated for both species.

3.3 CORRELATION BETWEEN IF AND WB FOR PSD-95 QUANTIFICATION

In the next set of experiments, comparisons were made between PSD-95 protein
quantification obtained using IF and PSD-95 protein quantification using Western blots

for the same 12 cortical regions from the same 4 human control cases.

In order to quantify differences between the different human cortical areas,
PSD-95 protein levels were measured by calculating fluorescent intensity of PSD-95
antibody binding and comparing the measurements against fluorescent intensity of
beta-tubulin. The ratio of the PSD-95 immunofluorescence measurements divided by
the beta-tubulin immunofluorescence measurements resulted in normalised values of
PSD-95 protein (fluorescence ratio) for each tested cortical area using Western blots.
The only one cortical area not tested by WB, but examined using IF, was the occipital
region BA19, which was shown to be most degraded among the cortical areas in the

four control cases when assessed by HUSPIR.
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3.3.1 Correlation between IF and WB by case

There were positive correlations found between the density of PSD-95 calculated using
IF and PSD-95 measurements using WB for all four cases (Figure 3.7 on page 125).
However, only one case (SD42/13) out of four showed a strong and a significant

correlation between the two methods.

The discrepancy between the two methods in quantification of PSD-95 may
be due to several factors. Firstly, different primary anti-PSD-95 antibodies were
used. In the WB quantification method a polyclonal anti-rabbit PSD-95 antibody
(LifeSpan Biosciences) was used, which have not been tested for specificity with the
immunohistochemistry and thus may not have been as specific as the monoclonal
anti-mouse PSD-95 NeuroMab antibody tested for the IF method. Polyclonal
antibodies tend to recognise more than one epitope, therefore making them less

specific.

In addition, unlike in IHC where the protein epitope is better preserved in its
native conformation, in Western blotting protocol denaturation of proteins takes place,
and therefore their native conformation is no longer preserved, disabling the efficacy
of the antibody to recognise its epitope. This in turn may have affected the access of

the antibody to the studied protein.

On the other hand, fresh tissue was used for WB, but it was formalin fixed
for IF. It is known that any fixation of tissue can mask epitopes, making them less

accessible and thus the antibody less reliable.

All these factors might have contributed to the lack of stronger correlations

between the methods, albeit both were positive.

3.3.2 Correlation between IF and WB by parameter

Similar to the above data, positive correlations found between the three PSD-95
synaptic parameters calculated (density, intensity and size) calculated using IF and

PSD-95 measurements using WB (Figure 3.8 on page 126). However, only one
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parameter (PSD-95 synaptic punctum size) out of three showed a strong and a
significant correlation. While it is difficult to speculate why the correlations observed
were not as strong, the technical discrepancies between the methods, such as the use
of a different primary antibody, different fluorescent detection methods and different

quantification methods, may have all contributed to the observed differences.

Neither of the methods quantified absolute values of proteins, but only
relative abundances. WB measured PSD-95 abundance in relation to beta-tubulin
concentration assumed to be the same for each subject, whereas IF measured the
protein quantity in a 2D area rather than a 3D space. Furthermore, both methods
use different detection systems for assessing the intensity of immunofluorescence. In
addition, in IF, the automated Ensemble IR quantification method was used, but in WB
a more subjective use of box detection was used. Finally, it is possible that size of the

punctum is a true reflection of protein differences between the areas.

3.4 CHAPTER DISCUSSION AND CONCLUSION

Taken together, the approaches and methodologies described in this chapter focused on
validation of the monoclonal antibody PSD-95 IF. I aimed to maximise IHC staining
efficiency and ensure uniformity of staining and IF acquisition as this technique
is known for its pitfalls and artefacts. In general, the conditions used in my
experiments were typical of those used in most laboratories for IHC staining. [ used a
monoclonal antibody to reduce cross-reactivity problems. Moreover, all sections were
of uniform thickness and correct calibration of the microscopic and camera conditions
was performed. All images were captured in a temperature- and light-controlled
environment to optimise image acquisition conditions. Furthermore, the fixation time
in formalin was relatively shorter for brain tissue blocks (maximum 3 days) than time
undertaken in many other brain bank tissues (up to 3 weeks for whole brains) and
should have yielded greater staining. Finally, in addition to ensuring the best staining
and acquisition conditions, I thoroughly assessed the neuropathology and biochemistry
of the post-mortem tissue to control for any variability in tissue quality that potentially

could contribute to differential staining between subjects.
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Initially, using various controls, I demonstrated that a specific post-synaptic
PSD-95 antibody was used. I then showed that the human PSD-95 expression
correlated, to a degree, with the PSD-95 KI mouse model. However, this analysis could
have been improved by including additional comparisons with a PSD-95 antibody
labelled wild type mouse. A direct comparison of antibody stained tissues from mouse
and human would not only have eliminated technical differences, such as size and
strength of IF arising from an antibody vs. IF arising from a fluorescent protein,
but also prevented unknown confounds arising from introducing potential artefacts
in genetically manipulated animals. On the other hand, species differences between
human and rodent synapses have already been described (Jones et al., 2017). For
instance, Jones et al. demonstrated that human neuromuscular junctions, a major
subclass of peripheral nervous system synapse, are smaller and more fragmented
in human than mouse and have a distinct, species specific molecular composition.
Therefore, at least in some instances, synapses can be morphologically very distinct
and species differences would be expected to exist for other subclasses of synapses.
Finally, there were also positive, albeit less stronger, correlations with human tissue
examined using a different method, WB. Further human correlative studies using
proteomic analyses, such as mass spectometry, would additionally validate our

findings.

Overall, I conclude that these results indicate that the PSD-95 antibody IF
protocol I developed is a reliable method for studying distribution of PSD-95 protein

in human post-mortem tissue.
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Figure 3.6 Correlation of PSD-95 puncta parameters quantification between
human and mouse.

Scatterplots showing correlations of PSD-95 puncta parameters (density, intensity and
size) quantified from 15 brain areas of KI mouse and human tissue stained using
antibodies. A. There was a high, positive linear and significant correlation between
the human and mouse PSD-95 puncta counts. B. A moderate, positive linear, and
significant, correlation was found for PSD-95 puncta intensity. C. PSD-95 puncta
sizes were moderately and significantly correlated between the species. Pearson’s
product-moment correlation (r) and p values are provided. Values are based on 3 male
mice aged 12 months and 3 human males.
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Figure 3.7 Comparison between IF and WB for PSD-95 quantification by case.
Scatterplots showing positive correlations for 12 human brain areas between PSD-95
puncta density quantified using IF and normalised immunofluorescent PSD-95 ratios
obtained using WB for four human control brain cases. A. There was a moderate,
positive linear, but non-significant correlation between IF and WB for case SD23/13.
B. There was a low, positive linear, and non-significant, correlation for case SD25/13.
C. Low and non-significant correlation was found for the case 32/13. D. The only
case with a high, positive linear, and significant correlation between the two methods.
Pearson’s product-moment correlation (r) and p values are provided.
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Figure 3.8 Comparison between IF and WB for PSD-95 quantification by synaptic

Scatterplots showing correlations between PSD-95 puncta parameters (density,
intensity and size) quantified from 12 human cortical brain areas using IF and WB
quantification. A. There was a positive linear, but low and not significant correlation
between the methods for PSD-95 counts. B. Positive linear, but even lower and still
not significant, correlation was found for PSD-95 puncta intensity. C. The PSD-95
puncta size parameter was, however, moderately and significantly correlated between
the methods for the 12 areas tested. Pearson’s product-moment correlation (r) and p
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values are provided. Values are based on 12 areas from 4 control human cases.
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4.1 INTRODUCTION TO HUMAN PSD-95 SYNAPTOME MAPPING

The human brain comprises many anatomical regions with distinct cell types and
patterns of functional connectivity that allow for development of human brain
connectomes. An integral part of connectome studies is synaptome mapping, the
description of the distribution of synapses based on their molecular diversity. While
synaptome mapping has been achieved in rodents, maps of synaptic diversity across
the human brain are lacking. In addition, the spatial distribution of human synaptic
diversity remains unknown. One of the key elements limiting the rate of human
synaptome mapping is the lack of robust methodologies to allow the detailed study
of such abundant heterologous structures as synapses. To overcome these limitations
a methodology is needed for reproducible and robust identification of synapse types at
a molecular level, their resolution at individual synapse-level with a high-throughput

analysis to accommodate the vast numbers.

The existing methods for studying synapses all have limitations, as has been
described in Chapter 1.5. However, the G2CSynMaP methodology, described in
Chapter 2.11, developed to study rodent synaptic diversity, has shown promising
results (Zhu et al., submitted). The synaptic molecular identity of proteins was
secured by the creation of a knock-in animal model carrying an in-frame fusion
of a sequence encoding a fluorescent PSD-95 synaptic protein into the endogenous
locus. Secondly, high-resolution, high-throughput imaging of the fluorescent PSD-95
using a confocal SDM was performed. Thirdly, an automated detection and analysis
of PSD-95 fluorescent synaptic puncta was used that allowed for rapid analysis of
millions of synapses. The rodent G2CSynMaP analysis therefore fulfilled the three
criteria needed to create a map of synaptic diversity, or a synaptome, based on analysis

of PSD-95 protein IR.

However, there are several limitations when trying to apply the G2CSynMaP
method to human tissue. For example, while the data demonstrating synaptic diversity
in mouse brain were obtained using a genetically modified animal, such genetic
manipulation of human brain tissue is not possible. It is also not possible to study

human brain regions in their entirety as has been done in rodents. Nevertheless,
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alternatives are available. An antibody labelling approach to identify PSD-95 synapses
could be used instead of genetic manipulations, and imaging of smaller areas of tissue

could be performed.

My aim in this chapter was to quantify PSD-95 excitatory synapses in selected
human brain regions using novel quantitative immunofluorescence (IF). Methods
were developed for antibody labelling and quantification of synapses expressing
PSD-95/Dlg4 in a range of human brain regions. I hypothesised that modifications
of G2CSynMaP methodology to suit human tissue would allow for a description of
human PSD-95 synaptic diversity using distinct PSD-95 puncta parameters, similarly
to rodent data. In addressing this hypothesis, I have generated the PSD-95 maps based
on analysis of three parameters of PSD-95 IF for selected human brain areas. The
findings reveal an organisation of PSD-95 synaptic puncta diversity similar to rodent,
and show structured organisation of PSD-95 in the human brain, both between and

within anatomical areas.

4.2 SUMMARY OF METHODS USED

In order to analyse the diversity of PSD-95 synapses based on their distribution selected
formalin-fixed paraffin-embedded human brain sections were labelled with PSD-95
antibody using IF. In total, imaging was performed on 80 brain sections (20 sections
per case). The 20 areas chosen covered as many anatomical regions of interest as
possible that were available for all 4 control cases. IF imaging was achieved using the

laser scanning confocal microscope (Figure 2.1 Panels 1 & 4).

Indirect fluorescence from the secondary antibody was imaged using the same
sets of acquisition parameters with an oil immersion lens (63X, NA 1.4). The
Ensemble method (described in Chapter 2.9.1) was used to detect individual PSD-95
synaptic puncta, which were quantified per unit area to give a density value. In
addition, individual PSD-95 punctum features were obtained: mean punctum intensity
in grey values as arbitrary units and punctum size as area were obtained (Figure
2.1 Panel 2). Mean punctum values for each area in each of the 4 cases were then

calculated and represented as a heatmap (Figure 2.1 Panel 3). The mean values
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represented as colours were manually coloured using Adobe Photoshop®. The five
representative coronal section drawings displaying the anatomical human brain regions
imaged were delineated based on templates from the reference atlas of the Allen

Human Brain Atlas (http://human.brain-map.orqg) (Figure 2.3 on page 92).

4.3 OVERALL DISTRIBUTION OF PSD-95 IN SELECTED HUMAN BRAIN AREAS

The PSD-95 IF stained and imaged brain sections displayed green fluorescent signals
from the secondary antibody that were detected as tiny puncta. In general, as shown in
Figure 4.1 on page 132, the puncta appeared intense and densely packed in the cortex
and the hippocampus. However, even within the neocortex, different areas displayed
different combinations of bright, dim, large and small puncta. In the remaining
subcortical structures, including thalamus and caudate nucleus, the puncta tended to
show moderate numbers and intensities. Intense and high counts of PSD-95 IR were
also found in some parts of the cerebellum, such as the granular cell layer, but not
others, such as white matter. Interestingly, both hippocampus and cerebellum showed
distinct subregional distribution patterns of PSD-95 IR, as will be described in more
detail in the next section. Although present within the brainstem, the synaptic puncta
numbers were low in the midbrain, pons and medulla. In these structures the PSD-95
puncta also showed low levels of fluorescent intensity. In contrast, synaptic puncta

were almost absent from the cortical and the cerebellar white matter.

Overall, there are clear differences in PSD-95 synaptic puncta densities,
intensities and sizes between the regions and subregions.  Importantly, this
heterogeneous nature of PSD-95 distribution across the human brain is consistent
with the previous in situ hybridisation and immunohistochemistry studies of PSD-95
distribution in mice (Fukaya et al., 1999; Fukaya and Watanabe, 2000) and with
the knock-in mice generated in our laboratory (Zhu et al., submitted). Our data,
similarly to the rodent data, highlights the importance of quantification of the existing
distribution differences in order to understand the principles behind the patterns of

synapse diversity.

Rodent investigations also demonstrated further differences in the distribution
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patterns in several selected brain areas, so a more detailed description of the
corresponding human regions was undertaken to assess if the PSD-95 distributions

share interspecies similarities.
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Figure 4.1 Overall PSD-95 synaptic puncta diversity in the human brain.
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Panel A. Representative images from 30 different human brain subregions showing
differences in patterns of distribution of PSD-95 IR. In general, cortical areas show
similar, quite uniform, distribution of PSD-95 but with variations in puncta intensity
and size, and to a lesser degree puncta counts, which do not show as much variations
as for other brain subregions. This is in contrast to subcortical areas, which show clear
differences in pattern of distribution related to underling anatomical heterogeneity of
subregions (e.g. hippocampus or cerebellum). The brainstem structures, as represented
by midbrain, pons and medulla, show sparse numbers of PSD-95 synaptic puncta.
Almost no PSD-95 puncta are detected in the subcortical or cerebellar white matter.
Panel B. All human tissue was sampled from coronal sections at levels approximated
by vertical lines: 1 - at the level of gyrus rectus, 2 - at the level of genu of corpus
callosum, 3 - at the level of temporal pole, 4 - at the level of posterior hippocampus
and the lateral geniculate body, 5 - at the level of primary visual cortex. Panel C.
Cartoons of human brain coronal sections corresponding to the levels defined in panel
B. Each cartoon 1is labelled with areas imaged using LSCM, starting from anterior
to posterior distribution. Areas are visualised according to the Allen Brain Atlas.
Templates of these cartoons of coronal sections were modified from the Allen Brain
Atlas (Human Brain) and include plate numbers: 10/106, 16/106, 19/106, 48/106 and
86/106. Abbreviations: BA, Brodmann area; TH, thalamus; CN, caudate nucleus; HC,
hippocampus; CA, cornu ammonis; slm, stratum lacunosum — moleculare; sp, stratum
pyramidale; DG sm, dentate gyrus stratum moleculare; CB, cerebellum; WM, white
matter; gl, granular cell layer; ml, molecular cell layer; pag, periaquedactal grey; MB,
midbrain; PO, pons; MD, medulla; Ic, locus coeruleus; cnXII, central nucleus XII; sn,
substantia nigra; pn, pontine nuclei; ion, inferior olivary nucleus. Scale bar in panel A:
10 pm.

4.4 DETAILED DISTRIBUTION OF PSD-95 IN SELECTED BRAIN AREAS

Detailed assessment of the PSD-95 IR distribution revealed several patterns of PSD-95

staining in selected human brain areas.

4.41 Hippocampus

The human hippocampus is broadly divided into two parts, the dentate gyrus (DG,
area dentata or fascia dentata) and the hippocampus proper (CA, cornu ammonis). The
hippocampus proper is further subdivided into four fields, CA1-4. CA4 comprises
pyramidal-like cells that are located inside the hilus of the dentate gyrus. The dentate

gyrus has three layers: the granular layer, the molecular layer and the polymorphic

133



DETAILED DISTRIBUTION OF PSD-95 IN SELECTED BRAIN AREAS

layer. The polymorphic layer located in the hilus of the dentate gyrus merges with
the CA4 field. The granular layer consists of cell bodies of the granule cells, the
molecular layer consists of interwining apical dendrites of the granule cells, and the
polymorphic layer contains the initial segments of the granule-cell axons as they join
together to form the mossy fibre bundle. The hippocampus proper is a multilayered
structure composed of: several layers including: the alveus, the stratum oriens, stratum
pyramidale, the stratum radiatum and the stratum lacunosum-moleculare. Briefly, the
alveus contains the axons of the pyramidal cells, the stratum oriens contains the basal
dendrites of the pyramidal neurons, the stratum pyramidale consists of the cell bodies
of the pyramidal cells, the stratum radiatum and the stratum lacunosum-moleculare
contain the proximal and distal segments of the apical dendritic tree, respectively. In
the CA3 field, the stratum radiatum is called stratum lucidum as it receives input from
the mossy fibres originating from the axons of the dentate granule cells. CAl is also
referred to as Sommers sector. This area is susceptible to ischaemia showing selective

vulnerability.

In the human hippocampus, there was intense punctate PSD-95 IR staining
observed within CA1, CA3, CA4 as well as the dentate gyrus (DG), as seen in Figure
4.2 on page 139. The highest intensity of staining was seen in the CAl, followed by
CA3, with the CA2 subregion showing the dimmest puncta. Bright PSD-95 IR was
mostly observed within the dendritic layers of the hippocampus, including stratum
radiatum and stratum lacunosum-moleculare as well as the molecular layer of the
DG. The puncta observed in the neuropil of the pyramidal cell layer of the CA3 and
CAA4 subregions appeared very similar in size, intensity and pattern of staining: they
were large, moderately bright, and formed a loose, rosette-like pattern of packing. This
was in contrast to much denser, but smaller and brighter PSD-95 puncta in the CAl
subregion. Finally, while no staining was seen in the granule cells of the dentate gyrus,
cell bodies of the pyramidal cell layer of CA1-4 subregions did demonstrate diffuse and
moderate staining, which was abolished in the negative controls. A detailed description

of PSD-95 IR labelling will be provided in Chapter 5.3.

In general, the PSD-95 IR in human hippocampus is consistent with the

distributions in the dendritic layers of hippocampus of the knock-in PSD-95-eGFP
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mouse created in our lab as well as the previous findings using antibodies against
endogenous PSD-95 in mice (Fukaya and Watanabe, 2000). The most striking
difference being the PSD-95 cell body staining of the pyramidal cell layers.

4.4.2 Cerebellum

The PSD-95 staining pattern was different in the human cerebellum (Figure 4.3 on page
141). The adult cerebellar cortex is a three-layer structure composed of an internal
granular layer (IGL), Purkinje cell layer (PCL) organised into a single row of Purkinje
cells (PC) and a molecular cell layer (MCL), as demonstrated with Nissl staining
(Figure 4.3 A). PSD-95 IR puncta were detected in all three cortical layers, although
the pattern of PSD-95 distribution varied between the subregions. Overall, the PSD-95
IR was higher in the GCL than in the MCL (Figure 4.3 B-I) and there was a noticeable
absence of staining in the PCs. Higher magnification views (Figure 4.3 H-I) showed
numerous and dense clusters of PSD-95 IR dispersed throughout the glomerular region
of the GCL between the granule cells, corresponding to mossy and climbing fibers in
the GCL, but the granular cells themselves showed only weak, non-specific staining.
Closer examination of the PCL revealed that PSD-95 IR puncta were only detected in
the terminal pinceau (also known as the presynaptic plexus) of cerebellar basket cells,
surrounding the axon hillock regions of PCs, but the postsynaptic PCs neurons did not
express the protein. Lastly, a much lower density of PSD-95 IR was detected within
the neuropil of the MCL where the PSD-95 IF puncta tended to form a fine linear
pattern. In addition, staining within the larger nuclei of stellate and basket cells, was
observed as demonstrated in Figure 4.3 H. Finally, a high-resolution confocal imaging
revealed that the dense PSD-95 clusters of GCL consisted of numerous distinct PSD-95
IR puncta presumably located on mossy and climbing fibres (Figure 4.3 J). Of note,
the mossy fibres characteristically exhibit their rosette expansions (Castejon and Sims,
1999) and PSD-95 IR showed some clusters with rosette-like punctate formations
(Figure 4.3 J arrowheads). In contrast, within the MCL neuropil, PSD-95 IR was most
strongly localised to many small puncta situated along the dendrites of presumably
paraller fibers since the parallel fibres have been shown to contain glutamatergic

synapses (Landsend et al., 1997)(Figure 4.3 K). No punctate staining was observed
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in the white matter (Figure 4.3 L).

These cerebellar observations of PSD-95 IR are consistent with previous
work in adult animal cerebellum from a range of animals (Castejon et al., 2004).
In rodents, PSD-95 was initially detected in the terminal pinceau of basket cells,
surrounding the axon hillock of PCs. An antigen retrieval and mild protease treatment
during IHC procedure allowed Fukaya and Watanabe (Fukaya and Watanabe, 2000) to
further demonstrate strong punctate staining of PSD-95 associated with post-synaptic
structures at glomeruli in the GCL and along dendrites on the MCL. Their IHC data
were consistent with an earlier study that showed PSD-95 mRNA expression in the
PCL, granular layer and in basket/stellate cells of the adult mouse (Fukaya et al.,
1999). The numerous PSD-95 puncta in the MCL are thought to correlate with the
PC dendritic PSDs making synaptic junctions with parallel and climbing fibres. These
findings are in keeping with previous studies of mature cerebellar synaptic architecture

using confocal laser microscopy (Castejon and Sims, 1999; Castejon and Sims, 2000).

4.4.3 Caudate nucleus

In human brain, the caudate nucleus is part of the basal ganglia, which are a group
of subcortical grey nuclei primarily involved in the control of movement. However,
studies have revealed that the basal ganglia are also involved in cognition, memory
and learning (Calabresi et al., 1997; Graybiel, 1997) as well as addictive behaviours
via their associations with reward systems (Schultz, 1998). The human basal ganglia
is comprised of the globus pallidus, the substantia nigra, and the striatum. The
striatum is further divided into the dorsal striatum, composed of caudate nucleus (CN)
and putamen, and the ventral striatum comprising nucleus accumbens and olfactory
tubercule. In rodents, the caudate and putamen are indistinguishable and referred to
as the striatum. This study describes the PSD-95 distribution in the caudate nucleus
only. The caudate nucleus is important in forming new associations to acquire explicit

memories and in motor learning (Knowlton et al., 1996).

Overall, strong PSD-95 labelling was detected in the caudate nucleus, as

demonstrated in Figure 4.4 on page 143. Low-powered magnification revealed that
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the distribution of PSD-95 labelling was non-homogenous with small compartments
of weaker staining, as demonstrated in Figure 4.4 B, G, H. No PSD-95 labelling
was identified in serial control section processed using the immunostaining protocol
without the anti-PSD-95 antibody (Figure 4.4 C). PSD-95 IR appeared slightly weaker
in the smaller striosomal compartments in comparison to the matrix (Figure 4.4 D,
E and F). The compartmental distribution of PSD-95 was, however, better visualised
by performing double immunofluorescence staining of PSD-95 with Calbindin-D28K,
a protein enriched in the matrix of the human striatum (Ito et al., 1992), as seen in
Figure 4.4 G-K. Compared with the striosomes, the matrix compartment appeared
strongly stained for PSD-95. PSD-95 exhibited not only a dendritic pattern of staining,
but also showed somatic staining, presumably in medium spiny neurons (MSNs) as
seen previously (Ouimet et al., 1998). In summary, the PSD-95 staining pattern in the
caudate nucleus is entirely in agreement with that recently described in human tissue
using a much higher sensitivity immunohistochemistry technique to demonstrate the
striosome and matrix compartments of the human neostriatum (Morigaki and Goto,
2015). Our results in the CN, therefore, additionally confirm specificity of our PSD-95

staining technique.

4.4.4 Thalamus

In the human thalamus, the PSD-95 IR signals were diffuse and the intensities
were overall moderate (Figure 4.5 on page 145). Some lightly PSD-95-labelled cell
bodies of neurons were also identified in all four subjects, although their precise
cytoarchicetual identity was not determined. Similar data from mice showed that
these stained neurons predominantly localised to the ventro-posterior and dorsal
thalamic nuclei. Double immunofluorescent labelling demonstrated that they also
tended to be restricted to non-GABAergic neurons as no co-localisation with
GABA-immunoreactive cells was seen (Liu et al., 2004). Analysis of human PSD-95
transcripts revealed that they were found in large glutamatergic relay neurons as well

as in small GABAergic interneurons in the dorsomedial and anterior thalamic nuclei

(Clinton et al., 2003).

Interestingly, subsequent quantification of human PSD-95 IR signals in terms
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of density, intensity and size, revealed that the thalamic PSD-95 IR staining showed
most variability among the areas examined. Although this variability of staining
could be explained by inter-subject variability, it could also partly be explained by
the fact that an overall PSD-95 thalamic expression was determined rather than a
nucleus-by-nucleus distribution. This is because it was not possible to identify discrete
thalamic nuclei in the original tissue sections. Our overall findings are, nevertheless, in
agreement with previous studies in mice (Fukaya and Watanabe, 2000) and in human
(Clinton et al., 2003, 2006). In particular, Clinton et al., demonstrated that the PSD-95
transcript not only varies among the control subjects, but also within six different
thalamic nuclei examined: the highest levels were found in the anterior and reticular
nuclei and the lowest in the central nuclei. As mentioned above, our study did not
assess PSD-95 distribution in any specific thalamic nucleus, but rather demonstrated
PSD-95 in the thalamus as a whole. However, the underlying thalamic nuclei PSD-95
distribution heterogeneity may account for the thalamic variability results found in our

study if different nuclei were imaged for each case.

4.4 5 Brainstem structures

Three brainstem structures, the midbrain (Figure 4.6 on page 146), pons (Figure 4.7
on page 147) and medulla (Figure 4.8 on page 148), were probed for PSD-95 IR and
overall showed sparse and weak fluorescent signals in these areas. These findings
are in agreement with the published in sifu hybridisation and immunohistochemistry
results showing low PSD-95 expression in the hindbrain areas (Fukaya and Watanabe,
2000). They are also in agreement with the rodent PSD-95 knock-in results (Zhu et al.,

submitted).

138



PSD-95 SYNAPTOME MAPPING OF THE HUMAN BRAIN

Negative control/DAPI

PHG
Sub

Negative control

PSD-95/DAPI
L DG-ML

DG-GL

DG-PL CA2-SR
2.
CA4 CA2-SP

PSD-95 _ |Negative | 5.  _ |INegative

Figure 4.2 PSD-95 shows a distinct pattern of staining in the human
hippocampus.

A. Low magnification image of a Nissl-stained section of human hippocampus
assessing the basic neuroanatomy. B. Low magnification fluorescent images showing
PSD-95 IR. The most intense labelling is observed in the hippocampus as well as
adjacent cortex of the parahippocampal gyrus. C. The same section stained without the
primary antibody showing absence of PSD-95 IR. D. Close up on hippocampus with
PSD-95 IR. E. Dapi, and a merged image in F are shown for comparison with images
of negative control in G-I. J. Zoomed in detail of the same tissue section showing
intense staining of PSD-95 IR in the molecular layer of DG. L.The same section as in
J. showing PSD-95 IR only and a negative control in M. K. In human tissue, strong
PSD-95 IF is observed in cell bodies of the pyramidal cells. An example from CA2
subregion. PSD-95 IR N and a negative control in O demonstrating a lack of staining
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in the cell bodies. P-T Examples of higher magnification PSD-95 staining in various
subregions of the hippocampus. The highest intensity of staining was observed in CA1
and DG-ML, followed by CA3 and CA4, and finally by CA2. Scale bars: A-I 2000
pm, J-O 200 pm, and P-T 10 um. HC, Hippocampus; Sub, Subiculum and PHG,
Parahippocampal gyrus. DG, Dentate gyrus; DG-ML, DG molecular layer, DG-PL,
DG pleomorphic layer; DG-GL, DG granule cell layer; SR, Stratum radiatum; SO,
stratum oriens; LM, lacunosum-moleculare.
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Figure 4.3 PSD-95 shows a distinct pattern of staining in the human cerebellum.

A. Low magnification image of a section of human cerebellum stained with Nissl in
order to assess the basic neuroanatomy: cerebellar cortex (folia), white matter and the
dentate nucleus. B-D. Low magnification fluorescent images showing PSD-95 IR B,
Dapi C and a merged image D in the same section as A. The most intense labelling
is observed in the cerebellar folia. E. The same section stained without the primary
antibody showing absence of PSD-95 IR. Dapi F and a merged image in G are shown
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for comparison with images in B-D. H. Zoomed in detail of the same tissue section
showing large clusters of PSD-95 IR in GCL. In MCL, PSD-95 is observed as fine
linear pattern with strong labelling of larger nuclei. The cell bodies of Purkinje cells do
not stain with PSD-95 (arrowheads), but PSD-95 IR is present in the terminal pinceau
of basket cells, surrounding the axon hillock region of PCs. I. The PSD-95 staining
is not observed in the negative control section. Arrowheads point to lack of staining
around and within PCs. J. Higher magnification PSD-95 staining in the GCL showing
numerous intense puncta within the clusters. Arrowheads point to areas of rosette-like
punctate formations. In contrast, PSD-95 IR within MCL was mostly localised along
the dendrites K. No punctate PSD-95 labelling was present in the cerebellar white
matter L. GCL - granular cell layer. MCL - molecular cell layer. Scale bars: A-G 2000
pm, H-I 100 pm, and J-L 10 pm.
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Figure 4.4 Compartmental staining of PSD-95 in the human caudate nucleus.
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A. Low magnification image of a section of human caudate nucleus stained with Nissl
to assess basic neuroanatomy (case SD23/13). B. At low magnification, PSD-95 IF
was not homogenous and small darker patches were identified scattered within the
region. A star (*) denotes one such darker patch, a striosome. C. Omission of PSD-95
primary antibody showed lack of PSD-95 IF. D-F Zoomed in detail of the same patch
as in B showing slightly darker PSD-95 IF at the edge of the striosome as pointed
by the arrowheads. Somatic staining of PSD-95 was seen, presumably in MSNs, in
addition to dendritic PSD-95 IR puncta. G. Low magnification image from another
case (SD42/13) also showing scattered darker patches identified with PSD-95 IF within
caudate nucleus. A star (*) points to a striosome. H. The same patch was much better
visualised with Calbindin-D28K antibody. IC — internal capsule. I-K Zoomed in detail
of the same patch as in G and H outlined by the arrowheads. I. Darker striosomal
staining was seen with PSD-95 IF. J. A much darker Calbindin-D28K staining within
a striosome in J. K. Merged image. Scale bars: A-C and G-H 2000 pm, D-F and I-K
100 pm.
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Figure 4.5 PSD-95 pattern of staining in the human thalamus.

A. Low magnification image of a section of human thalamus stained with Nissl to
assess basic neuroanatomy (case SD23/13). B. At low magnification, PSD-95 IF
was variable but prominent throughout the section C. Omission of PSD-95 primary
antibody showed lack of PSD-95 IF. D Zoomed in detail of the same case as in A
showing detailed punctate PSD-95 IF staining. E. High magnification image obtained
with LSCM showing PSD-95 IF within the thalamus. Scale bars: A-C 2000 pm, D
100 ym and E 10 pm.
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Figure 4.6 PSD-95 pattern of staining in the human midbrain.

A, D, G. Low magnification images of sections of human midbrain stained with Nissl
to assess basic neuroanatomy (case SD23/13). B, E, H. At low magnification, PSD-95
IF was not very prominent throughout the region C, F, I. Large pigmented neurons of
the substantia nigra are pointed by (*).Omission of PSD-95 primary antibody showed
lack of PSD-95 IF. D-F Zoomed in details of three subregions: J periaqueductal grey
(PAG), K substantia nigra pars compacta (SNpc), and L substantia nigra pars reticularis
(SNpr), confirm the overall sparse PSD-95 IF within the midbrain. Scale bars: A-C
2000 pm, and D-I 100 pm, and J-L 10 pm.
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Figure 4.7 PSD-95 pattern of staining in the human pons.

A, D, G. Low magnification images of sections of human midbrain stained with
Nissl to assess basic neuroanatomy (case SD23/13). Subregions studied included
the pontine nuclei (PN) and the small loci coerulei (LC) pointed by (*). B. At low
magnification, PSD-95 IF was bright in the pontine nuclei. C, F, I Omission of
PSD-95 primary antibody showed lack of PSD-95 IF. D-I Zoomed in detail of the
two subregions showed bright staining within PN E and sparser staining within LC H.
High magnification images obtained with LSCM confirmed bright PSD-95 synaptic
puncta in PN J and bright, but sparser IR within the LC K. Scale bars: A-C 2000 pm,
D-I 100 pm, and J-K 10 pm.
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Figure 4.8 PSD-95 pattern of staining in the human medulla.

A, D, G. Low magnification images of sections of human medulla stained with Nissl
to assess basic neuroanatomy (case SD23/13). B. Subregions examined included the
inferior olivary nuclei (ION) and the small nuclei of the cranial nerve XII (CNXII)
denoted by (*). E. At low magnification, PSD-95 IF was particularly bright in the
ION. H. Sparser IR was seen in the CNXII. C, F, I. Omission of PSD-95 primary
antibody showed lack of PSD-95 IF. D-I. Zoomed in details of the two subregions
showed bright staining within ION E and sparser staining within CNXII. H. High
magnification images obtained with LSCM confirmed bright PSD-95 synaptic puncta
in ION J and bright, but sparser IR within the CNXII K. Scale bars: A-C and G-H
2000 pm, D-F and I-K 100 pm.
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4.5 PSD-95 QUANTIFICATION ACROSS SELECTED HUMAN BRAIN AREAS

A key output of this research has been the implementation in human tissue of a novel,
high throughput PSD-95 synaptic puncta quantification method, called Ensemble.
Each detected PSD-95 immunoreactive (IR) punctum was quantified in terms of its
intensity, measured in arbitary units (a.u.), and size, measured in ,umz. In addition,
density of synaptic puncta per 100 um? was calculated as an approximate measure of

synapse population within each region studied.

4.5.1 PSD-95 synaptic puncta density

The density of PSD-95 IR puncta was quantified in 20 human brain areas (Figure 4.9
A on page 151). In general, the highest density of PSD-95 puncta was detected in the
cortical areas. The subcortical regions and the hippocampus also had high numbers
of PSD-95 puncta. The lowest density of PSD-95 IR puncta was observed in the

brainstem structures.

Amongst the cortical areas, BA19 (secondary visual cortex) (mean + SD: 51.74
+ 11.68) showed the highest number of PSD-95 puncta, while BA4 (motor cortex)
(29.91 + 7.18) had the lowest numbers. Within the subcortical and allocortical regions,
the hippocampus showed the highest numbers of PSD-95 puncta (44.21 £ 16.22),
which was only second low to one cortical area (BA19), followed by thalamus (36.10
+ 22.42), cerebellum (30.68 £ 10.76) and caudate nucleus (23.38 + 14.22). The
brainstem structures: midbrain (8.02 £ 4.14), pons (6.26 £ 2.39) and medulla (7.41
+ 4.30) all showed similar values, but recorded the lowest densities of PSD-95 puncta

amongst the regions examined.
4.5.2 PSD-95 synaptic puncta intensity
The intensity of PSD-95 IR puncta was quantified in 20 human brain areas (Figure 4.9

B on page 151). In general, the brightest PSD-95 puncta were detected in the cortical,

allocortical and subcortical areas. The dimmest PSD-95 puncta were observed in the
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brainstem structures.

Amongst the cortical areas, BA19 (secondary visual cortex) (mean 4= SD: 40.6
4 9.91) showed the brightest PSD-95 puncta, while BA4 (motor cortex) (25.51 + 3.52)
had the dimmest. Within the subcortical regions, the thalamus showed the brightest
PSD-95 puncta (38.15 + 15.40), which was second only to the cortical area (BA19),
followed by cerebellum (32.8 4+ 5.72) and caudate nucleus (31.77 4 8.82). Then
followed the hippocampus (30.59 £ 5.80). The brainstem structures: midbrain (21.8
+ 2.29), pons (22.23 + 3.05) and medulla (21.54 4+ 2.65) all showed similar intensity,

but were the least intense PSD-95 puncta amongst all the examined regions.

4.5.3 PSD-95 synaptic puncta size

The size of PSD-95 IR puncta was quantified in 20 human brain areas (Figure 4.9 C
on page 151). In general, the biggest PSD-95 puncta were detected in the cortical
areas. In contrast, the subcortical, allocortical and brainstem regions showed smaller
PSD-95 puncta with the exception of the caudate nucleus, which showed relatively

large PSD-95 puncta.

Amongst the cortical areas, BA19 (secondary visual cortex) (mean £+ SD: 0.28
4 0.03) had the biggest PSD-95 puncta, while BA11 (frontal cortex) (0.26 £ 0.03)
had the smallest puncta. The caudate nucleus showed PSD-95 puncta as large as
the cortical areas (0.294 £ 0.05), whereas the hippocampus (0.245 4 0.04), thalamus
(0.221 £ 0.06) and cerebellum (0.216 + 0.03) had puncta comparable in size to the
brainstem structures. Amongst the brainstem structures: the pons (0.246 4 0.08), had
the biggest puncta, followed by the medulla (0.222 + 0.06) and the midbrain (0.188
£ 0.07), the midbrain showing the smallest PSD-95 puncta amongst all the regions

examined.
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Figure 4.9 PSD-95 quantification in the control human brain.

Boxplots showing quantification of PSD-95 synaptic puncta in 20 human brain areas

from 4 control cases ordered by means.

Data are subdivided by colour into 4

subregions and presented by punctum density (A), punctum intensity (B) and punctum
size (C). Within each boxplot, horizontal lines show the medians; box limits indicate
the interquartile range (IQR) (inferior or 1st quartile range = 25th percentile, and
superior or 3rd quartile range = 75th percentiles) as determined by R software using
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ggplot2 package; whiskers are defined by Tukey and extend to data points that are
less than 1.5x IQR away from the 1st/3rd quartile; outliers are represented by black
circles. Red circles represent mean + SD which are shown with smaller error bars
calculated using mean_cl_normal function from Hmisc package. Brain subregions:
NCx, neocortical areas; ACx, allocortex; SCx, subcortical areas; CB, cerebellum; and
BS, brainstem. Brain areas: BA, Brodmann area; HC, hippocampus; TH, thalamus;
CN, caudate nucleus; CB, cerebellum; MB, midbrain, PO, pons; MD, medulla.

4.5.4 PSD-95 inter-subject variability across human brain

Having quantified the PSD-95 synaptic parameters, I examined inter-subject variability
for PSD-95 synapses using two approaches. These approaches would also inform with
regard to the reproducibility of PSD-95 parameter distributions since less variation

between the individuals would increase the reproducibility of our results.

Initially, I examined the inter-subject differences using the loess method.
Analysis of PSD-95 density per individual revealed that one case (SD23/13) appeared
to differ from the remaining three (Figure 4.10 A on page 154). Unlike the other three
cases, this case showed much higher numbers of PSD-95 synaptic puncta in 3 cortical
areas; BA4 (mean &+ SD: 44.54 4 5.44), BA6 (45.69 + 4.47), BA9 (48.46 + 4.76), and
much lower numbers in all remaining areas. However, given the small number of this
cohort, this apparent discrepancy might still be a true reflection of subject variability.

All means, medians and SD values are presented in a supplementary Table B.3 on page

316.

Analysis of PSD-95 intensity per individual revealed that, similarly to the
density parameter, one case (SD23/13) appeared to differ from the remaining three
cases (Figure 4.10 B on page 154). Unlike the other three cases, this case showed much
brighter PSD-95 synaptic puncta in 3 cortical areas; BA4 (mean 4 SD: 24.95 £ 1.41),
BAG6 (35.02 £ 4.87), BA9 (37.88 £ 4.74), and much dimmer puncta in all remaining
areas. However, given the small number of this cohort, this apparent discrepancy may
still be a true reflection of subject variability. All means, medians and SD values are

presented in a supplementary Table B.4 on page 317.
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Analysis of PSD-95 puncta size per individual revealed that two cases showed
very similar patterns of PSD-95 size distribution (case SD32/13 and SD42/13).
Two cases appeared to have partially different patterns of PSD-95 sizes. One case
(SD23/13) had particularly large PSD-95 synapses in the hippocampus, the caudate
nucleus and the brainstem regions. In contrast, the second case (SD25/13) showed a
tendency for the cortical synapses to be much smaller than the other 3 cases (Figure
4.10 C on page 154). Overall, a general pattern of PSD-95 synaptic puncta size
distribution that emerged showed that the cortical areas tended to have larger synapses
than the subcortical and the brainstem areas. Moreover, of all synaptic parameters,
the PSD-95 synaptic size exhibited the most inter-subject variations in comparison to
the density and the intensity of synapses. All means, medians and SDs values are
presented in a supplementary Table B.5 on page 318. Overall, the analyses identified
reproducible PSD-95 distribution patterns across the four independent human brains
for each PSD-95 parameter (Figure 4.10 on page 154). However, the analyses also
demonstrated that one individual (SD23/13) showed greater variation when compared
to the remaining 3 control cases. An additional comparison of PSD-95 IF synaptic
puncta distribution from different brain areas within the same individual are shown in

(Figure 4.11 on page 156).

As a second approach, I examined the inter-subject differences based on the
brain regions of all 4 individuals by performing hierarchical clustering on PSD-95
synaptic parameters. This analysis demonstrated that there are general similarities
between the cases based on each PSD-95 synaptic parameter i.e. density (Figure 4.12
on page 157), intensity (Figure 4.13 on page 158) and size (Figure 4.14 on page 159).
There is a tendency for areas to cluster into two main branches. However, each case
showed specific clustering of areas for each parameter, which is most likely a reflection
of individual differences. In fact, further detailed data analysis by each area separately
confirmed significant differences between the individuals, as will be shown in the next

paragraph.
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Figure 4.10 Inter-subject PSD-95 distribution patterns variability.

Scatterplots used to assess the inter-subject variability between the four control cases
for the three PSD-95 puncta parameters: density (A), intensity (B) and size (C). Cases
B, C and D appear fairly similar for all parameters in contrast to the case A. The
inter-subject variability was assessed by fitting a loess smoothing curve superimposed
among the data points for each subject. Smoothing interpolation by loess method
was performed using R function from the ggplot2 package: parameter settings were
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method = "loess" and span = "0.75" for curve fitting. Each colour-coded curve
represents a subject. For clarity, colour of subject D was changed to reflect different
parameter examined. Each data point represents a result of quantification from an
image obtained with LSCM. The data points are coded by shapes (squares, circles,
triangles and diamonds) and are kept constant for each subject. Cases: A - SD23/13, B
-25/13, C-32/13 and D - 42/13. Brain areas: BA, Brodmann area; HC, hippocampus;
TH, thalamus; CN, caudate nucleus; CB, cerebellum; MB, midbrain, PO, pons; MD,
medulla.
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Figure 4.11 Comparison of PSD-95 synaptic puncta parameters distribution from
different brain areas within the same individual brains.

Boxplots demonstrating PSD-95 IF labelling in four individual brains for the three
PSD-95 puncta parameters: density (A, B, C, D), intensity (E, F, G, H) and size (],
J, K, L). Cases B, C and D appear fairly similar for all parameters in contrast to the
case A. Cases: A, E,1-SD23/13, B, F, J - SD25/13, C, G, K - SD32/13 and D, H, L -
SD42/13. Brain areas: as before.
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Figure 4.12 PSD-95 inter-subject similarity based on puncta density.
Similarity of the PSD-95 synaptic puncta densities between individuals. Individual
clustering dendrograms showing the similarities between 20 areas based on PSD-95
synaptic puncta mean densities. The dendrograms are based on the Euclidean
differences between the mean value for each region. The clustering method used was
Ward.D. The analysis was performed using R software. Cases: A - SD23/13, B -
SD25/13, C - SD32/13 and D - SD42/13. Brain areas: BA, Brodmann area; HC,
hippocampus; TH, thalamus; CN, caudate nucleus; CB, cerebellum; MB, midbrain,
PO, pons; MD, medulla.
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Figure 4.13 PSD-95 inter-subject similarity based on puncta intensity.
Similarity of the PSD-95 synaptic puncta intensities between individuals. Individual
clustering dendrograms showing the similarities between 20 areas based on PSD-95
synaptic puncta mean intensities. The dendrograms are created as described
previously. Cases: A - SD23/13, B - SD25/13, C - SD32/13 and D - SD42/13. Brain
areas: BA, Brodmann area; HC, hippocampus; TH, thalamus; CN, caudate nucleus;
CB, cerebellum; MB, midbrain, PO, pons; MD, medulla.
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Figure 4.14 PSD-95 inter-subject similarity based on puncta size.
Similarity of the PSD-95 synaptic puncta sizes between individuals. Individual
clustering dendrograms showing the similarities between 20 areas based on PSD-95
synaptic puncta mean sizes. The dendrograms are created as described previously.
Cases: A - SD23/13, B - SD25/13, C - SD32/13 and D - SD42/13. Brain areas:
BA, Brodmann area; HC, hippocampus; TH, thalamus; CN, caudate nucleus; CB,
cerebellum; MB, midbrain, PO, pons; MD, medulla.
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4.5.5 PSD-95 synaptic puncta inter-subject inter-regional variation

In the previous section I established that there appear to be a general pattern of
inter-regional PSD-95 variation for each synaptic parameter, which can be identified
despite individual differences. I next asked if this pattern is still preserved when
each area is examined separately for each synaptic parameter for each individual.
Inter-subject variation has been well documented in human studies (Uylings et al.,
2005; Caspers et al., 2006). Such variation would also be expected in the present

study.

The analyses for PSD-95 synaptic puncta density (Figure 4.15 on page 162),
intensity (Figure 4.16 on page 163) and size (Figure 4.17 on page 164) demonstrate
consistently that within each anatomical area examined, there are many significant
differences between the subjects with no discernable pattern of differences for each
parameter. Moreover, significant differences between individuals observed for one
synaptic parameter do not inform about differences in any of the remaining two
parameters. For instance, an absence of significant PSD-95 density differences
between individuals for the cortical area BA4, does not follow for the PSD-95 intensity
and size, where significant differences between the cases are seen. In the cerebellum,
there are no significant individual differences for PSD-95 intensity and size, but the
PSD-95 densities significantly differ between the cases. Overall, the two examples
are the exceptions rather than the rule, as a majority of the analysed areas do show
significant differences between the individuals for every PSD-95 synaptic parameter at

each anatomical level.

However, despite the inter-subject differences, the general trends have been
preserved: the synaptic puncta were generally less numerous and slightly dimmer in
the brainstem areas, but brighter and more numerous in the cortical and subcortical
regions. These differences were particularly obvious for the PSD-95 density parameter,
and less prominent, but still present for the intensity parameter. A general size
distribution pattern has also been preserved for the synaptic sizes, which were low in
the brainstem and subcortical areas, but much higher sizes were found in the cortical

regions.
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Taken collectively, these data inform that there are significant topographical
inter-subject differences for each PSD-95 synaptic parameter. However, the overall
individual inter-regional PSD-95 distribution patterns appear to follow a global

organisation arrangement whereby inter-subject differences become less significant.
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Figure 4.15 PSD-95 density quantification by case and area.
Inter-subject variability by brain area of PSD-95 puncta density in 20 control human
brain areas (n=4). Data were analysed with Kruskal-Wallis ANOVA on ranks with
Dunn’s post-hoc test and are presented as boxplots with median and whiskers plotted
by Tukey method (outliers are displayed as black triangles below and above the
whiskers). Cases: A - SD32/13, B - SD25/13, C - SD32/13 and D - SD42/13.
Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Density
is expressed as number of puncta per 100 pm?. Brain areas: BA, Brodmann area; HC,
hippocampus; TH, thalamus; CN, caudate nucleus; CB, cerebellum; MB, midbrain,
PO, pons; MD, medulla.
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Figure 4.16 PSD-95 intensity quantification by case and area.
Inter-subject variability by brain area of PSD-95 puncta intensity in 20 control human
brain areas (n=4). Data were analysed with Kruskal-Wallis ANOVA on ranks with
Dunn’s post-hoc test and are presented as boxplots with median and whiskers plotted
by Tukey method (outliers are displayed as black squares below and above the
whiskers). Cases: A - SD23/13, B - SD25/13, C - SD32/13 and D - SD42/13.
Significance levels: *p < 0.05, **p < 0.01, **¥*p < 0.001, ****p < 0.0001.
Intensity is expressed as arbitrary units (a.u.). Brain areas: BA, Brodmann area; HC,
hippocampus; TH, thalamus; CN, caudate nucleus; CB, cerebellum; MB, midbrain,
PO, pons; MD, medulla.
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Figure 4.17 PSD-95 size quantification by case and area.

Inter-subject variability by brain area of PSD-95 puncta size in 20 control human brain
areas (n=4). Data were analysed with Kruskal-Wallis ANOVA on ranks with Dunn’s
post-hoc test and are presented as boxplots with median and whiskers plotted by Tukey
method (outliers are displayed as black shapes: triangles, circles or squares, below
and above the whiskers). Cases: A - SD23/13, B - SD25/13, C - SD32/13 and D -
SD42/13. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < (0.0001.
Size is expressed as area in jm?. Brain areas: BA, Brodmann area; HC, hippocampus;
TH, thalamus; CN, caudate nucleus; CB, cerebellum; MB, midbrain, PO, pons; MD,

medulla.
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4.6 SYNAPTOME MAPPING OF PSD-95 IN SELECTED HUMAN BRAIN AREAS

Analysis of PSD-95 puncta parameters using the G2CSynMaP methodology was
undertaken to acquire the first comprehensive quantitative study of synapse diversity in
20 human brain areas. The distribution of PSD-95 puncta density, intensity and size is
illustrated as heatmaps in Figure 4.18 on 166. Overall, these maps reveal that PSD-95
synapses display an organised pattern of expression. The heatmap colours indicate
the mean levels of each parameter compared to other subregions with red spectrum

indicating high and blue spectrum indicating low values.

The cortical areas and the hippocampus have high numbers of PSD-95
synapses. Among the cortical regions, the frontal areas tend to have less PSD-95
synapses than the temporal, parietal and occipital regions. The synapses of the frontal
areas also tend to be less intense than the synapses in the remaining three lobes.
Overall, the size of synapses appears homogeneous throughout the cortical areas with

the most ventral frontal areas having the smallest PSD-95 puncta.

The subcortical areas, such as thalamus and the caudate nucleus, as well as the
hippocampus generally show a variable pattern of synaptic puncta parameters based
on mean values. For instance, the thalamus shows intermediate numbers of synapses,
which are bright, but small. On the other hand, the caudate nucleus has a low number
of moderately bright, but large synapses. The hippocampal synapses are numerous,

but at most only moderately bright and have a size similar with other areas.

Finally, the infratentorial regions appear to have overall relatively
homogeneous PSD-95 puncta parameters. However, the brainstem synapses are in
general in low number, dim and small in comparison to the rest of brain areas. The
cerebellum, however, has a relatively brighter synapses than the rest of the brainstem

regions.
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Figure 4.18 PSD-95 synaptome in the human brain.

Colour-coded PSD-95 synaptome map showing inter-regional synapse diversity in 20
human brain areas. The maps show representative five coronal sections through the
human brain. Templates of these coronal sections were taken and amended from
the Allen Brain Atlas (Human Brain) and include numbers: 10/106, 16/106, 19/106,
48/106 and 86/106. The 20 areas are as follows: 13 cortical (BA4, BA6/8, BA9,
BA11/12, BA17, BA19, BA20/21, BA37, BA38, BA39, BA41/42, BA44/45, BA46);
3 subcortical areas (hippocampus, caudate nucleus and thalamus); cerebellum and the
three brainstem structures (midbrain, pons and medulla). Grey-coloured areas were
not included in the analysis. Data are expressed as mean of density, intensity and size
for 4 control cases. Density is expressed in number of puncta per 100 m?, intensity
in a.u units and size in m? punctum area. Drawn not to scale.
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4.6.1 PSD-95 inter-regional similarities

Once the PSD-95 quantification values were generated for the 20 human brain areas,
it was possible to examine the inter-regional similarities based on the four control
human brains. This process involved generation of a similarity matrix (Figure 4.19
A on page 170). Briefly, the mean values from the 4 control cases for each area
for the three PSD-95 synaptic puncta parameters were normalised using the z-score
formula as detailed in the methods section in Chapter 2.14. The normalised data
were then used to generate the Euclidean distances based on pairwise comparisons
between the areas. A Euclidean distance of zero indicates that two areas are identical,
whereas large distance numbers indicate dissimilarities. The middle diagonal line
shows the Euclidean distance of zero formed by each subarea with itself. Using the
same data, a heatmap was generated to elucidate the contribution of each parameter to

the inter-region similarity (Figure 4.19 B).

Several patterns of similarity between regions emerged (Figure 4.19 C). Firstly,
the most striking observation is that there is a clear division between the supra- and the
brainstem. The three brainstem regions (midbrain, pons and medulla) are very similar
to each other, but markedly different to the rest of the brain regions. As the heatmap in
Figure 4.19 B demonstrates, this dissimilarity from the rest of the brain areas reflects
consistently low values of the three PSD-95 synaptic puncta parameters in these areas.
On the basis of these data, it appears that this organisation of PSD-95 distribution and
diversity is a reflection of the local functionalities and connections rather than between

gross anatomical regions.

Secondly, the cortical areas show close similarity with each other. These
cortical similarities might be the reflection of the underlying overall anatomical
uniformity, although even in our data, it is evident that the cortical areas are not
necessary homogeneous for PSD-95. One pattern that emerged is that the cortical
areas can be further subdivided into two subgroups based on the synaptic parameters
diversity. The first group consists of cortical areas with high synaptic numbers that
are bright and big in size. This group includes predominantly temporal (BA38, BA20,
BAA41) areas, but also a frontal (BA46) and a parietal (BA39) areas. Interestingly, the
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temporal BA38 area stands out in terms of the highest values for all three parameters
when compared to other areas within this cortical subgroup. The second subgroup of
cortical areas has synapses that are generally dim, but big in size. This group includes
frontal areas (BA6, BA9 and BA44), a parietal area (BA37) as well as the primary
visual cortex of the occipital lobe (BA17) and the primary motor cortex of the caudal
frontal area (BA4). The visual association area within the occipital cortex (BA19) is
unique in our analysis with the highest number of the brightest and the largest synaptic
puncta among all regions. This striking dissimilarity to the other cortical areas and
the brainstem, in particular, makes BA19 more similar to the subcortical regions, such
as the thalamus and the cerebellum, although they have much smaller, but still good

numbers of bright synapses.

The last pattern that emerged is a synaptically diverse group that displays
various patterns of similarity between its members. For instance, the thalamus, the
cerebellum and the hippocampus have many bright synapses that tend to be small.
In contrast, the caudate nucleus has bright and large synapses, but not as many as
the other subcortical subregions. Interestingly, with regards to PSD-95 synapses both
the hippocampus and the caudate nucleus share more similarities with the cortices
rather than the subcortical regions. The similarity between the synapses in the
hippocampus and the orbitofrontal cortical area BA11/12 is particularly interesting
since there are close functional and neuronal connections between these regions that
are relevant in brain disorders, such as Alzheimer’s disease. These differences between
the subcortical areas are potentially the reflection of their underlying anatomical
heterogeneity; the hippocampus proper contains at least 16 different subregions, the
thalamus consists of numerous nuclei and the cerebellar cortex is divided into three
layers. It seems inconceivable that this anatomical diversity is not mirrored in synaptic
diversity. Although these data cannot address this issue entirely, this is certainly the
case with the hippocampus. In contrast, the relatively uniform internal structure of the
caudate nucleus represents yet a different pattern of between region similarities in the
subcortical regions, whereby it may be a reflection its distinct function and connectivity

rather than gross anatomical similarity seen with the cortical areas.

In summary, in this subsection, I have demonstrated that there are several very

168



PSD-95 SYNAPTOME MAPPING OF THE HUMAN BRAIN

specific patterns of the PSD-95 inter-regional similarities across the human brain.
The lack of similarities between regions provide potential substrates for anatomical
and functional differences between the specific regions. On the other hand, the
similarities may predict anatomical and functional similarities. These general patterns
of inter-regional similarities can be applied to many biological systems and, for
example, have been described at the gene expression level in the mouse brain (Lein
et al., 2007). However, more importantly, very similar patterns of the PSD-95 based
regional similarities have now been described in the mouse brain (Grant lab, personal

communication).
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Figure 4.19 PSD-95 inter-region similarity across the human brain.

A. Similarity matrix based on the inter-region pairwise similarity values calculated
using the Euclidean distance between 20 human brain areas. The matrix is based
on standardised average values from 4 control cases (SD23/13, SD25/13, SD32/13
and SD42/13) for the three PSD-95 synaptic puncta parameters (density, intensity
and size) from each brain area. The distance between two objects is 0 (red) when
they are identical (perfectly similar). The greater the distance the stronger the
dissimilarity between the regions (darker blues). B. Heatmap showing the differences
and similarities between the regions based on the 3 synaptic puncta parameters. Rows
correspond to areas and columns to synaptic parameters. The dendrogram represents
area similarity on the basis of the Euclidean distances between the 20 regions. Brain
areas: BA, Brodmann area; HC, hippocampus; TH, thalamus; CN, caudate nucleus;
CB, cerebellum; MB, midbrain, PO, pons; MD, medulla. C. Graphical representation
of a neuroanatomical map of PSD-95 synaptic parameters distribution based on
hierarchical clustering of the 20 areas. The areas could be separated into 4 subgroups,
as indicated by the colours, in accordance to the most persistent synaptic feature within
the subgroup. Three subgroups appear well defined (with only occasional exceptions):
a subgroup of areas with high PSD-95 numbers were predominantly distributed around
the temporal lobe and some frontal areas. A second subgroup of large PSD-95 sizes
was located mostly in the frontal lobe. The third subgroup contained areas with dim,
small and infrequent PSD-95 synaptic puncta, which were distributed in the brainstem.
There was also a fourth, most heterogeneous, group made of areas with bright PSD-95
synapses, but of different sizes and numbers and various locations. Numbers within
the coloured circles indicate Brodmann areas.
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4.6.2 PSD-95 inter-cortical similarities

Our findings have showed that, in general, the cortical areas tend to cluster into 3
subgroups, of which 2 have rather similar PSD-95 synapses apart from their size
(Figure 4.20 on page 172). Both of these subgroups overall have low numbers of dim
synaptic puncta. However, one subgroup shows areas with larger PSD-95 synapses
(BA37, BA6, BA44, BA4) when compared to other areas (BA11, BA46, BA9 and
BA17). With the exception of BA37, which is found in the temporal lobe, and BA17
found in the occipital lobe, both subgroups contain areas that are found in the frontal
lobe. Moreover, both subgroups contain areas with primary brain functions, such as
primary visual cortex (BA17), motor cortex (BA4) or Broca’s speech production region
(BA44/45). In addition, a functional connectivity between these 2 subgroups has been
previously described (Graham and Whistler, 1975). The visual ventral pathway is
a connectome between the primary visual area (BA17) and the BA37 area, which
then connects to the tertiary areas within the prefrontal (BA46) and orbitofrontal
(BAT11) cortex. This pathway is thought to be involved in the visual object processing
and recognition, the ability of which is lost in damage to this pathway resulting in
an inability to name and identify everyday objects. The third subgroup of cortical
areas appear to have numerous bright PSD-95 synapses in contrast to the previously
described two subgroups. It contains cortices which predominantly are found in the
temporal lobe apart from the secondary visual BA19 area found in the occipital lobe.

In fact, BA19 shares least similarity with the rest of this subgroups members.
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Figure 4.20 PSD-95 inter-cortical similarity in the human brain.

A. Similarity matrix based on the inter-cortical pairwise similarity values calculated
using the Euclidean distance between 13 human cortical areas. The matrix is
based on standardised average values from four control cases (SD23/13, SD25/13,
SD32/13 and SD42/13) for the three PSD-95 synaptic puncta parameters (density,
intensity and size) from each isocortex area. The distance between two objects is
0 (red) when they are identical (perfectly similar). The greater the distance the
stronger the dissimilarity between the regions (darker blues). B. Heatmap showing
the differences and similarities between the cortical regions based on the 3 synaptic
puncta parameters. Rows correspond to areas and columns to synaptic parameters.
The dendrogram represents area similarity on the basis of the Euclidean distances
between the 13 cortical regions. Brain areas: BA, Brodmann area. C. Graphical
representation of a neuroanatomical map of PSD-95 synaptic parameters distribution
based on hierarchical clustering of the cortical areas. The 13 cortical areas could be
separated into three subgroups, as indicated by the colours, in accordance to the most
persistent feature for each cortical area within the subgroup. Therefore, a subgroup
of cortical areas with high PSD-95 numbers of bright synaptic PSD-95 puncta were
mostly distributed around the temporal lobe. A second subgroup of cortical areas with
dim PSD-95 synapses of large size were located predominantly in the posterior part
of the frontal lobe. Finally, the third subgroup contained areas with small PSD-95
synapse sizes and was distributed at the opposite ends of the brain, i.e. in the most
anterior part of the frontal lobe and in the occipital lobe. Numbers within the coloured
circles indicate Brodmann areas.
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4.7 CHAPTER DISCUSSION AND CONCLUSIONS

In this chapter, I have mapped distribution of PSD-95 protein in 20 human brain areas
into PSD-95 synaptome diversity maps. These PSD-95 synaptome maps are based
on analysis of three PSD-95 IF puncta parameters. The PSD-95 synaptome mapping
has been achieved in the rodent brain using the G2CSynMaP methodology (Zhu et al.,

submitted).

4.7.1 Patterning of PSD-95 expression at the whole-brain level

One of the most striking finding of this study is a highly patterned expression of
PSD-95 between major anatomical brain regions. High expression of PSD-95 synapses
was found in the cerebrum in the neocortical areas and the subcortical regions. In
contrast, PSD-95 expression was sparse in the brainstem structures. Although no
human studies have been identified that describe PSD-95 distribution differences
between the cerebrum, the subcortical nuclei and the brainstem, these findings are in
general agreement to those described in mouse using the G2CSynMaP methodology,
which showed that the brainstem structures tended to have the fewest, dimmest and
smallest PSD-95 synapses. This pattern therefore appears to be conserved between
the human and mouse. There may be several reasons behind this specific PSD-95
synaptic distribution. It is possible that there are more connections present within
the cerebrum, and therefore more synapses, than within the brainstem. Alternatively,
it may be that there are similar populations of synapses within the different regions,
but a smaller population of glutamatergic type synapses and more synapses utilising
different neurotransmitters within the brainstem. Finally, the number of synapses
may be similar, but they may not necessary contain PSD-95 molecules. More studies
are required to understand this organisation of PSD-95 at the whole-brain level. For
instance, ultrastructural studies could provide some answers by quantifying the density

of symmetric and asymmetric synapses in cerebrum vs. brainstem.

Comparative human studies reporting density of synapses are infrequent and

mostly based on ultrastructural methods that are limited to neocortical areas (DeFelipe
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et al., 2002; O’Kusky and Colonnier, 1982; Beaulieu and Colonnier, 1989) and selected
hippocampal subregions (Scheff et al., 1996; Scheff and Price, 1998). Nevertheless,
interesting comparisons are still possible to make. For instance, our data demonstrate
that the variability in density of PSD-95 synapses between the neocortical areas is
narrower, on average 51 to 30 synaptic puncta per 100 pm?, in BA19 and BA4,
respectively, than the rest of the other regions, for example 44 to 6 per 100 ym? in the
hippocampus to pons, respectively. Previous EM studies reported relatively constant
numerical density of synapses between different cortical areas and different species.
For instance, a lack of systematic differences between different cortical regions, for
areas 6,8 and 17, were found in the mouse (Schiiz and Palm, 1989) similar to our data
showing PSD-95 synaptic numbers for areas BA6 and BA17. Furthermore, similar
synaptic numbers were reported for diverse neocortical areas of the rhesus monkey,
which included the motor cortex, somatosensory cortex, prefrontal cortex and visual
cortex (Rakic et al., 1986; Zecevic and Rakic, 1991). Another early ultrastructural
study showed relatively little variation in synaptic density between areas that were
cytoarchitectonically and functionally different, such as the motor and visual cortex,
in the mouse and monkey (Cragg, 1967). In agreement with these reports, our results
also demonstrate that PSD-95 densities, and intensities, for BA4 and BA17 are very
similar. Finally, densities of synapses in the human visual, auditory and prefrontal
cortices were also found to be similar (Huttenlocher and Dabholkar, 1997). However,
contrary to the reported quantifications, the numbers of human neocortical synapses
are lower than quantified in this project. For instance, the variability quoted for the
cortical areas in the rhesus monkey was between 13 to 20 synaptic profiles per 100 pm?
(Rakic et al., 1986; Zecevic and Rakic, 1991). For instance, adult rhesus monkey had
13 asymmetric synapses per 100 pm? in the somatosensory cortex as demonstrated by
electron microscopic examination (Zecevic and Rakic, 1991). A slightly higher range
of 20 to 36 synaptic profiles per 100 pm? was reported in human temporal cortex based

on EM examination of 2195 synaptic profiles (DeFelipe et al., 2002).

The reasons for the differences are likely to be methodological: our results
are based on analyses of an estimated half a billion of synaptic puncta vs. less
than approximately 10 000 synaptic profiles using EM. Most studies also report

quantifications of asymmetric synapses rather than the PSD-95 synapses, although
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postsynaptic proteins, like PSD-95, have generally been assumed to accurately
represent the location of the PSD (Meyer et al., 2014). There are important limitations
of using the PSD-95 antibody labelling as highlighted in Chapter 3.1.2. Finally, the
use of a high throughput analysis is probably also more likely to overestimate the
actual numbers given the complexity and scale of the whole dataset. Previous studies
examining the synaptic subtypes and molecular diversity using antibodies, such as
array tomography, have reported challenges with such complicated human synaptic
data (Busse and Smith, 2013; Weiler et al., 2014). Last but not least, the reasons
for the differences may reflect species differences, as previously described in Chapter
3.4. However, while caution in the interpretation of our results should be applied, the
main scope of our analysis is in demonstrating synaptic changes across many areas.
Reassuringly, despite the discrepancies in the actual numbers, the trends appear in

accordance with the published data.

With regard to PSD-95 intensity, the pattern of PSD-95 staining is very similar
to that observed with the density parameter. If it is assumed that the PSD-95 intensity
reflects the density of the PSD-95 molecules packed within a synapse, then a similar
conclusion to that outlined above can be drawn: the neocortical areas may be more
connected than the brainstem structures, thus requiring more PSD-95 molecules within
synapses to reflect greater connectivity. A very similar general pattern of PSD-95
intensity distribution was observed in mouse using the G2CSynMaP methodology.
However, as expected, there were differences between specific areas. For instance,
intensity within the thalamus was much higher among the 20 areas examined in
humans than that observed in mouse, where 12 brain regions were compared. There
may be methodological reasons behind these differences, such as different PSD-95
visualisation techniques (antibody staining vs. EGFP fluorescent protein expression),
anatomical differences (the thalamus as a collection of separate nuclei vs. a specific
thalamic nucleus being analysed) or varied image acquisition methods (LSCM vs
SDM). The differences may also reflect species differences, but further studies would

be necessary to confirm any of these theories.

Finally, our analyses revealed that the average PSD-95 synaptic puncta size,

as assessed by calculating PSD-95 punctum area, ranged between 0.28 + 0.03

175



CHAPTER DISCUSSION AND CONCLUSIONS

pm? in BA19 to 0.188 + 0.07 wm? in midbrain. If it is assumed that synaptic
puncta sizes are circles, then these values would correspond to human PSD-95
synaptic diameter estimates between 546 to 489 nm. For comparison, using the
same methodology, PSD-95 sizes reported in mouse varied between 0.157 £ 0.001
wm? in the hypothalamus to 0.127 4 0.002 pm? in the cerebellum, which would
correspond to approximately 447 to 402 nm. Of note, PSD-95 synaptic puncta size

in the human cerebellum measured 0.216 + 0.03 um?

, which corresponded to 524
nm. Overall, these quantifications demonstrate that the human PSD-95 synapses were
in general larger than the murine ones. Methodological differences might account for
the discrepancies, but they may also reflect true species differences. Comparative EM
studies tend to report on sizes of all synapses (symmetrical and asymmetrical grouped
together) as represented by the length of the postsynaptic thickening, also known as
synaptic apposition length. In the published EM literature, the rodent synaptic sizes
tend to be smaller than in human. For instance, the mean synaptic apposition length
in human temporal cortex was reported as 280 nm; in mouse barrel cortex 220 nm;
and mouse visual cortex 210 nm (DeFelipe et al., 2002). Another study estimated the
apposition synaptic length as 289 nm in the human hippocampal dentate gyrus inner
molecular layer (Scheff and Price, 1998), which is much lower than the values we
have identified (558 nm), even though our result represents a mean for the whole of
hippocampus rather than one subregion. Despite the correct trends, in contrast to these
numbers, the values obtained using the G2CSynMaP methodology are approximately
twice as large as the EM generated data. However, the G2CSynMaP methodology
relies on analysis of immunofluorescence and not true synaptic structures. Our reported
size values will be overestimated as the IF signals measured are increased by a number
of parameters, such as the physical size of the secondary antibodies used. This is why
the methodology we are using reports on relative changes between numerous areas

rather than definite absolute values based on physical measurements of synapses.

4.7.2 Conserved PSD-95 regional distribution

Our results have allowed us to describe several patterns of PSD-95 distribution in

selected brain areas. Previous studies have demonstrated similarities in PSD-95
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distribution in the mammalian brains from different species and it should be anticipated
that the same general principles of synapse distribution would be conserved. Indeed,
our data further confirm the validity of differential patterning of synapses within the

mammalian brain by substantiating it with human data.

While PSD-95 antibody staining has allowed us to make comparisons in
relation to the differential distributions of PSD-95 between the human and rodent,
some of the data could have been predicted from known physiological, functional
or cytoarchitectural regional heterogeneity. The caudate nucleus is perhaps the best
example to illustrate this phenomenon. It has been known that the striatal complex
comprises a mosaic of two chemoarchitecturally distinct compartments. This is evident
in the caudate nucleus (and the putamen not described here) whereby striosome and
matrix compartments exist. These compartments differ in their composition of not
only most intrinsic neurochemical markers, but also in their connectivity with specific
compartmental inputs and outputs (Crittenden and Graybiel, 2011). For example, the
striosomes have low levels of acetylcholinesterase (AChE) activity, but matrices have
high levels of AChE activity (Faull and Villiger, 1988). This acetylcholinesterase
histochemistry dichotomy is mirrored in other aspects of striosome/matrix division.
For instance, inputs from the thalamus tend to terminate on both dendritic spines and
dendritic shafts of neurons in the striosomes, whereas within the matrix the inputs
mostly terminate on shafts. This compartmental selectivity might be related to the
fact that inputs from one of the intralaminar nuclei of the thalamus, the parafascicular
nucleus, terminate on shafts of cholinergic interneurons located in abundance in
the striatal matrix. Moreover, the main afferent connections of the striosomes
are predominantly limbic-related, but the matrices are linked with associative and
sensorimotor regions. Striosomal MSNs receive preferential inputs from deep cortical
layer Vb, whereas in the matrix, MSNs receive inputs from cortical layers III-Va.
Therefore our findings in relation to the PSD-95 distribution in the caudate nucleus
have demonstrated that this underlying dichotomy is also preserved at the level of
synapses, as exemplified by just one synaptic protein: low expression levels of
PSD-95 were found in the striosomes wheereas high expression levels of PSD-95 are
concentrated in the matrix. Importantly, any disruption or dysfunction to this striatal

compartmental patterning may have profound clinical implications and could also lead
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to new insights into human brain disease. For instance, it has been discovered that in
HD, brains from patients who present early with mood deficits, such as depression,
anxiety and compulsively repetitive behaviours, tend to show reduced cell densities in
striosomes more frequently than patients who present with motor symptoms (Tippett
et al., 2006). It was subsequently demonstrated that the striosome limbic loop is
affected in HD patients with primarily emotional deficits as this group suffered from
neuronal loss in the anterior cingulate cortex, which forms a part of the "limbic"
anatomy (Thu et al., 2010). It would be interesting to determine if in HD there is a

preferential loss or gain of PSD-95 synapses from the two striatal compartments.

The use of the genetically modified mouse and the SDM has allowed for
greater insights into synaptic diversity. For instance, the overall moderate numbers
of moderately intense PSD-95 puncta have been found in both rodent and human
thalamus. However, the G2CSynMaP pipeline applied to eGFP mice allows for a
more detailed assessment of synaptic diversity than is possible in human tissue. In
particular, in mice, it has been demonstrated that the thalamic ventral posterior nucleus
receives two sources of excitatory glutamatergic inputs, which can be distinguished
by differential expression of the presynaptic VGIuT proteins (Graziano et al., 2008).
VGIuTI positive synapses receive inputs from the cerebral cortex, whereas VGluT2
positive synapses receive inputs from the spinal cord and the brainstem. Using the
G2CSynMaP methodology, it was possible to further determine that VGIuT1 synapses
originating from the somatosensory cortex express PSD-95 and SAP102 proteins at
their postsynaptic sites, whereas the VGIuT2 synapses tend to express PSD-95 protein
only (Grant lab, personal communication). This finding confirms that the diversity
of DLG protein expression can be related to the identity of the presynaptic terminal.
In future, it would be interesting to determine if such differential expression of DLG
synapses is found in the human thalamus. For technical reasons, such an experiment
would require sampling of two sections of thalamus from one case as the ventral
nuclear group in the human thalamus spans a large distance. It would be necessary
to sample the ventral anterior and ventral lateral nuclei receiving inputs from the
brainstem in one section and the ventral posterior nucleus receiving inputs from the

cortex in the second section.
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4.7.3 PSD-95 inter-regional similarities

One of our main findings from this study is that inter-regional synapse diversity
tends to follow general principles of large-scale anatomical organisation between
certain brain areas, but also differs in some important global organisational properties.
Examination of the PSD-95 synaptic puncta inter-regional similarities reveals that
human brain regions tend to cluster based on the similarity of the synaptic diversity.
In the greater context, this should not be a surprise as evidence based on healthy
human brain imaging and computational studies demonstrate the existence of human
structural and functional clusters, or networks, within the brain (Sporns and Betzel,
2016). Structural or anatomical networks typically use diffusion tension MRI to model
the physical wiring of brain networks. Similar to our results, it has been described
that there are short-range/local connections that constitute the local circuitry as well
as long connections that may be associated with intrahemispheric association fibres
or interhemispheric commissural fibres (He et al., 2007). In agreement with these
findings, our data demonstrate that, based on PSD-95 synaptic diversity, the cortical
areas tend to cluster together. For example, close association of areas within the
temporal lobe, such as BA20, BA38 or BA41, or within the frontal lobe, such as BAG,
BA4, BA44 and BA9, may reflect the existence of the local anatomical connections
between these areas, such as arcuate or U-fibres. Although not reported within the
brainstem, the existence of local circuits allowing for rapid and efficient exchange
of information and processing between these regions would also apply here. The
selected number of areas examined is a limitation of this study, in that it does not allow
for examination of long-distance circuits. However, our results from the intercortical
PSD-95 similarities may indirectly support this phenomenon. For instance, the BA17
and BA38 clustering might reflect the existence of white matter fibre tracts, such as
the middle lateral fascicle, although more evidence need to be provided to support this
finding. While studies examining the structural networks are often spatially compact,
the functional networks can be more widely distributed and fluctuate in relation to
cognitive states. The functional networks are devised from statistical analyses that
do not show direct dependence on metabolic or material cost and can go beyond

static descriptions of structural brain networks. In fact, functional networks in the
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course of changes in an individual’s cognitive state, such as learning, have been
shown to undergo reorganisation (Bassett et al., 2013). In this particular study, the
existence of a kind of core-periphery brain organisation with brain regions that were
more and less flexible with learning was demonstrated. The authors showed that
there was a relatively inflexible set of core regions, comprised mostly of visual and
sensorimotor areas, which formed fixed over time and cohesive networks of brain
areas. In contrast, higher-order association areas tended to be more flexible. Although
highly speculative, it is interesting that our data have demonstrated that the areas with
primary brain functions, such as primary visual cortex (BA17), primary motor cortex
(BA4) or Broca’s speech production area (BA44/45) tend to have innumerate small
and dim PSD-95 synapses, which is in contrast to the associative cortical areas, such
as secondary visual cortex (BA19), speech comprehension Wernicke’s area (BA41/42)
or the language comprehension BA38 area (Ardila et al., 2014; Pascual et al., 2015),

all of which show numerous brighter and larger PSD-95 synapses.

There are some very important limitations of the human brain connectivity
data and any modern human brain mapping based on MRI imaging that include: a
lack of specificity, inter-subject variability and low anatomical resolution. Most in
vivo neuroimaging studies rely on macroscopic landmarks and take gyral and sulcal
patterns as criteria for parcellating the cortex. While the inference from macroscopical
landmarks to cytoarchitecture may be useful, it lacks the precision of the histology. For
example, comparison of high-resolution post-mortem and in vivo MRI images with
microscopic histology led to the conclusion that the MRI signal mainly reflects the
variation of the myelin density throughout the cortical areas rather than is explained by

the laminar variation of the cytoarchitecture (Eickhoff et al., 2005).

Although, it is still possible to make inference from the current non-invasive
imaging techniques using human data, as demonstrated above, the animal data has
overcome these issues with the use of more invasive techniques. A mesoscale
connectome of the mouse brain which describes a comprehensive neuronal connections
using a combination of a genetic approach using adeno-associated viral vectors
and two-photon tomography to image EGFP-labelled axons has been reported (Oh

et al., 2014). In this study, similarity in connection patterns between cortico-cortical
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connections, and also within the brainstem structures was reported. This is in
agreement with the presented human PSD-95 synaptic diversity similarity patterns.
The authors also demonstrated a highly interconnected pattern of the rodent
cortico-thalamic network, which cannot not yet be demonstrated using our methods
at the synaptic level. Nevertheless, it could be speculated that the human patterns
would be of similar complexity given the high similarity in underlying anatomical
heterogeneity of the thalamus. Interestingly, overall the thalamus demonstrated a
mixed picture of PSD-95 synapses which were bright and numerous, but small, which
is in contrast to cortical areas that tend to have either many bright and big synapses or
less numerous large but dim ones. This heterogeneity of thalamic PSD-95 synapses
might be the reflection of the complex underlying thalamic connectivity patterns.
Another piece of evidence supporting our finding comes from previous gene expression
studies in rodents (Lein et al., 2007) that similar to our data demonstrate that cortical
areas share similarities between each other more closely than that seen with other
brain regions. Moreover, recent analysis of rodent PSD-95 synaptome maps in our lab
also demonstrated similar patterns of inter-regions similarities in line with that seen in

human brain areas (Zhu et al., submitted).

Overall, our results confirm that a global organisation patterns apply at a
synaptic level and, in particular, provide yet another level of evidence for a cortical

subset of highly similar regions in healthy human whole-brain networks.

4.7.4 PSD-95 inter-cortical similarities

The inter-cortical region similarity analysis revealed that the cortices tend to
cluster based on the synaptic diversity. In general, our data demonstrate that the
temporoparietal regions show a higher synaptic diversity "blueprint" in comparison
to the frontal regions. Also, the secondary associative areas appear more diverse
than the cortices with primary brain functions, such as the motor cortex (BA4) of the
frontal lobe or the visual cortex (BA17) of the occipital lobe. In contrast, the primary
auditory cortex (BA41/42) of the temporal lobe appears more diverse. However, it is
possible that its location within the temporal cortex, and therefore the connections with

other brain areas, that is more significant than the primary cortical function, as will be
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explained below.

Firstly, it may be of clinical significance that the cortical areas that have
numerous, bright and large synapses are also mostly located in the temporal lobe.
The temporal pole (BA38), superior temporal gyrus (BA41/42) and inferior temporal
gyrus (BA20) are the Brodmann’s areas that are commonly associated with human
neurodegenerative disorders. Some of the neurodegenerative diseases that are
known to affect these regions include corticobasal degeneration (Boxer et al., 2006),
frontotemporal dementia (Rohrer et al., 2008) and Alzheimer’s disease (Dickerson
et al., 2009). AD commonly involves temporal areas, resulting in associated language
problems, memory deficits and both visuospatial and attention disorders. On the other
hand, brain diseases are beginning to be understood in the context of large-brain
networks rather than single region pathologies (Seeley et al., 2009). Connections
linking spatially distributed cortical areas may thus be clinically relevant and clinical
symptoms can be traced to the brain connections with other areas. For instance, the
visuospatial problems present in AD or indeed other brain disorders might arise from
dysfunction of the middle lateral fascicle that connects the BA38 area with BA19
(Makris et al., 2013).

Secondly, a pattern of synaptic diversity might be a predictor of symptoms in
disease. For instance, AD is generally considered to be a typically cortical disease
with cortical signs and symptoms i.e., cognitive deterioration. Alzheimer pathology
initially affects the temporal lobe with patients presenting with memory and language
problems. However, in different diseases with different symptoms, different sets
of areas are affected. For instance, in the behavioural variant of frontotemporal
dementia, the underlying pathology also involves subcortical structures and circuits,
such as cingulate gyrus, insula and frontal cortex. These areas are involved in
cognitive processing, but even more in behavioural symptoms (Moller et al., 2016).
Schizophrenia is yet another disorder characterised by behavioural disturbances among
other symptoms, and schizophrenia has been mapped to brain structures including
the dorsolateral prefrontal cortex and anterior cingulate cortex (Lewis et al., 2003;

Tamminga and Holcomb, 2005).

Another interesting consequence related to the different patterns of cortical
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synaptic diversity is their possible impact on at least two aspects of disease course.
Specifically, the pattern of synaptic diversity, and its subsequent modification in a
disease process, may be related to, firstly, the sequence of involvement of the cortical
areas in the course of a disease, and secondly, the severity of symptoms of the disease.
For instance, as human brain imaging has shown, the regional cortical thinning in
AD correlate with severity of symptoms of the disease (Dickerson et al., 2009). It
has been demonstrated that ventromedial temporal and inferior parietal cortex are
affected very early in the disease course. On the other hand, regions, such as superior
parietal and frontal cortex, do not show appreciable changes until symptoms are more
prominent, suggesting that these areas are affected later in the course of the disease.
These patterns of sequence of involvement might be related to the synaptic diversity
"blueprint", whereby areas with many large and bright synapses (and therefore with a
high content of different types of synaptic proteins) might also be affected early in the
disease course, especially if these areas hold a great potential to lose proteins and thus
to reduce their synaptic diversity potential. Similarly, it has been shown that symptom
severity within the very mild AD patients correlated with medial temporal and inferior
parietal thinning. However, symptom severity within a more advanced stage (Braak
stage VI) correlates with thinning in frontal regions. This spacial (different areas) and
temporal (different stages) dichotomy suggests temporoparietal involvement prior to
frontal involvement in AD. Our data have shown that temporoparietal regions, such
as BA20, BA38, BA41, BA39, are the most PSD-95 synapse diverse, and therefore it
could be speculated that these areas are affected early in the disease, and are, again,
the ones with most potential to reduce their synaptic diversity. On the other hand, it
could be speculated that the changes in the synapse diverse areas are noticeable first
as there are potentially many synaptic proteins that can be lost. In contrast, cortical
areas that have fewer synapses with a more limited repertoire of proteins to start with,
as implied by their small size and dim intensity, may not reveal the changes as quickly
if their composition is not affected early in the disease stage or if their limited protein

composition is more resilient to the disease process.

Finally, one can also speculate, that there may be disease processes that target
primarily the cortical areas with the reduced synaptic diversity potential as evidenced

by limited numbers of small and dim synapses. If these areas are affected early in the
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disease process, the symptoms of the disorder might be the reflection of the cortical
areas affected, but they would also develop early in the disease process, presumably as
the synaptic proteins repertoire is modest to start with and any changes would have a

great impact on the resulting phenotype.

In summary, similarity of cortical areas based on PSD-95 synaptic parameters,
that are indicators of synaptic diversity, may be a reflection of potential susceptibility
of groups of cortical areas to disruption in disease. The different patterns of disease
susceptibility based on regional synaptic similarities can be observed in a range of
human brain disorders. Cortical areas with high numbers of bright and large synapses
might have a high synaptic diversity potential or "blueprint” that may be an indicator
of potentially high susceptibility to disruption in pathology. On the other hand, areas
with low synaptic diversity potential may occur earlier in the disease course. Lastly,
the synaptic diversity "blueprint” is most probably specific to one synaptic protein,
as demonstrated with the PSD-95 synaptic protein in this chapter. However, when
more synaptic proteins are examined, there is a greater likehood of regional diversity

reflecting the synaptic diversity of the proteins examined (Roy et al., 2018).

4.7.5 Inter-subject PSD-95 variability

One of the important observations of this chapter is considerable inter-individual
variability for every PSD-95 synaptic parameter within the 20 human areas examined.
There may be more than one explanation accounting for this finding, depending on the

subregions examined.

Firstly, a consistent correspondence between Brodmann’s cortical areas, as
defined by macroanatomical landmarks at post-mortem tissue sampling, and each
PSD-95 synaptic parameter was not identified. This variability was evident when each
PSD-95 synaptic parameter was examined separately to elucidate if there is a pattern of
regional distribution for all 20 areas, but even more so when each area was considered
separately for each individual. The human tissue collected by the Edinburgh Brain
Bank relies on identification of Brodmann’s areas by macroanatomical landmarks.

There are several flaws associated with this approach to tissue collection. Firstly,

184



PSD-95 SYNAPTOME MAPPING OF THE HUMAN BRAIN

there are limitations inherent in the original Brodmann maps. The original Brodmann
description of cytoarchitectonic cortical areas was obtained in an observer-dependent
method strongly influenced by the investigator’s criteria for defining microstructural
borders. Secondly, the original maps were published as schematic drawings without
any additional integration of functional or structural data. Finally, the maps did
not take into account the inter-individual variability of the cortical areas relative to
macroscopical landmarks. In addition there are issues relating to the extrapolation
from macroscopic landmarks into Brodmann’s maps. This issue was previously
mentioned in relation to the imaging studies (Uylings et al., 2005), but it also applies
directly to tissue collection. Although brain tissue was collected by neuropathologists,
the coronal sections were not sliced at identical distances and were not registered
with MRI prior to dissection. This lack of precision together with the knowledge
of variability of sulcal patterns in the human brain might, at least partially, have
contributed to the considerable variability between the individuals. On the other hand,
even studies describing modern techniques of cytoarchitectonic parcellation, which use
an observer-independent delineation method of cytoarchitectonic borders and integrate
imaging data to create 3 dimensional maps of human cortex based on more than
one brain, have consistently reported a significant topographical subject-variability
(Caspers et al., 2006). Interestingly, two classes of variability have been described
in human mapping studies (Rademacher et al., 1993). The class 1 variability is not
predictable from macroscopical landmarks and the class 2 variability is predictable
from visible landmarks. The class 2 variability has been reported in primary
neocortical areas and could play a role in the present study. Importantly, class 1
variability could also be relevant in the present study since PSD-95 distribution may not
follow the known macroanatomical landmarks. In fact, mapping of the PSD-95 rodent
synaptome using unsupervised computational methods has already revealed that there
are many more synapse-defined areas in a mouse brain than traditionally described

using macroanatomical landmarks (Zhu et al., submitted).

The underlying anatomical heterogeneity of the subcortical areas may have
contributed to the inter-subject differences. For instance, the human brain tissue
collection did not allow for consistent identification of thalamic nuclei. Therefore,

different thalamic nuclei could have been collected for each tested control case. This
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would be in agreement with the rodent data clearly illustrating that each thalamic

nucleus has a different content of synapses (Zhu et al., submitted).

4.7.6 Limitations of the chapter

In this chapter I provided a description of a high resolution high throughput analysis
of the PSD-95 IF labelled images. This allowed us to create a detailed and a
comprehensive map of the PSD-95 synaptic puncta diversity of the brain regions
examined based on three parameters of IF. However, several limitations of this part

of my PhD thesis can be recognised.

First, although the data presented are extremely comprehensive, no other
technique was used to validate the PSD-95 synaptic density measurements, such
transmission electron microscopy or array tomography, and no additional data
concerning molecular or functional aspects of the PSD-95 synapses being studied are
provided. Therefore our human protein PSD-95 distribution maps will need to be

further validated in order to fully represent PSD-95 synaptome diversity maps.

Second, the sample size is necessarily relatively small as it was chosen to match
the proteomic analysis undertaken on the same cohort by other members of the Grant

laboratory.

Third, as is the case for any study, I cannot exclude that the results are artefacts
of an unmeasurable covariate. However, the cases are well characterised (although not
matched) in terms of potential confounders, such as age, gender, cause of death, as
well as tissue variables, such as PMI, HUSPIR, RNA quality and pH. Nevertheless,
our cohort included 3 male brains and only one female brain. Since gender differences
in synapse number has been described, additional cases of female brains would allow

me to clarify if there are gender differences in the PSD-95 synaptomes.

Fourth, although as many as 20 areas were included in the analysis, it would
be impossible to have complete coverage of all human brain areas and we may have

missed important PSD-95 protein distribution in other brain regions.
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Fifth, the data do not inform how the PSD-95 synapse distribution relates to
glia and/or neurons. No attempt was made to correlate data with electron microscopy
or supra resolution microscopy, which would further confirm our findings. One of the
reasons behind this is a lack of such comprehensive human data on so many regions.
While most studies report on one or two regions, they all differ in their techniques
and methods precluding a comprehensive analysis of data. One of the important
future developments would include prospective collection of tissue for further EM
analysis, and standardisation of techniques. However, given the limitations of IHC
and EM techniques, correlations between the datasets may not be necessary be found,

as demonstrated by previous human studies (Scheft, 2003).

Finally, due to limited tissue availability, no attempts could be made to establish
if the PSD-95 distribution is symmetrical in the human brain. Previous studies
have demonstrated structural and functional asymmetries in several regions of human
cortex, including frontal, temporal and occipital regions (Toga and Thompson, 2003)
and synaptic asymmetries would therefore be expected. However, this is contrast to
the recent finding of symmetrical DLG synaptome maps in mouse brain (Grant lab,
personal communication). In future, it would thus be interesting to confirm or refute

the asymmetric PSD-95 distribution in the human brain.

4.7.7 Conclusions

Taken together, this chapter demonstrates PSD-95 protein distribution heterogeneity in
control human brains. Our PSD-95 distribution map adds to the knowledge of regional
differences in the control human brain. Moreover, it serves as a comprehensive
baseline dataset with which to compare PSD-95 distribution and diversity in other
brain areas, and can be applied to other species and to human pathological changes

associated with disease states.
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5.1 INTRODUCTION TO HIPPOCAMPAL PSD-95 SYNAPTOME MAPPING

Human brain mapping has been a century-old goal of neuroscientists who are eager
to reveal the intricacies of the workings of the human brain. However, the first
ever human connectome map of cerebral cortex based on architecture, function,
connectivity and topography has only recently been created using a high-quality
neuroimaging and tissue staining approach (Glasser et al., 2016). Despite this,
development of a high-resolution tissue-based cellular-scale map has been somewhat
more challenging primarily due to the complexity and the enormous size of the human
brain in comparison to any other living organism (DeFelipe, 2015). Unsurprisingly,
several attempts at producing tissue-based human maps have been made including,
Brodmann’s description of cytoarchitecture developed by assessing Nissl stained
sections in 1909. More than a century later, a second cellular-scale Nissl-based map of
just one human brain was published that took 9 years to create using the most advanced
bioinformatics available at that time (Amunts et al., 2013). Recently, a more detailed
map of a female human brain was published based on neuroimaging, high-resolution
Nissl histology (1um/pixel) and chemoarchitecture (Ding et al., 2016). Needless to

say, a subcellular-scale synaptic map of human brain has never been attempted.

This chapter will describe a pilot study of creating a first ever subcellular-scale
PSD-95 synaptic map of the human hippocampus based on the G2CSynMaP
methodology described in Chapter 2.11. Apart from concentrating my efforts on
only one human brain area, namely the hippocampus, the other main difference
between the current and previous chapter lies in the use of a different imaging
method. A high-throughput single-synapse resolution SDM is utilised in order to
image hippocampal coronal sections in their entirety. This method will enable the
creation of the most comprehensive ever human hippocampal synaptome maps based

on millions of synapses.

Studies in human have revealed that the hippocampus is involved in the
formation of new memories involving episodic and autobiographical events, time and
place, in addition to acquisition and storage of semantic memories associated with

ideas, meaning, and concepts (Hassabis et al., 2007; Ekstrom and Bookheimer, 2007;
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Chadwick et al., 2010). Moreover, together with other medial temporal structures,
the hippocampus is involved in the formation of long-term declarative memories.
This cognitive processing occurs via various connections with multiple brain regions;
hippocampal neuronal connections include an excitatory trisynaptic circuit, composed
of the perforant pathway, mossy fibres, and Schaffer collaterals, running from dentate
granule cells to CA3 and to CAl pyramidal neurons, which further connect to
extrahippocampal limbic and neocortical neuronal circuits (Frotscher et al., 2006;
Witter, 2007; Lu et al., 2013). The major input to the hippocampus (CA1-3) and the
dentate gyrus is from the entorhinal cortex (the perforant pathway) (Isokawa et al.,
1993). The dentate gyrus projects to the CA3 field of the hippocampus via the mossy
fibres (Lim et al., 1997), and CA3, in turn, projects to CA1 (via axonal processes called

Schaffer collaterals) (Szirmai et al., 2012).

The aims of this chapter are two-fold. Firstly, I aim to describe human synapse
diversity in 16 hippocampal subregions using the PSD-95 IF puncta parameters
(density, intensity and size) described earlier. I will visualise this diversity by creating
hippocampal synaptome maps. Secondly, using the same methodology, I aim to
create synapse diversity synaptome maps in a diseased hippocampus. I hypothesise
that a disease state will change the synaptome maps. I have generated the first
synaptome maps of disease-free and disease-burdened human hippocampus. The
findings reveal organisation of synaptic diversity within the hippocampal subregions,
which are changed in pathological states, potentially providing a substrate for the

observed clinical phenotype.

5.2 SUMMARY OF METHODS USED

In order to describe the diversity of PSD-95 synapses in the human hippocampus,
post-mortem tissue was immunofluorescently stained as described previously in
Chapter 2.5. Fourteen posterior hippocampi from control cases were processed for
immunohistochemistry, imaged with the SDM and analysed using the Ensemble
method. Indirect fluorescence from the secondary antibody attached to the PSD-95
primary antibody was acquired using the same sets of acquisition parameters with

an oil immersion lens (100x, NA1.4). Images were acquired in two-dimensional
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planes only as acquisition of three-dimensional datasets would have been prohibitively
large in terms of data size. Several thousands of images were generated for each
hippocampus and a dataset of a several hundred Gigabytes (GB) was stored for
each image (Table B.1 on page 314). The individual puncta detection was achieved
using the Ensemble method that generated results describing puncta population per
unit area (density) as well as the individual puncta characteristics, such as punctum
intensity and size. At the same time, the stitched montages of the hippocampal
images were delineated for 16 hippocampal subfields according to the on-line reference
Allen Human Brain Atlas (http://human.brain-map.org) and an atlas of
the human hippocampus (Duvernoy, 1988) with the help of Nissl images for each
individual hippocampus to account for individual differences between the cases (Figure
5.1 on page 193). Mean punctum parameters were then calculated for each anatomical

subfield delineated and represented as an overview heatmap.
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CA2 St oriens (CA2 - SO)
CA2 St pyramidale (CA2 - SP
CA2 St radiatum (CA2 - SR)

CA2 St lacunosum-
moleculare (CA2 - SLM)

CA3 St oriens (CA3 - SO)
CA3 St pyramidale (CA3 - SP)
CA3 St lucidum (CA3 - SL)

CA3 St lacunosum-
moleculare (CA3 - SLM)

CA4
CA1 St oriens (CA1 - SO)

CA1 St pyramidale (CA1 - SP
CA1 Stradiatum (CA1 - SR)

CA1 St lacunosum-
moleculare (CA1 - SLM)

Figure 5.1 Delineations of human hippocampal subregions.
Low-power photomicrographs of a posterior human hippocampus demonstrating
delineation of 16 subregions, to illustrate the main areas (CAl-4 and DG) and
major cellular layers, using stitch images acquired by the SDM and created in the
Matlab software (A and C), and a Nissl-stained section acquired with the Axio scan
(B). All abbreviations used in panel B are displayed in panel C. Scale bar 1 mm.
The hippocampal section comes from case SD40/14. Abbreviations: St, stratum;
CA, Cornu Ammonis; CA1-SML, CA1 - Stratum Moleculare-Lacunosum; CA1-SR,
CAl - Stratum Radiatum; CA1-SP, CAl - Stratum Pyramidale; CA1-SO, CAl -
Stratum Oriens; CA2-SML, CA2 - Stratum Moleculare-Lacunosum; CA2-SR, CA2
- Stratum Radiatum; CA2-SP, CA2 - Stratum Pyramidale; CA2-SO, CA2 - Stratum
Oriens; CA3-SML, CA3 - Stratum Moleculare-Lacunosum; CA3-SL, CA3 - Stratum
Lucidum; CA3-SP, CA3 - Stratum Pyramidale; CA3-SO, CA3 - Stratum Oriens;
CA4, Cornu Ammonis 4; DG-SM, DG - Stratum Moleculare; DG-SG, DG - Stratum
Granulosum; DG-PL, DG - Polymorphic Layer.
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5.3 DISTRIBUTION OF PSD-95 ACROSS CONTROL HUMAN HIPPOCAMPUS

Detailed anatomy of the human hippocampus has been described previously in
Chapter 4.4.1. In general, among human regions, the hippocampus is an area rich

in glutamatergic PSD-95 synapses as described previously in Chapter 4.5.1.

Similar to previous findings described using LSCM, detailed imaging using
SDM confirmed that the hippocampus contained many PSD-95 IR synaptic puncta.
The highest intensity of staining was present in the CAl, followed by CA3, CA4
with CA2 subregion showing the dimmest puncta. Bright PSD-95 IR was generally
observed within the dendritic layers of the hippocampus, including stratum radiatum
and stratum lacunosum-moleculare as well as the molecular layer of the DG. The
stratum oriens layer is thin in human hippocampus and difficult to assess on inspection
given the brightness of the adjacent pyramidal cell layer in all 3 CA regions. The
puncta observed in the neuropil of the pyramidal cell layer of CA3 and CA4 subregions
appeared very similar in size, intensity and pattern of staining: they were large,
moderately bright, and formed a loose, rosette-like pattern of packing typical of thorny
excrescent synapses of these regions. This was in contrast to much denser, but smaller
and brighter PSD-95 puncta in the CA1 subregion. Finally, while no staining was seen
in the granule cells of the dentate gyrus, the cell bodies of the pyramidal cell layer
of CAl, CA2 and CA3 subregions did demonstrate diffuse and moderate staining,
as observed previously with LSCM and described in Chapter 4.4.1. Representative
PSD-95 IR distribution in a control human hippocampus is presented in Figure 5.2 on

page 195.
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White matter

Fimbria

Figure 5.2 Detailed PSD-95 distribution in the control hippocampus.
Representative SDM-acquired images showing PSD-95 IR pattern of labelling in 16
hippocampal subregions from a control case SD42/13. Scale bars: 1 mm and 10 pm.
Abbreviations - see Figure 5.1 on page 193.
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5.4 QUANTIFICATION OF PSD-95 ACROSS CONTROL HUMAN HIPPOCAMPUS

Quantification of PSD-95 synaptic puncta parameters based on images obtained with
SDM further confirms the existence of subregional heterogeneity between the 16
hippocampal subregions analysed. The highest regions of PSD-95 IR density were
observed in the CA4 (mean 4 SD: 85.20 + 7.55 puncta per 100 ym?), followed
by CA2 (79.9 £+ 9.98), CAl (78.9 £ 98.95), CA3 (76.9 + 8.36) and the dentate
gyrus (55.1 £ 8.15). Among cellular layers, the stratum pyramidale had the highest
numbers of PSD-95 puncta for all subregions with very comparable numbers (CAl
- SP, 83.99 £+ 10.02; CA2 - SP, 84.42 + 12.06; CA3 - SP, 84.10 £ 9.32 and CAA4,
85.20 £ 7.55). The existence of CA4 in humans remains controversial and the region
is not described in animal hippocampi. Our data demonstrate that CA4 very closely
resembles CA3 pyramidal layer, indicating that at a PSD-95 synaptic protein level,
these two subregions appear very similar. Our findings are in contrast to the rodent data
which indicate that CA1 is the highest PSD-95 density region and the cell body layers
(CA3-SP, CA2-SP and CA1-SP and DG-GL) have the lowest density and intensity of
PSD-95 expression. One important difference between the rodent and human data is
the fact that the antibody used on human tissue also labels the pyramidal neuronal cell
bodies, the location of which was not described in the genetically modified rodents.
The pyramidal cell bodies’ PSD-95 synaptic puncta detected and counted using the
Ensemble method would have been counted, therefore overestimating the human
numbers in comparison to rodents. Similar to the rodent data, however, the CA1l
region contained more PSD-95 puncta in comparison to CA3 area. Detailed analysis
of subregions further revealed that stratum radiatum, which contains proximal apical
dendrites from pyramidal neurons consistently shows the second highest density of
PSD-95 synapses in the CA1-3 areas (CAl - SR, 81.68 £+ 11.07; CA2 - SR, 79.81
4 9.99; CA3 - SL, 80.59 4 10.15). The other dendritic layers, stratum oriens and
lacunosum - moleculare containing basal and distal apical dendrites, respectively, show
similar numbers of PSD-95 synapses in the CA1-3 areas. Similar to the rodent data,
subregions of the dentate gyrus did not show many PSD-95 synapses with the lowest
numbers being quantified for DG-PL (41.54 + 4.62) and DG-SG (55.67 + 13.61).
However, as expected the dendritic layer of the dentate gyrus, the DG-SM (68.10 +
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16.41) had the highest number of PSD-95 puncta in the dentate gyrus, and they were
of a similar number to PSD-95 puncta in the CA3-SML (67.51 4 16.03).

With regards to PSD-95 puncta intensity, the trends observed are more difficult
to explain, but the brightest PSD-95 synapses were observed in the CA1-SP (36423
+ 4585 a.u.) and the dimmest in the CA3-SML (24249 + 6235). Interestingly, the
PSD-95 puncta of stratum oriens showed a relatively consistent pattern of being dim

in all three CA areas.

Finally, regarding the PSD-95 size, there was very little variation between the
subregions with the largest PSD-95 synapses being quantified for CA1-SML (0.1310
+ 0.0064 per pm?) and the smallest for CA3-SML (0.1109 =+ 0.0180). Although large
synapses were observed in the human pyramidal cell layers, this was not reflected
in the quantification. This could be due to the fact that there were numerous small
pyramidal cell body PSD-95 puncta resulting in the overall caculated PSD-95 synaptic
puncta size being smaller than the actual observed puncta size from images of these

subregions.

In summary, I have described the diversity of PSD-95 synaptic puncta
expression in the hippocampal subfields. This complexity of PSD-95 expression most
likely reflects differential expression patterns of individual synaptic puncta parameters,
which highlights the importance of detecting synaptic proteins at the level of individual
synapses. Quantification of PSD-95 synaptic puncta parameters is displayed in Figure

5.3 on page 198 and values are shown in Table 5.1 on page 223.
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Figure 5.3 Subregional distribution of hippocampal PSD-95 puncta parameters
in the control SDM cohort.

Boxplots showing quantification of PSD-95 synaptic puncta in 16 human hippocampal
subregions from 14 control cases. Data are subdivided into 3 parameters as PSD-95
punctum density (A), punctum intensity (B) and punctum size (C). Within each
boxplot, horizontal lines show the medians; box limits indicate the interquartile range
(IQR) (inferior or 1st quartile range = 25th percentile, and superior or 3rd quartile
range = 75th percentiles) as determined by R software; whiskers are defined by Tukey
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and extend to data points that are less than 1.5x IQR away from the 1st/3rd quartile;
outliers are represented by black circles. Red circles represent mean of 14 cases + SD,
which is represented as a smaller error bar. Boxplots for each parameter are ordered
from the highest to the lowest mean values. Abbreviations - see Figure 5.1 on page
193.

5.5 PSD-95 GENDER DIFFERENCES IN HUMAN CONTROL HIPPOCAMPUS

The data allowed me to assess whether distribution of PSD-95 synaptic parameters
differs between men and women. In general, no significant differences could be
observed in the 16 hippocampal subregions from the control cases for PSD-95 synaptic
puncta density, intensity and size (Table B.6 on 319 and Figure 5.4 on 200). The only
exception being one significant difference for PSD-95 intensity in the CA2 stratum
oriens, whereby women had significantly lower PSD-95 puncta intensities than men.
In fact, a consistently lower density of PSD-95 puncta was observed in women in all
but two subregions (CA1 stratum oriens and polymorphic layer of the dentate gyrus).
This trend was also seen for intensity of PSD-95 synaptic puncta whereby our analysis
showed that all subregions to have dimmer PSD-95 puncta in women. In contrast,
women tended to have bigger PSD-95 synapses in comparison to men in some regions,
but not all. Although these trends were observed, the actual differences were not

statistically significant apart from the one comparison detailed above.

As gender differences have been reported in relation to neuronal density in
other brain areas (Witelson et al., 1995; Rabinowicz et al., 1999), a subset of control
cases matched for age had their neuronal densities counted using the stereology method
described in Chapter 2.12. For the cases analysed, no significant differences were
found between women and men regarding either PSD-95 synaptic or the neuronal

densities (Table B.7 on page 320 and Figure 5.5 on page 201).
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Figure 5.4 Gender differences in human control hippocampal PSD-95.
Bar graphs showing a general lack of significant gender differences in PSD-95 synaptic
puncta parameters in 16 human hippocampal subregions from 14 control cases. A
significant gender difference was obtained for only one subregion: the CA?2 stratum
oriens. Data are subdivided into 3 parameters: PSD-95 punctum density (A), punctum
intensity (B) and punctum size (C). Data represent mean £ SD. Abbreviations - see
Figure 5.1 on page 193.

200



PSD-95 SYNAPTOME MAP REORGANISATION IN DISEASE

PSD95 Density

A
1254
ns ns
1007 T e
2
-
: =4 [l Women (n = 3)
" 50 [[IMen (n=3)
€O ]
ge
25 1
O 4
CA1-SP CA2-SP CA3-SP
Hippocampal subregion
Neuronal Density
B
1254 ns
ns
1001 ns
E)ME 75 4
g ;\E, [l Women (n =3)
g‘?_, 501 [[I™Men (n=3)
)
25 1
O 4

CA1-SP CA2-SP CA3-SP

Hippocampal subregion

Figure 5.5 Gender differences in PSD-95 synaptic and neuronal densities in
human control hippocampus.

Bar graphs of the PSD-95 density and neurons in men and women in three hippocampal
strata pyramidalae from control cases. (A) Bar graphs showing the PSD-95 densities
(mean + SD) in three strata pyramidalae (CA1, CA2 and CA3) demonstrating that
there are no significant differences between women and men. Data were obtained
using the Ensemble method. (B) Bar graphs showing the neuronal densities (mean
£ SD) in the same hippocampal subregions as for the PSD-95 synaptic densities
showing that there are also no significant gender differences. Data were obtained
using stereology technique described in Chapter 2.12. Statistical comparisons were
performed by using the unpaired Student t test with the aid of the Prism statistical
package. The control cases used were as follows: women (SD10/15, SD63/13 and
SD35/14) and men (SD23/13, SD24/15 and SD32/13).
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5.6 PSD-95 LATERALITY DIFFERENCES IN HUMAN CONTROL HIPPOCAMPUS

The data also allowed me to assess whether distribution of PSD-95 synaptic puncta
parameters differs between left and right hippocampus. No significant differences
were observed in the 16 hippocampal subregions from the control cases for PSD-95
synaptic puncta density, intensity and size (Table B.8 on 321 and Figure 5.6 on 203).
However, in agreement with imaging studies, I observed rightward asymmetry in the
hippocampal subregions. In particular, the numbers and intensity of PSD-95 puncta
displayed a trend of being more numerable, brighter but slightly smaller on the right
side. In contrast with previous research, none of the differences I report are statistically

significant.

As an absence of left/right asymmetry for neuronal densities has previously
been reported in control hippocampus (Zaidel et al., 1997), I used the previously
introduced subset of control cases matched for age to estimate their neuronal densities
estimated using the stereology method described in Chapter 2.12. For the six cases
analysed using stereology, there were no significant differences found between left
and right side with regards to the PSD-95 synaptic densities or the neuronal densities
(Table B.9 on page 322 and Figure 5.7 on page 204). This is in agreement with previous
studies reporting no differences between neuronal cell densities in the two sides of the

brain (Mouritzen Dam, 1979; Zaidel et al., 1997).
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Figure 5.6 Absence of left/right asymmetry in the human control hippocampal
PSD-95 synaptome map.

Bar graphs showing a lack of significant left/right differences in PSD-95 synaptic

puncta parameters in 16 human hippocampal subregions from 14 control cases. Data

are subdivided into 3 parameters: PSD-95 punctum density (A), punctum intensity (B)

and punctum size (C). Data represent mean 4+ SD. Abbreviations - see Figure 5.1 on

page 193.
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Figure 5.7 Laterality differences in PSD-95 synaptic and neuronal densities in
human control hippocampus.

Bar graphs of the PSD-95 density and neurons in men and women in three hippocampal
strata pyramidalae from control cases. (A) Bar graphs showing the PSD-95 densities
(mean + SD) in three strata pyramidalae (CA1, CA2 and CA3) demonstrating that
there are no significant differences between left and right side. Data were obtained
using the Ensemble method. (B) Bar graphs showing the neuronal densities (mean
£ SD) in the same hippocampal subregions as for the PSD-95 synaptic densities
showing that there are also no significant left/right differences. Data were obtained
using stereology technique described in Chapter 2.12. Statistical comparisons were
performed by using the unpaired Student t test with the aid of the Prism statistical
package. The control cases used were as follows: left (SD63/13 and SD35/14) and
right (SD23/13, SD10/15, SD24/15 and SD32/13).
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5.7 OVERVIEW OF PSD-95 CHANGES IN DISEASED HUMAN HIPPOCAMPUS

Having quantified PSD-95 synapses in normal hippocampus, we next examined the
effect of a pathological state on PSD-95 synapses in the human hippocampus. An
overview of the frequency distributions between the controls and the two AD stages
examined demonstrated that there are significant differences in PSD-95 synaptic
puncta parameters in diseased human hippocampus compared with the controls (Figure

5.8 on page 207 and Tables B.10 and B.11 on page 323).

In general, and as expected, there is a loss of PSD-95 synaptic puncta in AD
in comparison with the control group. The mean (£ SD) count of PSD-95 puncta
decreased from 74.7 (& 8.31) per 100 um? in controls to 47.42 (£ 2.72) in early
Alzheimer’s type pathology and to 25.86 (& 3.08) in late Alzheimer’s type pathology.
There appears to be no overlap between individuals within each examined group with
a progressive loss of PSD-95 synapses as the two AD stages advance. The PSD-95
density parameter appears to be well segregated to the three experimental groups.
Notably, the PSD-95 density data are not normally distributed within each group with
the controls showing most variations in PSD-95 counts among the individuals. In
AD, the individuals become less heterogeneous when PSD-95 synaptic counts are

concerned.

Regarding PSD-95 intensity, the PSD-95 puncta tend to become dimmer as
the disease progresses. The mean (4= SD) intensity of PSD-95 puncta decreased from
28887 (£ 3873) in arbitrary units in controls to 20608 (£ 1601) in early Alzheimer’s
type pathology and to 12726 (£ 3555) in late Alzheimer’s type pathology. However,
the distinction between the groups is not as clear as for the PSD-95 counts. The data
are still not normally distributed, but there is a greater variation between the individuals
within each group in comparison to the PSD-95 count parameter. While it is possible
to separate the controls and the late Alzheimer’s type pathology stage cases based on
the PSD-95 intensity, the individuals within early Alzheimer’s type pathology group

fall in-between the control and the late Alzheimer’s type pathology cases.

Finally, the PSD-95 puncta size parameter shows different characteristics from
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the other two parameters. PSD-95 puncta are generally smaller in early Alzheimer’s
type pathology, but as the pathology progresses, the puncta become bigger. The mean
(£ SD) size of PSD-95 puncta decreased from 0.1226 (& 0.006) xm? in controls to
0.0895 (£ 0.003) in early Alzheimer’s type pathology but then increased to 0.1007
(£ 0.007) in late Alzheimer’s type pathology, although it remained smaller than
in controls. The PSD-95 size parameter appears to differentiate the individuals in
the early Alzheimer’s type pathology stage from the controls. The late Alzheimer’s
type pathology cases include individuals with greater PSD-95 sizes variation than the
remaining two groups. Last but not least, unlike the other two parameters, the size

parameter tends to show a normal distribution for all three experimental groups.

Overall, these data demonstrate several interesting points. While it is apparent
that hippocampal PSD-95 synapses are adversely affected in AD, our data further
suggest that different populations of PSD-95 synapses, as represented by the three

PSD-95 parameters, may be affected differently in this disease.

In keeping with the existing literature (Sultana et al., 2010), our data confirm
that there is a loss of PSD-95 synapses in the human hippocampus. Moreover, in
agreement with the published data, the losses in PSD-95 numbers increase with the
disease progression as represented by the Braak stages. However, the PSD-95 synaptic
parameters appear to posses different discriminatory qualities at different disease
stages. The intensity parameter differentiated the late Alzheimer’s type pathology
stage individuals from the controls, while the size parameter separated the early
Alzheimer’s type pathology stage cases from the controls. These attributes may be a
reflection of varying responses of different populations of PSD-95 synapses to insults
occurring at different stages for a given pathological process. For instance, it could
be speculated that in the early AD stage large PSD-95 synapses are preferentially
lost and that at the later stages, a compensatory mechanism takes place resulting in
larger-sized synapses. Similarly, the late Alzheimer’s type pathology stage may be
associated with a substantial loss of a population of bright synapses that are more

resistant to the disease insults at early Alzheimer’s type pathology stages.
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Figure 5.8 Overview of hippocampal PSD-95 changes in AD disease.

Frequency density plots and box plots demonstrating changes in PSD-95 synaptic
puncta parameters in AD as compared to the controls. (A) There is a loss of PSD-95
synaptic puncta in AD in comparison with the control group. (B) This loss compared
with the controls is statistically significant as assessed with Kruskal-Wallis rank sum
test for non-parametric data with a Bonferroni-type p-value adjustment (y? = 27, df
= 2, p-value = 1.371e-06) with post hoc Dunn’s multiple comparisons tests denoted
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with asterisks. (C) PSD-95 puncta become dimmer as the disease progresses. (D)
These changes are also significant as demonstrated with Kruskal-Wallis test (y? =
26.204, df = 2, p-value = 2.041e-06) with post hoc Dunn’s multiple comparisons tests
denoted with asterisks. (E) PSD-95 puncta are generally smaller in early AD, but
as the disease progresses, the puncta become bigger. (F) Similarly to the previous
parameters, these changes were found significant according to Kruskal-Wallis test (>
= 25.964, df = 2, p-value = 2.302e-06) with post hoc Dunn’s multiple comparisons
tests denoted with asterisks. Plots are based on mean values for all regions per each
individual (n = 32 cases in total, of which controls = 14, early AD = 10 and late AD
= 8). For clarity, frequencies are calculated using stat_joy function in ggjoy package
in R. The stat_joy estimates the data range and bandwidth for the density estimation
from the entire data at once, rather than from each individual making the plots look
more uniform. Within each boxplot, horizontal lines show the medians; box limits
indicate the interquartile range (IQR) (inferior or 1st quartile range = 25th percentile,
and superior or 3rd quartile range = 75th percentiles) as determined by R software;
whiskers are defined by Tukey and extend to data points that are less than 1.5x IQR
away from the 1st/3rd quartile. The individual data points are shown as grey dots. Red
circles represent mean for each group.

Surprisingly, the direction of changes was not the same for the three parameters,
with the size parameter displaying opposite effects to the remaining two. As suggested,
this may be due to the existence of a compensatory mechanism for a subset of PSD-95

synapse populations, e.g., smaller synapses, but not for others.

My results stress the importance of thorough neuropathological staging for
detection of changes in PSD-95 synaptic diversity. Certain changes may not be

apparent if different stages of the pathological processes are not well defined.

Finally, although hippocampal data tend to be reported consistently in AD,
discrepancies in other areas have been reported. This may be explained by the
existence of synaptic diversity and thus different synapse populations being affected in
different locations. However, if information on synaptic diversity is not available and
only one aspect of synapses, such as count rather than diversity, is being examined,

any conclusions drawn may not be a true reflection of synaptic changes.
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5.8 DETAILS OF PSD-95 CHANGES IN DISEASED HUMAN HIPPOCAMPUS

Having detected changes in hippocampal PSD-95 synapses in cases with Alzheimer’s
type pathology of different stages, I next examined in detail the effect of this disease
on PSD-95 synapses in the 16 hippocampal subregions. I present results for changes in
PSD-95 synapses in 16 hippocampal subregions at two different stages of Alzheimer’s
type pathology, the early Braak stage II and the late Braak stage VI, for three synaptic
parameters. Neurons and synapses are progressively lost in AD in tandem with the
spread of tau pathology throughout the brain (Ingelsson et al., 2004). Moreover,
synaptic loss in AD can occur regionally and it appears disproportionately large in
the hippocampus (Honer et al., 1992). However, detailed synaptic changes across the
hippocampal subregions have not been described. I anticipate that Alzheimer’s type
pathology will contribute to hippocampal changes in PSD-95 synaptic parameters,
but that the effect might differ across hippocampal subregions. Figure 5.9 on page
210 demonstrates an overview of PSD-95 regional changes for all three parameters
in the three experimental groups. As expected, the individual regional changes
differ between the subfields tested, but the overall patterns of changes appear very
similar except for a persistently consistent difference in one area, namely the CA3
stratum moleculare-lacunosum (CA3-SML). Remarkably, the patterns of changes in
PSD-95 synaptic parameters for this one region clearly stand out from the remaining
hippocampal subfields. In addition, a second subregion appears to differ from the
others, but the different pattern is present only for the PSD-95 density parameter. This
additional area is the pleomorphic layer of the dentate gyrus, in which the loss of
PSD-95 synaptic puncta appears to occur at a late stage in the development of AD.
The PSD-95 numbers are similar for the controls and the early stage of Alzheimer’s

type pathology.
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Figure 5.9 Subregional hippocampal PSD-95 changes in AD disease.
Frequency density plots showing changes in PSD-95 synaptic puncta parameters in
AD as compared to the controls across 16 hippocampal subregions. (A) As described
before, there is a loss of PSD-95 synaptic puncta in AD in comparison with the control
group for all subregions. However, different patterns of synaptic loss are observed in
two hippocampal subareas. It appears that the PSD-95 loss within the CA3 stratum
moleculare-lacunosum in the early AD stage is as severe as during the late stage. On
the other hand, in the pleomorphic layer of the dentate gyrus, synaptic losses occur
mostly in the late stage. Here the number of PSD-95 synapses appear very similar
for the controls and the early AD stage. (B) PSD-95 puncta become dimmer as the
disease progresses across the subregions. However, similarly to the density, the pattern
of intensity is different within the CA3 stratum moleculare-lacunosum. This subregion
stands out from the rest with the intensity of PSD-95 synapses already decreasing
severely in the early AD stage. (C) As seen previously, the PSD-95 puncta are
generally smaller in early AD, but as the disease progresses, the puncta become bigger
across the subregions. However, the same hippocampal subregion, the CA3 stratum
moleculare-lacunosum, stands out due to its different pattern of change in synaptic
size. The decrease in PSD-95 size appears particularly marked for the CA3-SML
subfield in the early AD stage. Plots are based on mean values for all subregions per
each individual (n = 32 cases in total, of which controls = 14, early AD = 10 and late
AD = 8). Individual data points for each subgroup and PSD-95 parameter are shown in
Figures 5.10, 5.11, 5.12 on pages 216, 217, 218, respectively. For clarity, frequencies
are calculated using stat_joy function in ggjoy package in R. The binwidths were
adjusted for each parameter to accentuate the patterns. Abbreviations - see Figure 5.1
on page 193.
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Next, the three PSD-95 synaptic puncta parameters were quantified and a
two-way analysis of variance (ANOVA) tested changes for each synaptic parameter.
This assessed a 2 (controls vs. early Alzheimer’s type pathology, controls vs. late
Alzheimer’s type pathology, or early Alzheimer’s type pathology vs. late Alzheimer’s
type pathology) by 16 hippocampal subregions between cases ANOVA. Table 5.1 on
page 223 shows the condition means, standard deviations and sample sizes for each
examined group, each subregion and each synaptic parameter. The expectation is that
these results will provide further insights into the effects of Alzheimer’s type pathology

on PSD-95 synaptic changes in the individual hippocampal subregions.

5.8.1 Control vs. early Alzheimer’s type pathology stage

Regarding PSD-95 density, patients with Alzheimer’s type pathology had lower
numbers of PSD-95 synapses in comparison to controls. Disease state (controls
vs. early Alzheimer’s type pathology), hippocampal subregion (16 in total) and the
interaction of the two variables (disease state x subregion) appeared to influence the
PSD-95 estimates. As predicted form previous research, a main effect of having
the disease was observed. Overall, the controls had more synapses than patients
diagnosed with early Alzheimer’s type pathology, M ean onirors = 74.7 per 100 ;um?
vs. Meanegryap = 47.4, F(1, 351) = 871.27, p < 0.0001. Moreover, an effect of
hippocampal subregion on the estimate of synaptic density was noted, F(15, 351) =
18.26, p < 0.0001. The mean greatest losses in PSD-95 synaptic numbers were found
for CA4 subregion, Meanca4 = 38.33 and the least (significant) mean losses were
recorded for stratum granulosum of the dentate gyrus, Meanpg_sc = 12.79. 1 also
report the observation of a statistically significant interaction between the disease state
and hippocampal subregion. The effect of disease state was not the same for each
of the 16 hippocampal subregions, F(15, 351) = 7.38, p < 0.0001. A subsequent
Sidak’s post hoc analysis revealed that the expected effect of early Alzheimer’s type
pathology on PSD-95 density occurred for all but one (the polymorphic layer of the
dentate gyrus) hippocampal subregions. Thus it appears that any conclusions about
how early Alzheimer’s type pathology affects PSD-95 synaptic density need to further

take into account the hippocampal region that is affected.
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PSD-95 synaptic puncta intensities were also lower for patients with early
AD in comparison to controls. Similarly to PSD-95 density, a main effect of
having the disease on PSD-95 synaptic punctum intensity was observed. Overall, the
controls had brighter synapses than patients diagnosed with early AD, Mean ontrois
= 28887 in arbitrary units versus Meaneqyap = 20608, F(1, 352) = 433.27, p <
0.0001. Moreover, an effect of hippocampal subregion on the estimate of synaptic
intensity was noted, F(15, 352) = 14.81, p < 0.0001. The mean greatest losses in
PSD-95 synaptic brightness were for CAl stratum moleculare-lacunosum subregion,
Meancai—syr, = 13345 and the least mean losses were recorded for CA3 stratum
moleculare-lacunosum, Meancas—sy = 5155. Finally, I report the observation
of a statistically significant interaction between the disease state and hippocampal
subregion. The effect of disease state was not the same for each of the 16 hippocampal
subregions, F(15, 352) = 1.79, p = 0.00346. A subsequent Sidak’s post hoc analysis
revealed that the expected effect of early AD on PSD-95 intensity occurred for all
hippocampal subregions. Thus it appears that any conclusions about how early
AD disease affects PSD-95 synaptic intensity need to further take into account the

hippocampal region that is affected.

Finally, PSD-95 synaptic puncta sizes were recorded lower for patients with
early AD in comparison to controls. Similarly to the previous two parameters, a main
effect of having the disease on PSD-95 synaptic punctum size was observed. Overall,
the controls had larger synapses than patients diagnosed with early AD, M ean controis
= 0.1226 in ym? area vs. Meaneqriyap = 0.0893, F(1, 351) = 1526.66, p < 0.0001.
Moreover, an effect of hippocampal subregion on the estimate of synaptic size was
noted, F(15, 351) = 9.84, p < 0.0001. The mean greatest losses in PSD-95 synaptic
size were for CA3 stratum lucidum, Meancas—gr, = 0.048 and the least mean losses
were recorded for DG stratum granulosum, Meanpg_se = 0.026. 1 also report
the observation of a statistically significant interaction between the disease state and
hippocampal subregion when size is concerned. The effect of disease state was not the
same for each of the 16 hippocampal subregions, F(15, 351) = 2.62, p = 0.0009. A
subsequent Sidak’s post hoc analysis revealed that the expected effect of early AD on
PSD-95 size occurred for all hippocampal subregions. It appears that any conclusions

about how early AD disease affects PSD-95 synaptic size need to further take into
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account the hippocampal region that is affected.

5.8.2 Control vs. late Alzheimer’s type pathology stage

The same analysis was performed for the late Alzheimer’s type pathology group. With
regards to PSD-95 density, Alzheimer’s type pathology patients in the latest stage of
the disease had lower numbers of PSD-95 synapses in comparison to controls. Disease
state (controls vs. late AD), hippocampal subregion (16 in total) and the interaction
of the two variables (disease state x subregion) appeared to influence the PSD-95
estimates. As predicted from previous research, a main effect of having the disease
was observed. Overall, the controls had more synapses than patients diagnosed with
late Alzheimer’s type pathology, M ean onirors = 74.7 per 100 um? vs. Meanqeap =
25.81, F(1, 319) = 2407, p < 0.0001. Moreover, an effect of hippocampal subregion
on the estimate of synaptic density was noted, F(15, 319) = 9.21, p < 0.0001. The
mean greatest losses in PSD-95 synaptic numbers were for CA4 subregion, M eanc a4
= 58.12 and the least significant mean loss was recorded for stratum granulosum of the
dentate gyrus, Meanpg_sq = 14.7. Finally, I report the observation of a statistically
significant interaction between the disease state and hippocampal subregion. The effect
of disease state was not the same for each of the 16 hippocampal subregions, F(15, 391)
=8.507, p < 0.0001. A subsequent Sidak’s post hoc analysis revealed that the expected
effect of late AD on PSD-95 density occurred for all hippocampal subregions. Thus it
appears that any conclusions about how late Alzheimer’s type pathology stage affects
PSD-95 synaptic density need to further take into account the hippocampal region that

is affected.

PSD-95 synaptic puncta intensities were also lower for patients with late
Alzheimer’s type pathology in comparison to controls. Similarly to PSD-95 density, a
main effect of having the disease on PSD-95 synaptic punctum intensity was observed.
Overall, the controls had brighter synapses than patients diagnosed with late AD,
Mean onirors = 24018 in arbitrary units versus Meaneap = 12731, F(1, 319) =
1133, p < 0.0001. Moreover, an effect of hippocampal subregion on the estimate of
synaptic intensity was noted, F(15, 319) = 7.525, p < 0.0001. The mean greatest

losses in PSD-95 synaptic brightness were for CA1 stratum moleculare-lacunosum
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subregion, Meanca1_syrp = 22650 and the least mean losses were recorded for
CA3 stratum lucidum, Meancas_s;, = 12503. There was a statistically significant
interaction between the disease state and hippocampal subregion. The effect of disease
state was not the same for each of the 16 hippocampal subregions, F(15, 319) = 1.992,
p = 0.0154. A subsequent Sidak’s post hoc analysis revealed that the expected effect
of late AD on PSD-95 intensity occurred for all hippocampal subregions. Thus it
appears that any conclusions about how late Alzheimer’s type pathology stage affects
PSD-95 synaptic intensity need to further take into account the hippocampal region

that is affected.

Finally, PSD-95 synaptic puncta sizes were recorded lower for patients with
late Alzheimer’s type pathology in comparison to controls. Similarly to the previous
two parameters, a main effect of having the disease on PSD-95 synaptic punctum size
was observed. Overall, the controls had larger synapses than patients diagnosed with
late Alzheimer’s type pathology, M ean onirors = 0.1226 in pum? area vs. Meanaiean
= 0.1007, F(1, 319) = 522.5, p < 0.0001. Moreover, an effect of hippocampal
subregion on the estimate of synaptic size was noted, F(15, 319) = 2.519, p =
0.0015. The mean greatest loss in PSD-95 synaptic size was recorded for CA2 stratum
moleculare-lacunosum, Meancaa—spr, = 0.029 and the least mean loss was recorded
for CA3 stratum lucidum, M eanc a3_s;, = 0.0104, although it was not significant. The
least significant loss was recorded for CA3 stratum oriens, Meanca3z_so = 0.0161.
Unlike with all the previous estimations, the interaction between the disease state and
hippocampal subregion when PSD-95 synaptic puncta size was considered was not

statistically significant, F(15, 319) = 1.354, p = 0.1684.

5.8.3 Early vs. late Alzheimer’s type pathology stage

For completeness, the same analysis was performed for both Alzheimer’s type
pathology groups. With regards to PSD-95 density, the early Alzheimer’s type
pathology patients had more synapses than patients diagnosed with late Alzheimer’s
type pathology, Meancq iyap = 47.4 per 100 pm? vs. Meangeap = 25.81, F(1, 254)
= 1415, p < 0.0001. An effect of hippocampal subregion on the estimate of synaptic
density was noted, F(15, 254) = 8.378, p < 0.0001. The mean greatest losses in
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PSD-95 synaptic numbers were for CA1 stratum pyramidale subregion, Meancai_sp
= 32.91 and the least significant mean loss was recorded for CA3 stratum lucidum,
Meancas—sp = 7.936. There was a statistically significant interaction between the
disease state and hippocampal subregion, F(15,254) =5.84, p < 0.0001. A subsequent
Sidak’s post hoc analysis revealed that the expected effect of late Alzheimer’s type
pathology on PSD-95 density occurred for all hippocampal subregions. The early
Alzheimer’s type pathology cases had brighter synapses than patients diagnosed
with late Alzheimer’s type pathology, Meancqriyap = 20608 in arbitrary units vs.
Meanygeap = 12731, F(1, 254) = 441.7, p < 0.0001. Moreover, an effect of
hippocampal subregion on the estimate of synaptic intensity was noted, F(15, 254)
= 6.495, p < 0.0001. The mean greatest losses in PSD-95 synaptic brightness were
observed for CA4 subregion, Meanca4 = 9335, and the least mean significant losses
were recorded for CA2 stratum oriens, Meancas_so = 6277. However, for PSD-95
puncta intensity, statistically insignificant interaction between the disease stage and

hippocampal subregion was seen for these groups, F(15, 254) = 0.822, p = 0.653.

Notably, the late Alzheimer’s type pathology cases had larger synapses than
patients diagnosed with early Alzheimer’s type pathology, Meancqiyap = 0.0893
in um? area vs. Mean,.ap = 0.1007, F(1, 254) = 146.8, p < 0.0001. Moreover,
an effect of hippocampal subregion on the estimate of synaptic size was observed,
F(15, 254) = 4.249, p < 0.0001. The mean greatest loss in PSD-95 synaptic
size was recorded for CA3 stratum lucidum, Meancas—s;, = 0.0375, and the least
mean significant loss was recorded for CA2 stratum radiatum, Meancas_srp =
0.0116. Finally, for PSD-95 puncta size, the interaction between the disease stage and

hippocampal subregion was statistically significant, F(15, 254) = 3.644, p < 0.0001.
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Figure 5.10 Subregional distribution of hippocampal PSD-95 puncta density.
Boxplots of PSD-95 puncta densities in three experimental groups in 16 hippocampal
subregions demonstrating loss of synapses in AD cases in comparison to the controls.
Data are presented as boxplots with median and whiskers plotted by Tukey method.
Individual data points are superimposed on the boxplots. CTL, Controls (n = 14); AD,
Alzheimer’s Disease; AD2, Early AD Braak stage II (n = 10); AD6, late AD Braak
stage VI (n = 8). Statistical differences between groups are based on data presented in
Table 5.1 on page 223. Significance levels: * p < 0.05; ** p < 0.01; *** p < 0.001;
*E*% p < (0.0001. Abbreviations - see Figure 5.1 on page 193.
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Figure 5.11 Subregional distribution of hippocampal PSD-95 puncta intensity.
Boxplots of PSD-95 puncta intensities in three experimental groups in 16 hippocampal
subregions demonstrating loss of synapse intensities in AD cases in comparison to the
controls. Data are presented as boxplots with median and whiskers plotted by Tukey
method. Individual data points are superimposed on the boxplots. CTL, Controls (n
= 14); AD, Alzheimer’s Disease; AD2, Early AD Braak stage II (n = 10); AD6, late
AD Braak stage VI (n = 8). Statistical differences between groups are based on data
presented in Table 5.1 on page 223. Significance levels: * p < 0.05; ** p < 0.01; ***
p < 0.001; **** p < (0.0001. Abbreviations - see Figure 5.1 on page 193.

217



DETAILS OF PSD-95 CHANGES IN DISEASED HUMAN HIPPOCAMPUS

0.14
0.12
0.10
0.08
0.06
0.04

0.14
0.12

0.10

0.08
0.06
0.04

0.14
0.12
0.10
0.08
0.06

PSD-95 Size (um?)

0.04

0.14
0.12
0.10
0.08
0.06
0.04

CA1-SML CA1-SO CA1-SP CA1-SR
- . .
— #44p 20,0001 0.14 E #4%p 20,0001 0-14 i #5p 20,000 0-14 - %P £0,0001
= xspcgooor_—— | 0.12 “9 *ep 00001 —— | 0.12 == 00001 —— | 0-12 %MP 00001 —
== |01 i e == | == =
0.08 0.08 == —- 0.08 ==
0.06 *P=0.025 0.06 0.06
0.04 0.04 0.04
CTL AD2 AD6 CTL AD2 AD6 CTL AD2 AD6 CTL AD2 AD6
CA2-SML CA2-SO CA2-SP CA2-SR
% 0.14 » %000t 0.14 0.14
¥5%P 20,0001 =3 P <0 *¥4P 0,000 AP <0,0001
S e 20,0001 o 0.12 o weplooor _ | 012 gmw w0001 — | 912 %mﬂep 00001 ——
—- == |o0.10 : -— B33 (010 ___ =010 B =
E3 — == —_— i
0.08 0.08 0.08 ==
—
0.06 *P=00312 0.06 0.06 > o007
0.04 0.04 0.04
CTL AD2 AD6 CTL AD2 AD6 CTL AD2 AD6 CTL AD2 AD6
CA3-SML CA3-SO CA3-SP CA3-SL
S R RV R J 0.14 0.14
%P <0,0001 ****P <0.0001 **%P =0,0005 *45P <0,0001
T - 0.2 —s P <0.0001_—— 0.12 E **4P 20,0001 0.12 ﬁ*"‘? <0.0001 ——
. | == o010 == |00 L ==loo 4 T =
3 —= == = - -
0.08 T 0.08 == 0.08 -
—
X 0.06 S ome | 008 S o006
- 0.04 0.04 0.04
CTL AD2 AD6 CTL AD2 AD6 CTL AD2 AD6 CTL AD2 AD6
CA4 DG-PL DG-SG DG-SM
0.14 - 0.14 — 0.14 » 0001
e #5%P 20,0001 P <0
—— P00l 45 { =5 P <0000 | 0 12 IE'f—'L:I BT ICR == T S
i Tenep 00001 T = weexp <0.0001 =T **P.<0.0001 7= - - i
—= 0.10 ——  [—— [0.10 - 0.10 ——
== == = E= = == ==
0.08 0.08 0.08
0.06 0.06 0.06
0.04 0.04 0.04
CTL AD2 ADé CTL AD2 AD6 CTL AD2 AD6 CTL AD2 AD6

Experimental Groups

Figure 5.12 Subregional distribution of hippocampal PSD-95 puncta size.

Boxplots of PSD-95 puncta sizes in three experimental groups in

16 hippocampal

subregions demonstrating an overall reduction in synapse sizes in AD cases in
comparison to the controls. Data are presented as boxplots with median and whiskers
plotted by Tukey method. Individual data points are superimposed on the boxplots.
CTL, Controls (n = 14); AD, Alzheimer’s Disease; AD2, Early AD Braak stage II (n =
10); AD6, late AD Braak stage VI (n = 8). Statistical differences between groups are
based on data presented in Table 5.1 on page 223. Significance levels: * p < 0.05; **
p < 0.01; *** p < 0.001; **** p < 0.0001. Abbreviations - see Figure 5.1 on page

193.
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Figure 5.13 Changes in distribution of hippocampal PSD-95 expression in AD.
High-resolution SDM images demonstrating changes in expression of PSD-95 in 16
different hippocampal subregions between controls, the early AD stage and the late
AD stage. For most subregions, losses in PSD-95 synaptic puncta in AD in comparison
with controls are evident in the images. However, any differences from the detailed
quantification presented previously might represent individual differences. Images
were obtained from the following cases: controls - SD42/13, early AD - SD40/14
and late AD - SD02/14. Scale bar 10 um. Abbreviations as previously.
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5.9 HIPPOCAMPAL PATTERNING OF PSD-95 SYNAPTOME CHANGES IN AD

Next, in order to determine the spatial distribution of differences between the control
and the Alzheimer’s type pathology groups, Cohen’s d values were calculated (Table

5.2 on page 224) and represented as heatmaps.

Among 16 hippocampal subregions, the PSD-95 puncta density, intensity
and size in patients with Alzheimer’s type pathology were significantly lower when
compared to controls for all but the polymorphic layer of the dentate gyrus (DG) and
the stratum moleculare-lacunosum of the CA3 subregion. In general, effect sizes were
largest for the densities, moderate for the sizes and smallest for the intensities (Figure
5.14 on page 225). The more advanced Alzheimer’s type pathology stage, the greater
the loss of PSD-95 puncta parameters for densities and intensities, but not for the
puncta sizes where the milder Alzheimer’s type pathology stage experienced far greater
losses in size than the later stages of Alzheimer’s type pathology. Specific changes for
each parameter are illustrated in Figure 5.15 to show changes between the controls
and the early Alzheimer’s type pathology group and in Figure 5.16 to show changes

between the controls and the late Alzheimer’s type pathology group.

For PSD-95 densities, the most significant effect was seen in the CA3 stratum
oriens for both Alzheimer’s type pathology groups (d = -6.68, 95% confidence interval
(CI) -8.97 to -4.39, p <0.0001 for control vs. early Alzheimer’s type pathology group,
and d = -10.35, 95% CI -13.84 to -6.87, p <0.0001 for control vs. late Alzheimer’s
type pathology group). The least significant effect was seen for DG stratum granulare
for both Alzheimer’s type pathology groups (d = -1.18, 95% CI -2.10 to -0.25, p
<0.0001 for control vs. early Alzheimer’s type pathology group, and d = -2.77, 95%
CI -4.05 to -1.49, p <0.0001 for control vs. late Alzheimer’s type pathology group).
The only subregion which showed non-significant effect size was the DG polymorphic
layer (d = 0.25, 95% CI -0.60 to 1.10, p >0.999 for control vs. early AD group).
Moreover, this was the only region in which a positive effect was recorded for all three

parameters for all group combinations.

For PSD-95 intensities, significant effect size was highest in the stratum
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moleculare-lacunosum of the CA1 subregion for both Alzheimer’s type pathology
groups (d = -3.79, 95% CI -5.24 to -2.35, p <0.0001 for control vs. early AD
group, and d = -5.54, 95% CI -7.56 to -3.52, p <0.0001 for control vs. late AD
group). Significant effect size was lowest for stratum oriens of the CA3 (d = -1.31,
95% CI -2.25 to -0.37, p = 0.0207) for control vs. early AD group, and stratum
moleculare-lacunosum of the CA3 (d = -2.35, 95% CI -3.54 to -1.16, p <0.0001) for

control vs. late AD group.

For PSD-95 sizes, the most significant effect size was seen in the CA1 stratum
moleculare-lacunosum for control vs. early Alzheimer’s type pathology group (d =
-6.76, 95% CI-9.02 to -4.51, p <0.0001), and the CA2 stratum moleculare-lacunosum
for control vs. late Alzheimer’s type pathology group (d = -4.22, 95% CI -5.92
to -2.52, p <0.0001). Significant effect size was lowest for the CA3 stratum
moleculare-lacunosum (d = -2.35, 95% CI -3.50 to -1.20, p = 0.0207) for control
vs. early Alzheimer’s type pathology group, and the CA3 stratum pyramidale (d =
-2.00, 95% CI -3.12 to -0.88, p = 0.00005) for control vs. late Alzheimer’s type
pathology group. However, similarly to the early Alzheimer’s type pathology group,
the overall lowest, but not significant effect size was found for the CA3 stratum

moleculare-lacunosum (d = -0.68, 95% CI -1.62 to 0.25, p = 0.1038).

Several significant differences were also found between the Alzheimer’s type
pathology groups. However, they were not as consistent as the differences between the
controls and the Alzheimer’s type pathology groups described above. In general, effect
sizes were greatest for the PSD-95 densities and moderate for intensities (Figure 5.14
on page 225). The effect of Alzheimer’s type pathology on the PSD-95 synaptic puncta
sizes all showed positive trends, but a majority of these results were also not significant.
Within the Alzheimer’s type pathology groups, for PSD-95 densities, significant effect
size was highest in the CA1 stratum radiatum (d = -8.76, 95% CI -12.12 to -5.39, p
<0.0001) and lowest in the CA1 stratum moleculare-lacunosum (d = -3.23, 95% CI
-4.77 to -1.69, p <0.0001). In addition, Alzheimer’s type pathology had a significant
effect on synaptic puncta densities in the stratum moleculare-lacunosum of the CA3 (d
=-0.84,95% C1-1.88 t0 0.19, p = 0.0097), but the confidence intervals included zero.
For PSD-95 intensities, the greatest significance was seen in CA4 (d = -3.85, 95% CI
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-5.58 to -2.13, p <0.0001) and least significance in the CA1 stratum pyramidale (d =
-1.95, 95% CI -3.17 to -0.73, p <0.0001). The size of the effect found in the CA3
stratum moleculare-lacunosum (d = -0.99, 95% CI -2.05 to 0.06, p = 0.0693) was not
significant, and the confidence intervals included zero. Finally, for PSD-95 sizes, the
size of the effect size was highest in the stratum oriens of the CA3 subregion (d = 2.15,
95% CI 0.89 to 3.42, p = 0.0071) and lowest in the stratum radiatum of the CA2 (d =
1.62,95% C1 0.47 to 2.77, p = 0.0354). These differences are illustrated as heatmaps
in Figure 5.17 on page 228.

222



PSD-95 SYNAPTOME MAP REORGANISATION IN DISEASE

Table 5.1 Mean differences in PSD-95 density, intensity and size between groups for
16 human hippocampal subregions in the SDM cohort

Control Early AD Late AD p value  p value p value

Subregion  Group Group Group Ctr vs Ctrvs Early AD vs
Mean SD Mean SD Mean SD Early AD Late AD Late AD

Density
CA1-SML 76.98  10.39 45.34 6.27 24.81 6.47 <0.0001 <0.0001 <0.0001
CA1-SO 72.79 7.28 46.96 3.79 25.46 5.74 <0.0001 <0.0001 <0.0001
CA1-SP 83.99 10.02 59.91 7.22 27.00 3.90 <0.0001 <0.0001 <0.0001
CA1-SR 81.68 11.07 55.20 3.59 27.34 2.56 <0.0001 <0.0001 <0.0001
CA2-SML 76.78  11.46 50.00 2.76 24.27 4.05 <0.0001 <0.0001 <0.0001
CA2-SO 78.58 8.11 44.56 4.02 24.92 4.39 <0.0001 <0.0001 <0.0001
CA2-Sp 84.42  12.06 50.91 3.29 26.57 3.52 <0.0001 <0.0001 <0.0001
CA2-SR 79.81 9.99 51.35 3.12 26.43 3.33 <0.0001 <0.0001 <0.0001
CA3-SML 67.51 16.03 3312 1225 25.18 293 <0.0001 <0.0001 0.0097
CA3-SO 77.42 5.21 42.67 5.20 24.12 5.04 <0.0001 <0.0001 <0.0001
CA3-Sp 84.10 9.32 49.65 3.60 26.29 3.15 <0.0001 <0.0001 <0.0001
CA3-SL 80.59 10.15 47.51 5.10 26.92 2.69 <0.0001 <0.0001 <0.0001
CA4 85.20 7.55 46.88 5.05 27.08 3.25 <0.0001 <0.0001 <0.0001
DG-PL 41.54 4.62 42.67 4.18 26.84 3.45 >0.9999 0.0041 <0.0001
DG-SG 55.67 13.61 42.88 4.65 24.60 4.01 0.0095 <0.0001 <0.0001
DG-SM 68.10 16.41 48.80 3.49 25.17 4.21 <0.0001 <0.0001 <0.0001
Intensity
CA1-SML 35334 4262 21989 2015 12684 3740 <0.0001 <0.0001 <0.0001
CA1-SO 26586 4686 18909 1255 11786 4139 <0.0001 <0.0001 <0.0001
CA1-SP 36423 4585 24558 1249 16213 6305 <0.0001 <0.0001 <0.0001
CA1-SR 33742 3179 23915 1370 14743 5155 <0.0001 <0.0001 <0.0001
CA2-SML 27845 4579 20213 1792 11795 3513 <0.0001 <0.0001 <0.0001
CA2-SO 24591 4243 16972 2364 10695 3610 0.0002 <0.0001 0.0006
CA2-SP 31713 4458 22931 1987 13799 4259 <0.0001 <0.0001 <0.0001
CA2-SR 27211 4371 19882 1456 12311 3672 0.0003  <0.0001 <0.0001
CA3-SML 24249 6235 15893 5115 11604 2984 <0.0001 <0.0001 0.0693
CA3-SO 24706 3904 19001 3980 11051 3124 0.0207 <0.0001 <0.0001
CA3-SP 29357 4469 21972 2205 13185 3351 0.0004 <0.0001 <0.0001
CA3-SL 28291 4740 18648 2803 12279 3160 <0.0001 <0.0001 0.0005
CA4 28787 5476 21475 2315 12140 2555 0.0006 <0.0001 <0.0001
DG-PL 26647 3985 20512 2382 12005 2419 0.0055 <0.0001 <0.0001
DG-SG 29664 4632 19897 2190 12261 2598 <0.0001 <0.0001 <0.0001
DG-SM 32551 4280 22962 2069 15148 4840 <0.0001 <0.0001 <0.0001
Size
CA1-SML  0.1310 0.0064 0.0938 0.0037 0.1047 0.0106 <0.0001 <0.0001 0.0644
CA1-SO 0.1278 0.0089 0.0932  0.0066 0.1052 0.0081 <0.0001 <0.0001 0.0250
CA1-Sp 0.1231 0.0075 0.0873 0.0051 0.0967 0.0109 <0.0001 <0.0001 0.1840
CA1-SR 0.1233  0.0070 0.0873 0.0045 0.0981 0.0089 <0.0001 <0.0001 0.0683
CA2-SML  0.1316 0.0064 0.0913  0.0060 0.1003  0.0082 <0.0001 <0.0001 0.3009
CA2-SO 0.1265 0.0092 0.0919 0.0052 0.1036 0.0058 <0.0001 <0.0001 0.0312
CA2-Sp 0.1207 0.0078 0.0927 0.0041 0.0991 0.0091 <0.0001 <0.0001 0.7774
CA2-SR 0.1256 0.0061 0.0870 0.0063 0.0986 0.0081 <0.0001 <0.0001 0.0354
CA3-SML  0.1109 0.0180 0.0640 0.0238 0.1014 0.0079 <0.0001 0.1038 <0.0001
CA3-SO 0.1266 0.0103 0.0893 0.0043 0.1026  0.0080 <0.0001 <0.0001 0.0071
CA3-Sp 0.1173 0.0084 0.0878 0.0055 0.1003 0.0073 <0.0001 0.0005 0.0156
CA3-SL 0.1188 0.0087 0.0902 0.0039 0.0992 0.0084 <0.0001 <0.0001 0.2354
CA4 0.1228 0.0075 0.0929 0.0035 0.1008 0.0072 <0.0001 <0.0001 0.4546
DG-PL 0.1236  0.0063 0.0936 0.0042 0.1000 0.0076 <0.0001 <0.0001 0.7644
DG-SG 0.1223  0.0073 0.0943  0.0067 0.1008 0.0080 <0.0001 <0.0001 0.7567
DG-SM 0.1234 0.0062 0.0923  0.0043 0.1000 0.0097 <0.0001 <0.0001 0.4974

Statistically significant differences were found between the control group (n=14) and
the AD groups (n=10 for early AD group and n=8 for late AD group). Differences
between groups were calculated using an ordinary two-way ANOVA. Sidak’s multiple
comparisons tests were used to calculate p values between the subregions. Adjusted
p values are reported with level of significance set at p < 0.05. Abbreviations: AD -
Alzheimer’s disease, Ctr - Control; SD - standard deviation.
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Table 5.2 Effect size of the difference of PSD-95 density, intensity and size for 16
human hippocampal subregions in the SDM cohort

Ctr vs AD2 Ctr vs AD6 AD2 vs AD6
Effect Lower Upper Effect Lower Upper Effect Lower Upper
size CI CI size CI CI size CI CI

Density
CA1-SML -3.54 492 216 -6.62 -896 -4.28 -3.23 477 -1.69
CA1-SO -424 579  -2.68 -6.98 943 454 -4.53 647 -2.60
CA1-SP -2.68 -387 -1.50 -6.78  -9.17  -4.40 549 -7.73 324
CA1-SR 222 380 -0.64 -6.00 -8.16 -3.85 -8.76 -12.12  -5.39
CA2-SML 298 423 -1.73 -539 742 335 <772 -10.83  -4.60
CA2-SO -5.05  -6.82 -327 -7.63  -10.27  -4.99 469 -6.68 -2.71
CA2-SP -3.53 490 -2.15 -5.82 792 372 -7.18 999 436
CA2-SR -3.59 498  -2.19 -644 872 -4.15 -1.76 - -10.77 474
CA3-SML 236 347 -1.24 -325 464 -1.85 -0.84  -1.88 0.19
CA3-SO -6.68 -897 -4.39 -10.35 -13.84  -6.87 -3.62 533 -1.91
CA3-SP -4.58 623 293 -747 -10.06  -4.88 -6.85 956 -4.15
CA3-SL 391 539 244 -6.44 872 -4.16 488 -693 -283
CA4 577 0 -7175 0 -3.80 9.11  -122  -6.01 -455 649 -2.61
DG-PL 025  -0.60 1.10 346 491 -2.01 -4.08 -588 -2.29
DG-SG -1.18 2,10  -0.25 277 -405  -1.49 -4.17  -6.00 -2.35
DG-SM -1.51 247 054 -3.19 457  -1.81 -6.18  -8.65 -3.70
Intensity
CA1-SML 379 524 235 -5.54 756  -3.52 -321 475 -1.67
CA1-SO -2.07 313 -1.01 -3.28 468 -1.88 246 -380 -1.12
CA1-SP -327 459  -195 -3.84 -539 -2.29 -195 317  -0.73
CA1-SR 378 522 234 476  -656 -2.97 258 -394 -1.21
CA2-SML -2.00 -3.05 -0.96 -3.71 527 214 -3.21 481 -l1.61
CA2-SO -1.96  -3.00 -0.92 -3.30 471 -1.90 -2.11 -3.37  -0.86
CA2-SP 233 345 -1.22 -4.02 -5.62 243 -2.87 431 -1.42
CA2-SR -2.00 -3.04 -095 -3.51 497  -2.05 -2.84 428 -141
CA3-SML -1.42 237  -046 235 354 -1.16 -0.99  -2.05 0.06
CA3-SO -1.31 225 037 -3.59 507 -2.11 219 346 092
CA3-SP -1.84 286 -0.82 -3.80 -533 -2.26 -3.18 471  -1.65
CA3-SL 220 -329  -1.12 -3.60  -5.08 -2.12 215 -341  -0.89
CA4 -1.49 246 -0.53 343 487  -1.99 -3.85 558 -2.13
DG-PL -1.68 268 -0.69 -4.05 -5.66 -2.45 -3.55 518  -1.91
DG-SG 242 355 -1.29 -4.18 -582 254 -321 475 -1.67
DG-SM -2.56 =372 -1.40 -3.77  -530  -2.24 220 347 -092
Size
CA1-SML -6.76  -9.02 451 -3.22 461  -1.84 1.43 0.32 2.55
CA1-SO 417  -572  -2.63 -250 372 -1.28 1.65 0.49 2.81
CA1-SP -533  -7.17  -348 292 424  -1.61 1.16 0.08 2.23
CAI-SR -5.85 784 -385 -323 462 -1.84 1.58 0.44 2.73
CA2-SML -6.18  -827  -4.09 -422 592 252 1.28 0.15 242
CA2-SO -427  -584 270 -2.66  -391 -1.40 2.13 0.87 3.39
CA2-SP 415 568 -2.61 250  -373  -1.28 095 -0.10 1.99
CA2-SR -6.01  -8.05 -397 -3.71 =522 -2.20 1.62 0.47 2.77
CA3-SML 235 350  -1.20 -0.68  -1.62 0.25 2.06 0.78 3.34
CA3-SO -427  -584 270 -2.34 353 -1.15 2.15 0.89 342
CA3-SP -3.89 536 242 -2.00 -3.12 -0.88 1.97 0.75 3.19
CA3-SL -3.86 -533 240 216 331  -1.01 1.44 0.32 2.55
CA4 466 -633 -299 -2.83 412 -1.53 1.44 0.32 2.56
DG-PL -525 -7.08 -342 334 475 -1.92 1.09 0.02 2.15
DG-SG -3.80 -525 235 269 395 -143 0.89 -0.14 1.93
DG-SM -553 -744 363 299 432 -1.66 1.07 0.01 2.13

Abbreviations: AD - Alzheimer’s disease, AD2 - Early AD stage II; AD6 - Late AD
stage VI; Ctr - Control; CI - 95% confidence interval.
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Figure 5.14 Hippocampal PSD-95 effect size ranks in the SDM cohort.
Cohen’s d effect size ranks of PSD-95 density (A, B, C), PSD-95 puncta intensity (D,
E, F), and PSD-95 puncta size (G, H, I) in the entire SDM cohort by one of three
groups: controls vs. early AD (A, D, G), controls vs. late AD (B, E, H), and early AD
vs. late AD (C, F, I). Among PSD-95 parameters, the greatest changes were observed
for density. Among groups, the greatest changes were seen in late AD. However, for
PSD-95 size, the losses were greatest in the early rather than the late AD group. AD,
Alzheimer’s Disease; CI, 95% confidence interval.
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Figure 5.15 Hippocampal subregional PSD-95 synaptome reorganisation in early
AD compared to controls.

Spatial distribution of differences between controls (n = 14) and the early AD group (n
= 10) represented by heatmaps of the Cohen’s d values in 16 hippocampal subregions
for PSD-95 puncta density (A), PSD-95 puncta intensity (B) and PSD-95 puncta
size (C). Blue, white and red colours indicate a decrease, no change or an increase,
respectively, of the PSD-95 parameter measured in early AD group compared to
controls. Significant differences, measured using two-way ANOVA, are indicated by
asterisks with significance levels: * p < 0.05; ** p < 0.01; *** p < 0.001; ****
p < 0.0001; ns, not significant. Abbreviations: AD, Alzheimer’s Disease; NA, Not
applicable.
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A. PSD-95 DENSITY B. PSD-95 PUNCTUM INTENSITY
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Figure 5.16 Hippocampal subregional PSD-95 synaptome reorganisation in late
AD compared to controls.

Spatial distribution of differences between controls (n = 14) and the late AD group (n
= &) represented by heatmaps of the Cohen’s d values in 16 hippocampal subregions
for PSD-95 puncta density (A), PSD-95 puncta intensity (B) and PSD-95 puncta
size (C). Blue, white and red colours indicate a decrease, no change or an increase,
respectively, of the PSD-95 parameter measured in early AD group compared to
controls. Significant differences, measured using two-way ANOVA, are indicated by
asterisks with significance levels: * p < 0.05; ** p < 0.01; *** p < 0.001; ****
p < 0.0001; ns, not significant. Abbreviations: AD, Alzheimer’s Disease; NA, Not
applicable.
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Figure 5.17 Hippocampal subregional PSD-95 synaptome reorganisation in early
vs. late AD.

Spatial distribution of differences between early AD (n = 10) and the late AD group (n
= 8) represented by heatmaps of the Cohen’s d values in 16 hippocampal subregions
for PSD-95 puncta density (A), PSD-95 puncta intensity (B) and PSD-95 puncta
size (C). Blue, white and red colours indicate a decrease, no change or an increase,
respectively, of the PSD-95 parameter measured in early AD group compared to
controls. Significant differences, measured using two-way ANOVA, are indicated by
asterisks with significance levels: * p < 0.05; ** p < 0.01; *** p < 0.001; **%**
p < 0.0001; ns, not significant. Abbreviations: AD, Alzheimer’s Disease; NA, Not
applicable.
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5.10 PSD-95 AND CORRELATION WITH NEUROPATHOLOGY

The study of human post-mortem tissue is essential for investigation of
neurodegenerative diseases, particularly as no animal or cellular model can fully
recapitulate all aspects of the human pathology. However, the acquisition of human
brain after death can affect the brain tissue quality and is prejudicial to the reliability
of scientific data based on such material. Therefore, it is important that post-mortem
artefacts are defined, standardised and either eliminated or factored into experiments.
Since the research in this thesis is based on the examination of human post-mortem
brain tissue, in this section, I determined the influence of several putative measures of

post-mortem tissue quality on the experiments undertaken in this study.

All brains originated from the SDBTB where the tissue has detailed
neuropathological characterisation. I specifically examined the relationships between
the results of the PSD-95 synaptic parameter quantification (the PSD-95 density,
intensity and size) and various markers for post-mortem brain tissue quality (pH, RIN,
PMI, HUSPIR) as well as various established neuropathological parameters (A and
CAA). The overview of all the markers and parameters examined and their values
for each experimental group (Controls, Early Alzheimer’s type pathology and Late

Alzheimer’s type pathology) are presented in Table 5.3 on page 231.

A summary of the case demographics for the SDM cohort are presented in
Figure 5.18 A-C on page 232. Overall, the SDM cohort comprised 14 controls (mean
age 60.1 £ 10.13), 10 cases with early Alzheimer’s type pathology (mean age 81 +
9.83) and 8 cases with late Alzheimer’s type pathology (mean age 75.75 £ 11.91).
The subjects differed significantly with respect to age between the groups (F (2, 29) =
12.98, p < 0.0001), with the control group cases being significantly younger than either
of the AD groups, but there were no significant differences in age between the two AD
groups; Figure 5.18 A. When all cases were stratified by gender, there were 17 males
(mean age 66.12 £ SD 13.03) and 15 females (mean age 75.53 + SD 13.67). The age
difference between the genders was not significant; Figure 5.18 B. Finally, analysis of
age by gender and by experimental group revealed that the control group had almost

twice as many males (n =9, mean age 58.67 £ 8.85) as females (n = 5, mean age 62.60
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4 12.82). The early Alzheimer’s type pathology group had 4 males (mean age 76.50
+ 8.35) and 6 females (mean age 84.00 4+ 10.26). The genders were equally split in
the late Alzheimer’s type pathology group (n = 4 each) and the ages were as follows:
male mean age 72.50 + 16.22 and female mean age 79.00 £ 6.33. A two-way ANOVA
analysis revealed that there were differences between the experimental groups, but not

within the genders (F (2, 26) = 10.58, p < 0.0004); Figure 5.18 C.

There were no significant differences between the experimental groups with

respect to brain weight (F (2, 29) = 2.626, p < 0.0895).

When markers of tissue quality were examined, there were no significant
differences between the groups with respect to brain pH (F (2, 29) = 0.18, p < 0.8364).
There were, however, significant differences between the groups with respect to RIN
values (F (2, 29) = 8.273, p < 0.0016). The control group had significantly higher
RIN values (5.6 £ 0.71) vs. the early Alzheimer’s type pathology group (4.2 & 0.97)
which had the lowest RIN values. The late Alzheimer’s type pathology group had the

intermediate values between the three groups (4.6 + 0.88).

In the subsections that follow, I determined in greater details the effects of
tissue and protein degradation on PSD-95. I then correlated the PSD-95 results with
the two most common pathological changes after tau pathology related to AD beta
amyloid pathology and the cerebrovascular pathology. Tau pathology was used to
determine the experimental groups (the early Alzheimer’s type pathology and the late
Alzheimer’s type pathology groups). Next, I examined the potential effects of APOE
genotypes on our results, and finally, I determined the correlation with the neuronal

loss.
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Table 5.3 Neuropathological assessment of the SDM cohort

Control Early AD Late AD p-value p-value p-value
Group Group Group Control Control Early AD

Mean Mean Mean Vs Vs Vs
+(SD) +(SD) +(SD) Early AD Late AD Late AD
Gender M 9 4 4
F 5 6 4
Age (years) 60.1 81.0 75.8  0.0001%* 0.0059* 0.549
(10.13) (9.83) (11.90)
BW (grams) 1409 1292 1252 0.233 0.109 0.874
(153) (147) 217)
Brain pH 6.2 6.2 6.2 0.970 0.900 0.823
0.21) (0.18) (0.28)
RIN value 5.6 4.2 4.6 0.0016%* 0.051 0.711
0.71) 0.97) (0.88)
PMD (hours) 69.57 60.80 64.00 0.803 0.925 0.978
(35.00) (33.69) (30.06)
HUSPIR value 2.3 0.8 1.6 0.0067* 0.312 0.353
(1.29) (0.50) (1.05)
HUSPIR score (1 - 4)** 3.6 2.5 3.3 0.0066* 0.624 0.148
(0.63) (1.08) (0.76)
A Thal score (0 - 5) 0.4 2.2 3.9 0.0287* <0.0001%* 0.254
(0.85) (1.62) (1.13)
Braak NFT stage (0 - VI) 0.2 2.0 6.0 0.0037* <0.0001%* 0.103
(0.43) (0.00) (0.00)
CERAD score (0 - 3) 0.2 1.8 2.9 0.0070* < 0.0001%* 0.308
0.43) (1.03) (0.35)
CAA score (0 - 3) 0.1 1.1 2.1 0.078 0.0005%* 0.361

(0.53) (1.20) (1.25)

All parameters were tested for normality with D’Agostino & Pearson omnibus
normality test. If passed, ordinary one-way ANOVA with Tukey’s multiple comparison
post-hoc test was undertaken (for Age, BW, PMD, HUSPIR value and score). If failed,
non-parametric Kruskal-Wallis test with Dunn’s post hoc analysis was performed.
Adjusted p values are reported with level of significance set at p < 0.05. Significant
differences are highlighted with an asterisk. Standard deviations are reported in
parentheses. Abbreviations: PMD, post-mortem delay; BW, brain weight; RIN, RNA
integrity number; CERAD, Consortium to Establish Registry for Alzheimer’s Disease.
NFT, neurofibrillary tangles; CAA, cerebral amyloid angiopathy; HUSPIR, human
synaptic protein integrity ratio. M, males; F, females. **HUSPIR score was created
to form categorical ranges, as follows: [<0.49] = 1; [0.5 — 0.69] = 2; [0.7 — 0.99] = 3;
[>1] =4.
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Figure 5.18 Summary of age characteristics of the SDM cohort by gender and
experimental group.

A. Boxplots showing age differences by experimental group. The control group cases
were significantly younger than either of the AD groups, but there were no significant
differences between the two AD groups; one-way Anova, F (2,29)=12.98, p <0.0001.
B. Boxplots showing age differences by gender. No significant age differences were
seen between the genders; unpaired two-tailed t-test, t = 1.993, df = 30, p = 0.0554. C.
Boxplots showing differences in age by experimental group and gender. There were
significant differences between the groups; two-way Anova, (F (2, 26) = 10.58, p <
0.0004). Tukey’s multiple comparisons tests revealed three significant differences as
highlighted in the figure. Within each boxplot, horizontal lines show the medians;
box limits indicate the interquartile range (IQR) (inferior or Ist quartile range = 25th
percentile, and superior or 3rd quartile range = 75th percentiles) as determined by R
software; whiskers are defined by Tukey and extend to data points that are less than
1.5x IQR away from the 1st/3rd quartile; outliers are represented by black circles.
Black squares, white circles and white triangles represent mean values. Significance
levels: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns, not significant.
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5.10.1 PSD-95 and protein degradation markers

Although specific measurements for PSD-95 protein post-mortem degradation were
not performed in this study, associations between the PSD-95 protein levels and
indicators of post-mortem tissue degradation, namely PMD and HUSPIR values, were

explored.

5.10.1.1 PSD-95 vs. PMD

Overall, one-way analysis of variance revealed no statistical difference in post-mortem
delay (PMD) between the cohort subgroups (F(2,29) = 0.21, p = 0.81). The mean
(£ SD) PMD values were 69.57 (£ 35.00), 60.80 (£ 33.69) and 64.00 (£ 30.06)
for control, early stage Alzheimer’s type pathology and late stage Alzheimer’s type

pathology groups, respectively (Table 5.3 on page 231).

PSD-95 puncta density and intensity measurements also demonstrated a lack
of significant correlation with PMD in the entire experimental SDM cohort (Pearson’s
product-moment correlation r = 0.079, p = 0.6675 and r = 0.069, p = 0.707, for density
and intensity, respectively; Figure 5.19 A-C on page 234). There was a weak positive
correlation of PMD with PSD-95 puncta size, but it was not significant (r = 0.235, p =
0.195).

Further analyses of the relationships between PMD and PSD-95 within each
cohort subgroup confirmed a lack of significant interactions with all three PSD-95

parameters (Figure 5.19 D-F).

In summary, my data demonstrated that there was no dependence of PSD-95

parameters on PMD in our experimental cohort.
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Figure 5.19 PSD-95 synaptic puncta parameters vs. PMD in the SDM cohort.

A-C. The relationship of (A) PSD-95 puncta density, (B) PSD-95 puncta intensity,
and (C) PSD-95 puncta size in the entire SDM cohort to PMD showed absence of
significant correlations for each parameter (Pearson’s product-moment correlation r =
0.079, p = 0.6675; r = 0.069, p = 0.707; and r =0.235, p = 0.195, respectively). The
solid lines represent the best-fit linear regression lines. The interrupted lines represent
the 95% confidence intervals. D-F. Additional testing of (D) PSD-95 puncta density,
(E) PSD-95 puncta intensity, and (F) PSD-95 puncta size against PMD within each
experimental group (Control, Early AD and Late AD), demonstrated no interaction
between PMD within each group and the tested PSD-95 protein parameter, indicating
that PSD-95 protein is not modified by PMD despite significant differences between
the groups in PSD-95 counts, intensity and size. The lines for each subgroups indicate
best-fit linear regression. Each data point represents a separate brain. AD, Alzheimer’s

Disease; a.u., arbitrary unit.
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5.10.1.2 PSD-95 vs. HUSPIR

In the first instance, one-way analysis of variance revealed that there was a difference
in synaptic protein degradation, as assessed by the HUSPIR value, between the cohort
subgroups (F(2,28) = 5.58, p = 0.0091). The mean (+ SD) HUSPIR values were
2.3 (£ 1.29), 0.8 (£ 0.50) and 1.6 (&= 1.05) for control, early stage Alzheimer’s type
pathology and late stage Alzheimer’s type pathology groups, respectively (Table 5.3
on page 231). There was a significant difference between the control and the early

stage Alzheimer’s type pathology group (mean difference = 1.44, p = 0.0067).

Secondly, PSD-95 puncta density, intensity and size measurements
demonstrated positive correlations with HUSPIR which were significant for the
PSD-95 density and size (Pearson’s product-moment correlation r = 0.37, p = 0.043; r
=0.34, p=0.060; and r = 0.540, p = 0.002, for density, intensity and size, respectively;

Figure 5.20 A-C on page 237 in the overall experimental cohort.

Finally, further analyses of the relationships between HUSPIR and PSD-95
within each cohort subgroup revealed an absence of any significant interactions
between HUSPIR and all three PSD-95 parameters, although the differences between
the subgroups remained significant (Figure 5.20 D-F). In summary, it appears that

HUSPIR 1n our experimental cohort did not significantly affect the PSD-95 protein.

However, since it is the value above 1 that is important for the HUSPIR value
and many cases had values just below 1, the data were grouped into 4 categorical scores
to evaluate whether the lower HUSPIR values had similar effects as the values equal
or above 1. The categorical data were converted from HUSPIR values into HUSPIR

scores and the same analysis was performed to investigate further correlations.

To start with, one-way analysis of variance revealed significant difference in the
protein degradation marker (HUSPIR score) between the cohort subgroups (F(2,28) =
5.63, p = 0.0088). The mean (& SD) HUSPIR score were 3.6 (& 0.63), 2.5 (£ 1.08)
and 3.3 (£ 0.76) for control, early stage Alzheimer’s type pathology and late stage
Alzheimer’s type pathology groups, respectively (Table 5.3 on page 231). There was

a significant difference between the control and the early AD group (mean difference
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= 1.14, p = 0.0067). These results show the same trends for both the HUSPIR value
and the HUSPIR score in terms of groups with most degraded synaptic proteins for
each parameter (the controls having the least degraded synaptic proteins followed
by the late and then the early stage Alzheimer’s type pathology groups). Moreover,
the data demonstrate that the early stage Alzheimer’s type pathology group had the
most degraded synaptic proteins for both HUSPIR estimations, and that they were

significantly lower when compared to the control group.

Secondly, I assessed whether there was any relationship between each of
the PSD-95 synaptic puncta parameters and an increasing HUSPIR score in the
hippocampus (Figure 5.21 A-C on page 238). A Kruskall-Wallis test showed there
were no significant variations in the PSD-95 density, intensity and size between the
HUSPIR scores (x? = 3.46, p = 0.326; x> = 3.15, p = 0.370 ;x* = 6.58, p = 0.087; for

each parameter respectively).

Then, I established that all PSD-95 puncta parameters demonstrated positive
correlations with the HUSPIR score (Spearman’s rank correlation rtho = 0.32, p =
0.07; rho = 0.32, p = 0.08; and rho = 0.46, p = 0.010 for density, intensity and size,
respectively; (Figure 5.21 D-F) across the entire SDM cohort. However, only PSD-95

size parameter showed a significant correlation with HUSPIR score.

Finally, further analyses of the relationships between HUSPIR and PSD-95
within each experimental subgroup confirmed lack of significant interactions for all of

the three PSD-95 parameters (Figure 5.21 G-1).

In summary, similar to the HUSPIR value, the HUSPIR score in my
experimental cohort was dependent on the experimental group, but did not influence

the extent of synaptic protein degradation.
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Figure 5.20 PSD-95 synaptic puncta parameters vs. HUSPIR value in the SDM
cohort.

A-C. The relationship of (A) PSD-95 puncta density, (B) PSD-95 puncta intensity, and
(C) PSD-95 puncta size in the entire SDM cohort to HUSPIR value showed significant
positive correlations for the PSD-95 density and size, but not the intensity (Pearson’s
product-moment correlation r = 0.37, p=0.043; r = 0.34, p = 0.060; and r = 0.540, p =
0.002, for density, intensity and size, respectively). The solid lines represent the best-fit
linear regression lines. The interrupted lines represent the 95% confidence intervals.
D-F. Additional testing of (D) PSD-95 puncta density, (E) PSD-95 puncta intensity,
and (F) PSD-95 puncta size against HUSPIR within each experimental group (Control,
Early AD and Late AD), demonstrated no interaction between HUSPIR value within
each group and the tested PSD-95 protein parameter, indicating that PSD-95 protein is
not modified by HUSPIR value despite significant differences between the groups in
PSD-95 counts, intensity and size. The lines for each subgroups indicate best-fit linear
regression. Each data point represents a separate brain. AD, Alzheimer’s Disease; a.
u., arbitrary unit.
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Figure 5.21 PSD-95 synaptic puncta parameters vs. HUSPIR score in the SDM
cohort.

A-C. Levels of (A) PSD-95 puncta density, (B) PSD-95 puncta intensity, and (C)
PSD-95 puncta size in the hippocampus from the experimental cohort to synaptic
protein degradation, as defined by HUSPIR score. PSD-95 puncta counts were the
highest (A), their intensity was the brightest (B), and their size was the biggest
(C) when the synaptic proteins were most preserved (HUSPIR score 4). However,
no significant differences were found between the scores for any of the PSD-95
parameters. Horizontal lines represent mean values for each HUSPIR score and
errorbars represent == SD. D-F. The relationship of (D) PSD-95 puncta density,
(E) PSD-95 puncta intensity, and (F) PSD-95 puncta size in the whole cohort to
HUSPIR score showed positive correlations for each parameter (Spearman’s rank
correlation tho = 0.32, p = 0.07; rho = 0.32, p = 0.08; and rho = 0.46, p =
0.010 for density, intensity and size, respectively), but only size was significant.
The solid lines represent the best-fit linear regression lines. The interrupted lines
represent the 95% confidence intervals. G-H. Additional testing of (G) PSD-95 puncta
density, (H) PSD-95 puncta intensity, and (I) PSD-95 puncta size against HUSPIR
score within each experimental group (Control, Early AD and Late AD), however,
demonstrated no interaction between the HUSPIR score within each group and the
tested PSD-95 protein markers, indicating that PSD-95 protein is not independently
modified by synaptic protein degradation despite obvious differences between the
groups in PSD-95 counts, intensity and size. There was a clear change in PSD-95 size,
in particular, between the groups (I). The lines for each subgroups indicate best-fit
linear regression. Each data point represents a separate brain. AD, Alzheimer’s
Disease; a.u., arbitrary unit. HUSPIR score was created to form categorical ranges
as follows: [<0.49] =1;[0.5-0.69]=2;[0.7-0.99] =3; [>1] =4.
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5.10.2 PSD-95 and Ag burden

All brains were characterised according to the ABC scoring classification (Hyman
et al., 2012) as described in Chapter 2.13. The human cases belonging to the early and
the late stages Alzheimer’s type pathology groups were originally defined according
to the topographic progression of Tau neurofibrillary tangle pathology (Braak staging)
(Braak et al., 2006). However, amyloid plaques have long been considered a hallmark
of AD, which is why they were incorporated in the CERAD criteria for AD (Mirra
et al., 1991). Of note, early studies demonstrated that numerical density of amyloid
plaques correlates with the severity of AD-related cognitive impairment (Roth et al.,
1967; Perry et al., 1978; Wilcock and Esiri, 1982). Other studies have since questioned
the role of amyloid plaques in AD (DeKosky and Scheff, 1990; Price et al., 1991;
Scheff et al., 1993) and even demonstrated that there is no correlation between senile

plaques and cognitive decline in AD (Arriagada et al., 1992).

In this section, I wanted to examine the relationship between the PSD-95
synaptic puncta parameters and amyloid plaques, as defined by two out of the three
criteria of the ABC scoring classification for AD, namely the topographic progression
of A3 pathology in the brain (Thal phases) (Thal et al., 2002) and the density of mature
(senile) neuritic plaques Consortium to Establish a Registry for Alzheimer’s Disease

(CERAD) (Mirra et al., 1991).

5.10.2.1 PSD-95 vs. Thal

Firstly, I assessed whether there were any significant differences in topographical A3
distribution scores between the three experimental groups using the Kruskal-Wallis
ANOVA (the non-parametric alternative to ANOVA) test. I identified a significant
difference between the experimental groups (x? = 19.23, p < 0.0001). On a six-point
scale from O to 5, the control group had the lowest Thal scores of 0.4 £ 0.85 (mean
+ SD), followed by the early stage Alzheimer’s type pathology group (2.2 £+ 1.62)
and the late stage Alzheimer’s type pathology group (3.9 £ 1.13) (Table 5.3 on

page 231). Three Dunn’s post hoc pairwise comparisons between the groups were
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performed. The comparison of controls with the late stage Alzheimer’s type pathology
group individuals was significant and revealed that late group stage Alzheimer’s type
pathology patients had the most severe Thal scores (mean difference = -17.13, p
< 0.0001). The Thal scores were less severe for the early stage Alzheimer’s type
pathology group (mean difference = -9.72, p = 0.029). No significant differences were
found between the two stages of Alzheimer’s type pathology groups (mean difference
= -7.41, p = 0.25) although the latest stage Alzheimer’s type pathology stage was
associated with higher Thal scores (Table 5.3 on page 231). In summary, the extent
of A distribution, as assessed by Thal score, was significantly greater in the patients
when compared to controls, but did not differ significantly between the two Braak

stages.

I then combined the three groups and asked whether there was any relationship
between each of the PSD-95 synaptic puncta parameter and the extend of Af
distribution in the hippocampus (Figure 5.22 A-C). There was significant variation in
the PSD-95 density between the Thal scores (x? = 22.88, p = 0.0004). The subsequent
post-testing revealed a significant reduction in PSD-95 density in cases with Thal
severity of 5 compared with those of 0 (mean difference = 20.58, p < 0.01). There was
also significant variation in the PSD-95 intensity between the Thal scores (x? = 22.68,
p = 0.0004), with post-testing showing a significant reduction in PSD-95 intensity in
cases with Thal severity of 4 compared with those of 0 (mean difference = 16.46, p <
0.05) and in cases with Thal severity of 5 compared with those of 0 (mean difference =
19.96, p < 0.01). Finally, there was a significant variation in the PSD-95 size between
the six scores (2 = 13.14, p = 0.022), but the post-testing revealed that the reduction

in PSD-95 size was not significant for any of the Thal scores.

I next examined whether changes in PSD-95 synaptic parameters correlated
with topographical Af3 distribution when we combined the three experimental groups
(Figure 5.22 D-F). The results of the Spearman’s correlation analyses revealed that all
three PSD-95 synaptic puncta parameters were significantly negatively correlated with
Thal score (Spearman’s rank correlation rho = -0.806, p = 2.667e-08; rho =-0.799, p =
4.005e-08; and rho = -0.516 , p = 0.002524, for PSD-95 puncta density, intensity and

size, respectively).
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Finally, I evaluated whether levels of PSD-95 parameters varied once the three
experimental groups were separated (Figure 5.22 G-I). Although the initial exploration
of data showed moderate negative correlations between the PSD-95 parameters and the
severity of Thal, stratification of data by experimental groups revealed no dependence
of PSD-95 parameters on Thal severity. However, the PSD-95 density and intensity
levels were significantly lower in the AD groups and the reductions followed AD
progression in relation to the extend of topographical Aj distribution. In contrast,
although the PSD-95 size was lower in the AD groups, the PSD-95 size in the early

stage Alzheimer’s type pathology group were the smallest.

To summarise, the analysis of the SDM cohort demonstrated that topographical
A distribution was associated with significantly reduced PSD-95 parameters’ levels,
and an increased extension of topographical Aj distribution led to a corresponding
reduction in the PSD-95 synaptic diversity. However, topographical Aj distribution
does not independently contribute to PSD-95 synaptic damage as within each
experimental group there was no dependence of PSD-95 synaptic puncta parameters
on Thal scores. Instead, the PSD-95 IF parameters are dependent on Braak stages,

which are associated with reductions in PSD-95 synaptic parameters.
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Figure 5.22 PSD-95 parameters and topographical Aj distribution (Thal score)
in the human posterior hippocampus from the SDM cohort.

A-C. Levels of (A) PSD-95 puncta density, (B) PSD-95 puncta intensity, and (C)
PSD-95 puncta size in the hippocampus from the experimental cohort to topographical
distribution of Aj3 plaques as defined by Thal score. PSD-95 puncta counts were
the highest (A), their intensity was the brightest (B), and their size was the biggest
(C) in the absence of A/ pathology (Thal score 0). There was a general trend of
PSD-95 puncta becoming dimmer and smaller, with decreasing numbers, as the Af3
plaques became more spread throughout the brain. Horizontal lines represent mean
values for each Thal score and errorbars represent + SD. D-F. The relationship of
(D) PSD-95 puncta density, (E) PSD-95 puncta intensity, and (F) PSD-95 puncta
size in the whole cohort to Af3 topographical distribution showed significant negative
correlations for each parameter (Spearman’s rank correlation rho = -0.806, p < 0.0001;
rho = -0.799, p < 0.0001; and rho = -0.516, p < 0.0001, respectively). The solid
lines represent the best-fit linear regression lines. The interrupted lines represent the
95% confidence intervals. G-I. Additional testing of (G) PSD-95 puncta density, (H)
PSD-95 puncta intensity, and (I) PSD-95 puncta size against A3 spread within each
experimental group (Control, Early AD and Late AD), however, demonstrated no
interaction between A distribution by Thal score within each group and the tested
PSD-95 protein markers, indicating that PSD-95 protein is not modified by A/ spread
despite obvious differences between the groups in PSD-95 counts, intensity and size.
There was a clear change in PSD-95 size, in particular, between the groups (I). The
lines for each subgroups indicate best-fit linear regression. Each data point represents
a separate brain. AD, Alzheimer’s Disease; a. u., arbitrary unit.
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5.10.2.2 PSD-95vs. CERAD

Initially, I assessed whether there were any significant differences in severity of AfS
distribution scores between the three experimental groups using the Kruskal-Wallis
ANOVA (the non-parametric alternative to ANOVA) test. There was a significant
difference between the experimental groups (x? =22.93, p < 0.0001). On a four-point
scale from O to 3, the control group had the lowest CERAD scores of 0.2 £+ 0.43
(mean £+ SD), followed by the early stage Alzheimer’s type pathology group (1.8 £+
1.03) and the late stage Alzheimer’s type pathology group (2.9 4 0.35) (Table 5.3 on
page 231). Three Dunn’s post hoc tests were performed. The comparison of controls
with the late stage Alzheimer’s type pathology group individuals was significant and
revealed that late group stage Alzheimer’s type pathology patients had the most severe
CERAD scores (mean difference = -18.2, p < 0.0001). The CERAD scores were less
severe for the early stage Alzheimer’s type pathology group (mean difference =-11.27,
p = 0.007). No significant differences were found between the two AD groups (mean

difference = -6.92, p = 0.31) (Table 5.3 on page 231).

I subsequently asked whether there was any relationship between each of
the PSD-95 synaptic puncta parameter and the severity of Af distribution in the
hippocampus (Figure 5.23 A-C). There was significant variation in the PSD-95 density
related to the CERAD scores (y? = 21.69, p < 0.0001). The post-testing revealed a
significant reduction in PSD-95 density in cases with CERAD severity of 3 compared
with those of 0 (mean difference = 18.18, p < 0.0001). There was also significant
variation in the PSD-95 intensity between the CERAD scores (y? =21.53, p = 0.0001),
with post-testing showing a significant reduction in PSD-95 intensity in cases with
CERAD severity of 3 compared with those of 0 (mean difference = 18.51, p < 0.0001).
Finally, there was a significant variation in the PSD-95 size related to the four CERAD
groups (x? = 12.86, p = 0.005). The post-testing showed a significant reduction in
PSD-95 size in cases with CERAD severity of 3 compared with those of 0 (mean
difference = 11.58, p < 0.05) and in cases with CERAD severity of 2 compared with
those of 0 (mean difference = 16.08, p < 0.05).

I next examined whether changes in PSD-95 synaptic parameters correlated
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with severity of AJ plaques when we combined the three experimental groups (Figure
5.23 D-F). The results of the Spearman’s correlation analyses revealed that all three
PSD-95 synaptic puncta parameters were significantly negatively correlated with
CERAD score (Spearman’s rank correlation rho =-0.833, p = 3.185e-09; rho = -0.832,
p = 3.594e-09; and rho = -0.571 , p = 0.0006439, for PSD-95 puncta density, intensity

and size, respectively).

Finally, I evaluated whether levels of PSD-95 parameters varied once the three
experimental groups were separated (Figure 5.23 G-I). Although the initial exploration
of data showed good correlations between the PSD-95 parameters and the severity
of CERAD score, stratification of data by disease groups revealed no dependence of
PSD-95 parameters by CERAD severity. However, the PSD-95 density and intensity
levels were significantly lower in the AD groups and the reductions followed AD
progression in relation to the severity of Af distribution. In contrast, although the
PSD-95 size was lower in the AD groups, the PSD-95 sizes in the early AD group

were the smallest.

Overall, the analysis of the SDM cohort, demonstrated that the severity of A3
distribution was associated with significantly reduced PSD-95 parameter levels, and
an increased severity of A( pathology led to correspondingly reduced the PSD-95
synaptic diversity. However, severity of A[ pathology does not independently
contribute to PSD-95 synaptic damage as within each experimental group there was no
dependence of PSD-95 parameters with regard to A severity. Instead, in agreement
with existing literature, the stage of Alzheimer’s type pathology was associated with a

significant reduction of PSD-95 parameters.
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Figure 5.23 PSD-95 parameters and severity of A pathology (CERAD score) in
the human posterior hippocampus from the SDM cohort.

A-C. Levels of (A) PSD-95 puncta density, (B) PSD-95 puncta intensity, and (C)
PSD-95 puncta size in the hippocampus from the experimental cohort to severity of
A plaques, as defined by CERAD score. PSD-95 puncta counts were the highest (A),
their intensity was the brightest (B), and their size was the biggest (C) in the absence
of Af pathology (CERAD score 0). There was a clear negative trend of PSD-95
puncta becoming dimmer and fewer, as Af plaque burden increased. Horizontal
lines represent mean values for each CERAD score and errorbars represent = SD.
D-F. The relationship of (D) PSD-95 puncta density, (E) PSD-95 puncta intensity,
and (F) PSD-95 puncta size in the whole cohort to A/ burden severity showed
significant negative correlations for each parameter (Spearman’s rank correlation rho
= -0.833, p = 3.185e-09; rho = -0.832, p = 3.594e-09; and rho = -0.571 , p =
0.0006439, respectively). G-H. Additional testing of (G) PSD-95 puncta density,
(H) PSD-95 puncta intensity, and (I) PSD-95 puncta size against A3 severity within
each experimental group (Control, Early AD and Late AD), however, demonstrated no
interaction between A3 burden severity by CERAD score within each group and the
tested PSD-95 protein markers, indicating that PSD-95 protein is not independently
modified by Aj pathology despite obvious differences between the groups in PSD-95
counts, intensity and size. There was a clear change in PSD-95 size, in particular,
between the groups (I). The solid lines represent the best-fit general linear regression
lines. The grey shadow areas represent the 95% confidence intervals. AD, Alzheimer’s
Disease; a.u., arbitrary unit.
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5.10.3 PSD-95 and vascular pathology

The majority of AD cases show some degree of cerebrovascular pathology. Cerebral
amyloid angiopathy (CAA) is common in AD, but its relationship to other aspects
of AD pathology, including synaptic dysfunction, is unclear. There is a possible
interdependence between the vascular pathology, such as CAA, and the beta
amyloid pathology in AD. Increased A3 may cause vascular dysfunction through
vasoconstriction, impairments of cerebral autoregulation and functional hyperaemia.
Deposition of Af in the wall of blood vessels causes CAA (Olichney et al., 1995;
Ellis et al., 1996). Interestingly, risk factors for cerebrovascular disease and vascular

dementia (VaD) are similar to risk factors for AD.

In AD, synaptic loss has been well documented for presynaptic proteins
(Masliah et al., 1991). Postsynaptic proteins, such as PSD-95, have also been found
to be reduced in AD and minimal cognitive impairment (Love et al., 2006; Scheff
et al., 2011). Moreover, reduced cortical presynaptic protein levels have been reported
in vascular dementia (Sinclair et al., 2015). However, the effects of cerebrovascular

pathology specifically on synaptic diversity in AD are not known.

In this section, I examined the effects of cerebrovascular pathology, as
exemplified by cerebral amyloid angiopathy, on PSD-95 synapses and their diversity
in human hippocampal sections from the SDM cohort. The severity of CAA pathology
has been assessed in the H&E sections. The scores were compared against the PSD-95
synaptic puncta parameters results obtained with the G2CSynMaP methodology. The
relationships between the PSD-95 protein expression and CAA were subsequently
examined. Confirmation of reduced PSD-95 levels with increasing CAA pathology
severity would further validate our new quantification method. In addition, I
hypothesised that the diversity of the PSD-95 would be reduced in the two stages of
Alzheimer’s type pathology in comparison to the controls with increasing severity of

CAA.
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5.10.3.1 PSD-95 vs. CAA

As the CAA data was not normally distributed, I used the Kruskal-Wallis ANOVA
to assess whether there were any significant differences in CAA between the three
experimental groups. There was a significant difference between the experimental
groups (x2 = 14.71, p = 0.0006). On a four-point scale from O to 3, the control group
had the lowest CAA scores of 0.1 £ 0.53 (mean £ SD), followed by the early stage
Alzheimer’s type pathology group (1.1 £ 1.20) and the late stage Alzheimer’s type
pathology group (2.1 £ 1.25) (Table 5.3 on page 231). Three Dunn’s post hoc tests
were performed. The comparison of controls with the late AD group individuals was
significant and revealed that late stage stage Alzheimer’s type pathology patients had
the most severe CAA scores (mean difference = -13.99, p < 0.0005). The CAA scores
between the controls and the early stage Alzheimer’s type pathology group (mean
difference = -7.78, p = 0.078) and between the two AD groups (mean difference =
-6.21, p = 0.36) were not significant (Table 5.3 on page 231).

I asked whether there was any relationship between each of the PSD-95
synaptic puncta parameter and the CAA severity in the hippocampus (Figure 5.24
A-C). There was significant variation in the PSD-95 density between the CAA scores
(x? = 13.39, p = 0.0039). The subsequent post-testing revealed a significant reduction
in PSD-95 density in cases with CAA score of 3 compared with those of 0 (mean
difference = 13.18, p < 0.01). There was also significant variation in the PSD-95
intensity between the CAA scores (x* = 12.16, p = 0.001), with post-testing showing
a significant reduction in PSD-95 intensity in cases with a CAA score of 3 compared
with those of 0 (mean difference = 12.76, p < 0.05). Finally, there was no significant
variation in the PSD-95 size between the four CAA groups (x? = 6.55, p = 0.0875).

I next examined whether changes in the PSD-95 synaptic parameters correlated
with CAA when we combined the three experimental groups (Figure 5.24 D-F). The
results of the Spearman’s correlation analyses revealed that all three PSD-95 synaptic
puncta parameters were significantly negatively correlated with CAA score (rho =
-0.616, p = 0.00018; rho = -0.603, p = 0.00026; and rho = -0.398, p = 0.024, for

PSD-95 puncta density, intensity and size, respectively).
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Finally, 1 evaluated whether levels of PSD-95 parameters varied once the
three experimental groups were separated (Figure 5.24 G-I). The initial exploration
of data showed good correlations between the PSD-95 parameters and the severity of
CAA, but stratification of data by disease groups revealed no dependence of PSD-95
parameters by CAA severity. However, similarly to SVD, the PSD-95 density and
intensity levels were significantly lower in the Alzheimer’s type pathology groups
and the reductions followed Alzheimer’s type pathology progression in relation to the
severity of CAA. In contrast, although the PSD-95 size was lower in the AD groups in
comparison to controls, the PSD-95 size parameter in the early stage Alzheimer’s type

pathology group was the smallest.

In summary, the analysis of the SDM cohort has demonstrated that CAA was
associated with significantly reduced the PSD-95 parameters’ levels, and an increased
severity of CAA led to a corresponding reduction in the PSD-95 synaptic diversity.
However, CAA does not independently contribute to PSD-95 synaptic damage as
within each experimental group there was no dependence of PSD-95 parameters on
SVD severity. Instead, the Alzheimer’s type pathology stage was associated with
a significant reduction of PSD-95 parameters with the exception of the PSD-95
size parameter that was most severely affected in the early stage Alzheimer’s type

pathology rather than the late stage Alzheimer’s type pathology.
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Figure 5.24 PSD-95 protein and cerebral amyloid angiopathy (CAA) in the
human posterior hippocampus from the SDM experimental cohort.

A-C. Levels of (A) PSD-95 puncta density, (B) PSD-95 puncta intensity, and (C)
PSD-95 puncta size in the posterior human hippocampus from the SDM experimental
cohort to cerebral amyloid angiopathy (CAA) severity. Horizontal lines represent mean
values for each CAA score and errorbars represent = SD. D-F. The relationship of
(D) PSD-95 puncta density, (E) PSD-95 puncta intensity, and (F) PSD-95 puncta size
in the examined cohort to CAA severity showed significant negative correlations for
each parameter (Spearman’s rank correlation rho = -0.616, p = 0.00018; rho = -0.603,
p = 0.00026; and rho = -0.398, p = 0.024, respectively). The solid lines represent
the best-fit general linear regression lines. The interrupted lines in D-F represent the
95% confidence intervals. G-I. Further testing of (G) PSD-95 puncta density, (H)
PSD-95 puncta intensity, and (I) PSD-95 puncta size against CAA severity within each
experimental group (Control, Early AD and Late AD) showed no interaction between
CAA severity within each group and the tested PSD-95 protein parameter, indicating
that PSD-95 protein is not modified by CAA severity despite clear differences between
the groups in PSD-95 levels for each parameter. The interrupted lines in G-I represent
the best-fit general linear regression lines. AD, Alzheimer’s Disease; a.u., arbitrary
unit. Significance levels: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001;
ns, not significant.
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5.10.4 PSD-95 and ApoE genotyping

Apolipoprotein E (ApoE) €4 is the single most potent and common genetic risk factor
for sporadic AD (Corder et al., 1993). Compared with the ApoE €3/e3 genotype,
having just one €4 allele increases risk more than 3-fold and having two €4 alelles
increases the risk more than ~12-fold (Roses, 1996). Conversely, the ApoE2 allele is
a protective factor that reduces the risk of AD (Chartier-Harlin et al., 1994). Synapse
loss is a strong correlate of cognitive dysfunction in AD (DeKosky and Scheff, 1990)
and brain-imaging studies have implied the occurrence of synaptic dysfunction decades
before AD onset in ApoE €4 patients (Reiman et al., 1996). More recently, using
array tomography, Koffie et al, described a mechanistic link between apoE isoforms
and oligomeric A/ that accumulates specifically at synaptic sites in human AD brains
(Koffie et al., 2012). The study demonstrated that oligomeric A3 acts in concert with

the ApoE4 isoform to accelerate synaptotoxic damage.

Since the ApoE4 isoform has been shown to exert synaptic toxicity in AD, I set
to investigate whether the deleterious effects of this isoform on PSD-95 synapses could
be detected in our SDM cohort. All cases have been ApoE genotyped as described in
Chapter 2.2.3. In addition to demonstrating that the ApoE4 isoform is associated with
PSD-95 synaptic changes, our data could potentially extend the knowledge of synapse
damage in terms of (i) PSD-95 synaptic puncta parameters changes, and (ii) the early

vs. late stage Alzheimer’s type pathology disease effects.

First of all, I examined the distribution of ApoE genotypes and alleles within
the SDM cohort (Table 5.4 on page 251). ApoE gneotypes were obtained for
16 AD and 14 control subjects. Of the 16 AD cases, 10 belonged to the early
stage Alzheimer’s type pathology group and 6 to the late stage Alzheimer’s type
pathology group. Of the 10 early stage Alzheimer’s type pathology group: four
were heterozygous for the €4 allele and none were homozygous. Of the 6 late stage
Alzheimer’s type pathology group: two were heterozygous and two were homozygous
for the €4 allele. Just over one-third of control cases were heterozygous for the e4
allele and none were homozygous for the €4 allele. The most prevalent genotype

in our cohort was E3/E3 and the E4/E4 genotype was only found in the late stage
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Alzheimer’s type pathology group. These findings are generally in agreement with the
cited literature which quotes a worldwide frequency of 8.4%, 77.9% and 13.7% for the
€2, €3 and €4 alleles, respectively (Farrer, 1997). In AD patients, the frequency of the
€4 allele dramatically increases to ~40%. In our AD cohort, the €4 allele increased to
29% in the AD group overall, but up to 50% in the late AD. However, since there were
only 6 ApoE genotyped cases in the late stage Alzheimer’s type pathology group, the

interpretation of these findings might be limited.

Table 5.4 Genotypes and alleles frequencies for ApoE in the SDM cohort

Frequencies Control Total AD Early AD Late AD
Genotypic

E2/E2  0(0.00) 0(0.00) 0(0.00)  0(0.00)
E2/E3  1(0.07) 1(0.06) 1(0.10)  0(0.00)
E2/E4  0(0.00) 1(0.06) 1(0.10)  0(0.00)
E3/E3  8(0.57) 7(0.44) 5(0.50)  2(0.33)
E3/E4  5(0.36) 5(0.31) 3(0.30)  2(0.33)
E4/E4  0(0.00) 2(0.13) 0(0.00)  2(0.33)
Total 14(1.00) 16(1.00) 10(1.00)  6(1.00)
Allelic

€2  1(0.03) 2(0.06) 2(0.10)  0(0.00)

e3 22(0.79) 20(0.65) 14(0.74) 6(0.50)

e4  5(0.18) 9(0.29) 3(0.16)  6(0.50)
Total 28(1.00) 31(1.00) 19(1.00) 12(1.00)

Secondly, I examined the relationship between the PSD-95 synaptic density,
intensity and size and the €4 allele frequency. Since the presence of this allele is
associated with an increased risk of AD, I speculated that having both copies of the
allele may result in lower PSD-95 synaptic parameters values. Indeed, it appeared that
the presence of two €4 alleles is associated with a decrease in the PSD-95 synaptic
numbers and intensity, but not the size. However, as there were only 2 subjects in the
homozygous ¢4 allele group, further statistical analysis of the data were not possible as
numbers were too low. In addition, no significant differences were found between the
groups with none or only one €4 allele for all three parameters of the PSD-95 puncta.
Overall, the €4 allele dose does not influence the PSD-95 synaptic parameters in my

cohort of cases. However, it must be noted that this analysis is compromised by small
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number of cases studied.

Thirdly, I investigated the effect of having the €4 isoform on the PSD-95
synapses. Data from array tomography on human data have demonstrated a
genotype-specific differences of synaptic loss whereby having one or two copies of
€4 allele (ApoE E3/E4 or ApoE E4/E4, combined referred to as ApoE Ex/E4) was
associated with decreases in the synaptic density in the AD patients (Koffie et al.,
2012). I therefore asked if these genotype-specific changes can be observed in our
SDM cohort. The investigated cohort was divided into two groups depending on
ApoE genotype: E3/E3 versus any patient with an €4 isoform (either one or two) as
seen in Figure 5.26 on page 255. My data confirm that there are significant losses
in the PSD-95 synaptic puncta density, intensity and size in patients compared with
the neurologically intact controls. These changes in the PSD-95 synaptic puncta
parameters are observed in both, the early and the late Braak stages. In addition, as
expected, the late stage Alzheimer’s type pathology group sees the greatest deleterious
synaptic changes for density and intensity, but not size. However, I do not observe the
genotype-specific differences between the E3/E3 and the Ex/E4 genotypes. While
the results of my data are compromised by the small numbers, there are several
differences between our study and the study by (Koffie et al., 2012). For instance,
their data refer to the presynaptic elements with no evidence for the genotype-specific
changes in the postsynaptic proteins. Notably, the PSD-95 protein has been examined,
but no significant genotype-specific observations were reported. However, the ApoE
effect on synapses in the array tomography study was correlated with accumulation of
oligomeric Af3, and oligomeric A has not been assessed in the present study. While
further correlations between the Thal phases and CERAD scores could be undertaken
to evaluate the relationship between my results of APOE status and the A burden, the

number of cases would have to be increased to make the findings significant.

Lastly, I examined in detail the effect of the ApoE4 specific genotypes on the
PSD-95 synapse parameters. For the three groups, comparisons were made between
the control group with an E3/E3 genotype and a group with either one (E3/E4), two
(E4/E4) or a combination (x/E4) of the €4 allele (Figure 5.27 on page 256). While

the losses in PSD-95 synaptic parameters are significant between the control versus
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the diseased E3/E3 groups, no significant differences are observed for the comparisons
within the diseased groups containing at least one ApoE4 isoform. However, apart
from the PSD-95 synaptic puncta size, which do not appear to be affected by the
presence of the €4 allele regardless of the disease stage, the PSD-95 puncta density
and intensity show losses in accordance to the Alzheimer’s type pathology stage
progression. In other words, the later stages show greater losses in number and
intensity of PSD-95 synaptic puncta. As previously, the results demonstrate no

evidence for a genotype-specific PSD-95 synaptic losses.

To conclude, the main findings of this part of the thesis are that when ApoE
genotypes are taken into account (i) the synaptic losses are particularly prominent, but
not significant, for the numbers and intensities of PSD-95 synaptic puncta, and that
(i1) for these PSD-95 synaptic parameters, the losses are greater with the AD disease
progression. However, the frequency of each genotype across the study groups, and
for E4/E4 in particular, is too limited to make any further meaningful conclusions
and, in particular, I am unable to confirm the evidence for the ApoE genotype-specific
synaptotoxicity as my data cannot show if €4 allele on its own has a deleterious
effect on synapses. Taken together, these data do not support the evidence of an
impact of ApoE €4 genotype on PSD-95 in the hippocampus in AD. Nevertheless,
it appears that our novel quantification methodology shows a trend in accordance with
the published data. A much larger cohort of patients is required to ully assess any

potential interactions between ApoE4 genotype PSD-95 pathology.
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Figure 5.25 The relationship between the number of the ApoE ¢4 allele and the
PSD-95 synaptic parameters.

Scatterplots of the three PSD-95 synaptic puncta parameters in relation to the number
of the €4 allele. The horizontal lines represent the mean values for each parameter
in cases possessing 0, 1 or 2 ApoE €4 alleles. It appears that for the density and
the intensity parameters, the homozygous genotype is associated with lower values.
Number of the €4 allele made no difference to the size of the PSD-95 synaptic puncta.
However, none of these results were statistically significant. Normality of the data was
assessed using the D’ Agostino & Pearson omnibus normality test. Both, the density
and the intensity data were normally distributed, but the numbers were too small for the
PSD-95 size normality assessment. Subsequently, the Kruskal-Wallis tests revealed a
lack of significant associations for the parameters tested. However, the trends showed
that the increase in the number of the ¢4 allele led to fewer PSD-95 puncta, which were
dimmer and slightly smaller.
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Figure 5.26 The PSD-95 synaptic parameters are significantly altered in AD,
but having an ¢4 allele does not contribute to additional synaptic
deterioration.

Barplots of the three PSD-95 synaptic puncta parameters demonstrating the
relationship between the ApoE E3/E3 genotype and any ApoE genotype containing
the €4 allele. In order to establish if the AD disease stage also contributes to synaptic
changes, the data have been separated in three ways: by the total AD group (the
first column), the early AD cases (the middle column) and the late AD cases (the
third column). The number of cases in each group is indicated at the bottom of each
bar. There were significant synaptic changes between the control cases and the groups
affected by the AD. However, having the €4 allele did not further affect the synapses
in our cohort. In addition, even though the synaptic changes were greater with the
disease progression, the Kruskal-Wallis tests revealed that the genotypes containing the
€4 allele had no additional deleterious effect on synapses. The bars represent the mean
values of each PSD-95 synaptic puncta parameters: PSD-95 puncta density (top row),
the intensity (middle row) and the size (bottom row). Error bars represent standard
deviations. Significance levels: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p <
0.0001; ns, not significant.

255



PSD-95 AND CORRELATION WITH NEUROPATHOLOGY

AD total Early AD Late AD
(7] * n.s
L <~ 100 100 100
w3 E & [T 1 80 80 ”
o Q=
A0g 60 60 60
€€ & ’l‘ ﬁ ﬁ 2 ﬂ H H 2
€3 20 20 20 ﬁ
58 % -] ° ° H [] f_l
bc b‘ v b‘ b‘ D\ b<
'b\({/"b\(o’b\(ob‘\({/\({/ rb\@rb\“\“f\“\@ 'b‘b\((/\(o-\f{/
% & & “l/ q, q,({’ ‘(x Q)‘(/ Q;Q’ Q)‘o 5
é\@ ?9 \Q @ ‘?* 0\@ Q Q o v (\\«0 ‘§> Q O v
[e) [e) (&)
S 3 S
‘a’ * n.s n.s n.s
£ 40000 : 40000 40000
(2]
1§ ~ 30000 | 1 30000 30000 l —1
a ﬁ z 20000 20000 20000
Q5 10000 10000 10000
g 1 ; W Bininlfin
l T T T T T
b\ b\ b< b\ b‘ V D /D ™ 3 ™
Q’o("o o ("m NGRS P
O PR © PP T F T
< & &

0.15 ,L\,__ln-s 0.15 0.15 —"S—”—_l

2 (e T L i

PSD-95
Puncta Size
(um?)

o
K

b\ b‘ b‘ ’b b& b‘ b\ D D > o> X
& @ 0 & C e g0 A
SRR P c°o"’o‘”o"’v° RS IRVARC IR S
s $ NI S S
@) € O
Genotype Genotype Genotype

Figure 5.27 The ApoE genotypes with the ¢4 allele do not additionally alter
PSD-95 diversity in AD cases.

Barplots of the three PSD-95 synaptic puncta parameters demonstrating the
relationship between the ApoE E3/E3 genotype and combinations of all ApoE
genotypes containing the €4 allele (except the E2/E4 genotype). Although, the changes
were significant between the control vs. the AD groups, no significant changes
between the genotypes within the AD groups were observed. Similarly to the previous
figure, the disease stage affected the synaptic parameters, but did not cause additional
deleterious synaptic changes. The bars represent the mean values of each PSD-95
synaptic puncta parameters: PSD-95 puncta density (top row), the intensity (middle
row) and the size (bottom row). Error bars represent standard deviations. Differences
between the genotypes were tested using the Kruskal-Wallis test. Shown are the
significance results obtained by Dunn’s multiple comparisons test. Significance levels:
*p < 0.05; ** p < 0.01; ns, not significant. The number of cases in each group is
indicated at the bottom of each bar. The results were limited due to small number of
cases in each group.
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5.10.5 PSD-95 and neuronal loss

In AD research, synapses have, to date, not been studied in detail due to the belief that
since the synaptic losses closely follow the neuronal losses, the synaptic dysfunction
is irreversible. However, there is mounting evidence that synaptic damage may
precede cognitive decline in AD by several decades and could potentially be reversible
(Holtzman et al., 2011), particularly as the synapse is a very obvious pharmacological
target. This therefore offers a potential window of therapeutic opportunity in AD based

around synapse-directed therapeutics.

In this part of my study, I thus wanted to ask two questions related to the
neuronal loss in AD. Firstly, I asked if our data support the well established hypothesis
that synaptic losses follow the neuronal losses, and secondly, if we can demonstrate
synaptic losses in the early stages of disease progression. To answer these questions,
we counted the neurons in the pyramidal cell layers (PCL) of the hippocampus using
the stereology techniques described in Chapter 2.12, and compared the neuronal
changes with synaptic alterations. I used the PCL as it contains easily identifiable
and quantifiable neurons. The comparisons were made for a subset of cases from the

SDM cohort that was age-matched with similar PMD and HUSPIR values.

The results of my finding are presented in Figure 5.28 on page 258. In
agreement with the literature, I demonstrated that the CA2 region has the greatest
density of neurons, followed by the CA3 and CA1 regions (Padurariu et al., 2012).
As expected, there were no significant differences in neuronal loss in all CA regions
tested between the control and the early stage Alzheimer’s type pathology groups.
There was a significant loss of neurons in the late stage Alzheimer’s type pathology
group in comparison to the early stage and the control groups. The PSD-95 synaptic
puncta density for exactly the same cohort of cases revealed an absence of significant
differences between the three CA regions within each tested group. However, as the
pathology progressed, the synaptic density loses increased for all CA regions. In
summary, the data are in agreement with the trends in neuronal loss in AD. Moreover,
I demonstrated that the synaptic losses do take place prior to neuronal losses in cases

with the early stages of Alzheimer’s type pathology.
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Figure 5.28 Correlation between the neuronal loss and the PSD-95 synaptic
puncta density in the human hippocampus.

A-L Representative images of Nissl-stained hippocampal sections from the controls
(the first column: A, D, G, J), the early AD cases (the middle column: B, E, H, K)
and the late AD cases (the last column: C, F, I, L) illustrating the neuronal losses
in the CAl stratum pyramidale (D-F), the CA2 stratum pyramidale (G-I) and the
CA3 stratum pyramidale (J-L). M-N In order to make the data comparable, 3 males
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and 3 females were chosen from each group that were matched for age, PMD and
HUSPIR. There were no statistical differences between the three groups for age (P),
PMD (N) and HUSPIR (O). P-S The neuronal densities were counted for each group
within each pyramidal layer of the CA hippocampal region. T-W To make comparable
comparisons, the same cases had their PSD-95 synaptic puncta densities calculated.
Overall, the data demonstrate that synaptic losses follow the neuronal losses as the
disease stage progresses. However, for the early AD group, synaptic losses are evident
before the neuronal losses take place. Normality of the data was assessed using the
D’Agostino & Pearson omnibus normality test. Subsequently, the Kruskal-Wallis
tests revealed a lack of significant associations for the parameters tested. Error bars
represent standard deviations. Significance levels: * p < 0.05; ** p < 0.01; *** p <
0.001; **** p < 0.0001; ns, not significant. Scale bars: A-C 1 mm; D-L 100 um.

5.11 CHAPTER DISCUSSION AND CONCLUSION

In this chapter, I describe the distribution of one key postsynaptic protein, the PSD-95
protein, within the human hippocampus. 1 used an automated, high-throughput
quantification method, which uses the fluorescent image detection machine learning
algorithms to classify PSD-95 IF puncta into three parameters: puncta density,
intensity and size. This new quantification method has allowed me to demonstrate
in great detail the distribution of PSD-95 IR puncta in the control human hippocampus
across 16 subregions. My findings further contribute towards the knowledge about
the postsynaptic proteome. The postsynaptic proteome is tremendously complex and
contains thousands of proteins ranging from scaffold proteins, synaptic membrane
receptors, neurotransmitter receptors, cell adhesion molecules, signalling, metabolic
and trafficking proteins (Bayés et al., 2012). According to our current understanding of
the postsynaptic proteome, its complexity is a reflection of the hierarchical organisation
of all these proteins into complexes, supercomplexes and nanoclusters (Frank et al.,
2016; Frank and Grant, 2017). Studies in mice have already revealed that in
hippocampus different synapses have different combinations of PSD-95 nanoclusters
(Broadhead et al., 2016). Moreover, these PSD-95 nanoclusters are differentially
distributed in the hippocampal subregions. Therefore, the regional diversity in human
PSD-95 IR distribution may also reflect the differential allocation of this protein

into postsynaptic complexes and supercomplexes based on subtypes of synapses and
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populations of these subtypes that define each hippocampal region. However, further
validation of the presented findings with other methods, such as array tomography,
electron microscopy or super-resolution microscopy, are needed to confirm our

hypothesis.

The new quantification method allowed me to obtain additional information
about PSD-95 distribution in the human hippocampus. For example, I was able to
demonstrate that there were no significant gender differences in the distribution of
PSD-95 synaptic puncta parameters. Few studies have examined the effect of gender at
the synaptic level and they have generated conflicting data. For instance, in monkeys
no sex differences existed in the synaptic density in prefrontal cortex (Peters et al.,
2008). In contrast, human superior temporal gyrus had less synapses in women when
compared to men (Alonso-Nanclares et al., 2008). However, rodent apical dendritic
spines of the CAl pyramidal cells (stratum radiatum) were reported to have more
synapses in female rats (Shors et al., 2004). It is possible that these discrepant results
could be explained by the cytoarchitectonic differences of the regions and/or species

differences.

The G2CSynMaP was also used to explore hippocampal gender differences in
wild type mouse (Grant lab, personal communication). Similar to human data, there
were no gender differences for hippocampal PSD-95 puncta density and intensity.
However, contrary to the human data, the PSD-95 puncta sizes were found to be
significantly smaller in female mice in several hippocampal subregions (CA1-SO,
CAI1-SR, CA2-SILM, CA3-SLM and CA3-SR). However, it was noticed that the
significance levels were very close to the significance level threshold at p = 0.0458,
and that three out of four female mice tested were litter mates housed in the same
environment, the implication being that that was synchronisation of their oestrous
cycles. Research has shown that spine density can vary depending on the phase in
the oestrous cycle (Luine and Frankfurt, 2013), and thus these mice results might
have represented a particular time of the cycle. With regard to the human data, it is
worth noting that all, but one, of the human donors were postmenopausal and even the
youngest woman was aged 46. Therefore, we can speculate that hormonal levels may

have an effect on PSD-95 synapse size and low oestrogen levels may be associated
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with some compensatory changes, or selective small synapse loss, leading to larger
synapse sizes. This may explain the differences seen between the adult rodent and
human data, with a trend to smaller PSD-95 synapse sizes being observed in adult
mice. However, at this stage we do not have full clinical histories, which would
include relevant information about hormone replacement therapy, to make any further
meaningful conclusions. Further studies with appropriately chosen controls and higher
numbers of cases are needed to confirm the effects of gender on synapses in the human

hippocampus.

There were no significant differences in the distribution of PSD-95 synaptic
puncta parameters between left and right hippocampus. Brain lateralisation and
handedness are believed to be an integral part of human psychology and behaviour
(Toga and Thompson, 2003). The left hemisphere is considered to support language
and logical thinking, while the right hemisphere takes part in creativity and
intuition (Corballis, 2014). Several imaging studies have additionally identified the
lateralisation of brain structures. For instance, rightward asymmetry has been reported
in the hippocampus (Wang et al., 2001; Pedraza et al., 2004; Qiu et al., 2009; Kallai
et al., 2005; Okada et al., 2016) and amygdala (Pedraza et al., 2004; Qiu et al., 2009;
Kallai et al., 2005; Okada et al., 2016). Interestingly, human brain lateralisation has
also been explored with molecular genetics and genomics (Francks, 2015). A recent
re-analysis of large gene expression datasets (Hawrylycz et al., 2012; Pletikos et al.,
2014) detected left/right asymmetry of gene expression in post mortem adult brain
(Karlebach and Francks, 2015). Robust evidence for lateralisation was found at the
level of gene sets for synaptic transmission in data from the superior temporal and
primary auditory cortex. Nevertheless, human studies examining the laterality in
post mortem tissue are very limited and do not appear to show left/right asymmetry
in the hippocampus from control cases (Mouritzen Dam, 1979; Zaidel et al., 1997).
In particular, Zaidel et al. (1997) reported absence of left/right differences not only
in neuronal densities, but also in synapses. To my knowledge, no human studies
to date have conducted a detailed and comprehensive PSD-95 synaptic analysis on
the postsynaptic lateralisation of hippocampal subregions using human post mortem
tissue, and the dataset presented here represents the first detailed assessment of PSD-95

synaptic lateralisation in human hippocampus.
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Similar to gender differences, the G2CSynMaP methodology was used to
explore hippocampal left/right asymmetry differences in wild type mice in nine main
areas, one of which included the hippocampus (Grant lab, personal communication).
In line with the human data, there were no laterality differences for hippocampal
PSD-95 puncta density, punctum intensity and size, and no differences were seen
for the remaining eight areas assessed (cortical subplate, neocortex, fibre tracts,
hypothalamus, thalamus, olfactory areas, pallidum and striatum). This is in contrast
to other published animal data. For instance, Shinohara et al. (2008) demonstrated
left-right asymmetry of postsynaptic CA1 pyramidal cell synapse sizes. CA1 synapses
receiving neuronal input from the right CA3 pyramidal cells were larger than those

innervated by the left CA3 (Shinohara et al., 2008).

Finally, one important limitation of the human analysis is a lack of clinical
information regarding the patients’ handedness. As handedness gives an indication of
the dominant hemisphere in the brain, it would be useful to correlate my findings with
this information. Further studies with clinically well characterised controls and higher
numbers of cases are needed to confirm the effects of left/right asymmetry on PSD-95

synapses in the human hippocampus.

The PSD-95 synaptome based on IR is reorganised in disease. I have
demonstrated that depending on the stage of Alzheimer’s type pathology, the PSD-95
synaptic puncta parameters are differently affected. In agreement with published
literature, losses in hippocampal synaptic numbers have been described previously
(Scheff et al., 1996; Scheff and Price, 1998; Counts et al., 2014; Sultana et al., 2010).
However, changes in PSD-95 synaptic puncta intensity and size, which may represent
different synapse populations, are novel findings. In particular, the changes in PSD-95
puncta size are one of the more interesting findings in this project. A significant inverse
correlation has been reported between synaptic density and size of surviving synapses
as measured by the length of the postsynaptic density in AD (Scheff et al., 1990).
These increases in synaptic size of the apposition length have been interpreted as a
compensatory response, rather than a selective loss of small synapses (DeKosky and
Scheff, 1990; Scheff et al., 1990, 1993). Changes in contact length have also been

reported in the animal studies (Hillman and Chen, 1984) and transgenic mice (Cambon
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et al., 2000). Similarly to the study by Scheff et al. (1990), I found increases in PSD-95
synaptic puncta in the late stage Alzheimer’s type pathology stage in comparison to
the early AD stage. In contrast to Scheff et al. (1990), I have found that the control
cases still have larger synaptic puncta than the AD patients. Furthermore, examination
of the frequency distributions of the synaptic puncta sizes between the experimental
groups revealed that although the overall shape of the distributions between the areas
tested were fairly similar, they were not exactly the same between the experimental
groups, suggesting that different changes occurred throughout the entire distributions
of synapses. This would imply that a possibility of a preferential loss of small synapses
from the neuropil may take place as a different compensatory mechanism to the one
mentioned above. As it was previously suggested, the changes in synapses may not be
necessarily of one specific type, but may reflect the changes of many different kinds in

line with the known changes in various neurotransmitters in AD (Scheff, 2003).

Regional PSD-95 synaptome reorganisation in AD identifies vulnerable regions
and synapse populations. Analysis of hippocampal regional PSD-95 changes in AD
demonstrated that all the 16 subregions are affected in AD. However, it appears that
the insults at the synaptic levels are not uniform across the subregions. My data
have identified that one area, the CA3 stratum moleculare-lacunosum, is particularly
vulnerable to insults associated with AD. PSD-95 synapses in this subfield showed
vulnerability in the early Alzheimer’s type pathology stage whereby the synaptic
losses in counts and intensity were almost as severe as in the advanced stage group.
Interestingly, the decrease in PSd-95 synaptic size in the early stages for this area was

more severe than for any of the concomitantly examined subfields.

My results demonstrate that AD leads to synaptic changes in the hippocampus.
This is in keeping with numerous previous studies showing loss of synapses in AD both
in the hippocampus and the neocortex (Terry et al., 1991; DeKosky and Scheff, 1990;
Scheff and Price, 1998; Scheff et al., 2011, 2015, 2016). Moreover, evidence suggests
that the strongest correlation with cognitive decline is with synaptic number and
regional neuronal loss rather than neurofibrillary tangle and neuritic plaques pathology
(DeKosky and Scheff, 1990; Scheff et al., 2006, 2007, 2011, 2015). However, the

question of what causes the loss of synaptic connectivity in AD, ultimately resulting
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in dementia, has not been fully answered. The correlative neuropathology findings
aimed at answering this question. There is evidence to suggest that early cognitive
problems in AD may be due to diffuse amyloid deposits that alter synaptic integrity. In
particular, soluble oligomers are thought to disrupt hippocampal synaptic plasticity by
changing the induction of long-term potentiation (LTP) via effects on the postsynaptic
receptors (Li, 2010). Prior studies have shown that the presynaptic component is most
likely unaffected by the oligomers (Cheng et al., 2009; Shankar et al., 2008; Townsend
et al., 2006). As part of my analysis, I confirmed that the severity (CERAD score) and
the extent (Thal phase) of amyloid pathology distribution differed between the controls
and AD groups. However, I did not observe any significant correlations with PSD-95
density, intensity or size with Alzheimer’s type pathology progression. Therefore my
results, coupled with other findings, questions the role of amyloid deposits as the sole

cause of synapse loss in AD (Scheff et al., 1990, 1993).

The genetic risk factor for AD, ApoE €4, has been suggested as a prominent
factor in the development of pathology in AD (Roses, 1996). Cognitively normal
€4 carriers have been found to have more significant AD-related pathology than
non-carriers (Vos et al., 2013). Moreover, imaging studies demonstrated that ApoE
€4 carriers showed significantly greater amyloid load, as determined by Pittsburgh
compound-B (PiB) imaging, associated with lower cognitive tests (Ikonomovic et al.,
2008; Kantarci et al., 2012), suggesting that ApoE €4 modifies the harmful effect of
Ap on cognition (Mufson et al., 2016). I found that PSD-95 levels for all synaptic
parameters tested were lower in AD, but were not associated with ApoE €4 status.
Therefore, based on the SDM cohort, my study failed to demonstrate that the presence
of ApoE €4 has significant deleterious effects on PSD-95 synaptic puncta parameters
in the hippocampus in AD. The findings, nevertheless, are in keeping with previous
studies demonstrating the lack of influence of ApoE €4 on synapses in AD. For
instance, recently Scheff et al. (2016) reported no significant effects of hippocampal
amyloid load or ApoE €4 status on Braak score despite losses in synaptic proteins,
including PSD-95. However, our numbers in the late AD group were too small to
extrapolate any further as to whether there is strong evidence for synaptic toxicity

caused by the ApoE genotype.

264



PSD-95 SYNAPTOME MAP REORGANISATION IN DISEASE

The effects of ApoE €4 have also been extended to vascular pathology in AD.
Cerebrovascular lesions are relatively common in autopsied cases of AD (Olichney
et al., 2000). For instance, one of the most common vascular pathology that is found
includes cerebral amyloid angiopathy (CAA). CAA is a disease in which amyloid
deposits within the walls of meningeal and parenchymal blood vessels. Sporadic CAA
is thought to affect between 80% to 90% of AD cases and approximately 30% of
the neurologically-normal elderly (Love et al., 2014). CAA has also been shown to
be strongly associated with cerebrovascular lesions, including infarctions (Olichney
et al., 1995). In this thesis, I describe the effects of CAA on PSD-95 synapse diversity.
Overall, similarly to the findings with amyloid, the results demonstrate that there is no
evidence for a direct association between the CAA pathology and PSD-95 changes in

hippocampal AD in my cohort.

In summary, the neuropathological correlative data support the view that it
may well be a combination of factors rather than one pathology that contributes to
the clinical presentations in AD. However, there are important limitations that should
be taken into account when interpreting the above results. For instance, one potential
confound in the study is that the controls were significantly younger than patients with
the early stage Alzheimer’s type pathology (Braak II) and the late stage Alzheimer’s
type pathology (Braak VI). However, only subtle age-related changes in synapses
have been described in animal studies, which showed that ageing is not associated
with synapse loss in hippocampus (Morrison and Baxter, 2012). For example, using
stereological techniques, a lack of age-related synapse loss in CAl area has been
described in rats (Geinisman et al., 2004; Calhoun et al., 2008). Nevertheless, it
is possible that the age discrepancy could lessen the main findings of PSD-95 loss
in hippocampus in AD patients. One of the ways of assessing the impact of age
differences would be to perform more complex regression analyses that take age into
account. Another potential confounding factor is associated with the selection of
patients from the LINCHPIN study. Although only cases with intact hippocampi were
selected, we cannot exclude the influence of cerebrovascular disease on synaptic loss.
In the future, a selection of cases without any cerebral haemorrhage would allow for

better analysis.
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Having demonstrated PSD-95 synaptic loss in my cohort, I then examined if
the spatiotemporal and laminar pattern of synaptic loss matches that of neuronal loss.
It has been shown that the cortical synaptic loss is not just related to neuronal loss as
it can exceed the existing neuronal loss within a particular area (Serrano-Pozo et al.,
2011). This indicates that synapse loss occurs prior to the neuronal loss and that the
remaining neurons become less well connected to their synaptic partners than would
be anticipated by assessment of the number of viable neurons surviving in a particular
circuit only. This is thought to be why synaptic density is the best correlate of cognitive
decline in AD. In agreement with this statement, my stereology data confirm that the

synaptic changes occur early in the AD, prior to neuronal losses.

It is difficult to tease apart contributions of each individual brain area in a
disease, such as AD. Studying the effects of a disease on specific anatomical subregions
rather than extrapolating about the impact on the whole brain based on one selected
subregion, may help to piece together the relevant circuitry affected by Alzheimer’s

type pathology pathology.

In conclusion, I have added human PSD-95 synaptome mapping to the range of
approaches used to study hippocampal organisation and anticipate that this approach
will make an important contribution to the understanding of the organisation of the
hippocampus and the changes it undergoes in pathological states. These findings may
also provide a new foundation for future studies of the human hippocampus in health

and disease.
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SUMMARY OF FINDINGS

6.1 SUMMARY OF FINDINGS

This thesis presents a novel methodology, the G2CSynMaP, for the quantification
of PSD-95 synapses and generation of PSD-95 protein distribution maps in human
post-mortem tissue. When further validated, this method is hoped to lead to description
of PSD-95 synaptome maps. The methodology has previously been used to examine
the brains of genetically modified rodents and has been specifically adapted for the use

in human tissue.

6.2 LIMITATIONS

The implications of our findings are somewhat limited by practical, histological and

methodological considerations specific to the present study.

6.2.1 Practical issues

One of the most difficult aspects in human brain research is the limited availability
of suitable tissue. Although a thorough neuropathological examination of all tissues
used in this project was undertaken, I cannot rule out the possibility that factors,
such as prolonged agonal state and terminal periods of hypoxia, could have adversely
affected the synaptic proteins examined. In addition, the early stage Alzheimer’s type
pathology group included subjects with known cerebrovascular disease as all cases had
been received through the Lothian Intracerebral Haemorrhage, Pathology, Imaging and
Neurological Outcome (LINCHPIN) study, a prospective community-based research
study examining the causes of brain haemorrhages using research autopsy in case of
death (Samarasekera et al., 2015). Although care was taken to exclude cases with
significant pathologies, such as ischaemic strokes or haemorrhages, the possibility of
double pathology affecting the synaptic proteins in this particular subgroup cannot be

entirely excluded.

268



DiscuUsSION AND CONCLUSION

6.2.2 Histological issues

Any evaluation of synaptic numbers in human tissue should be viewed judiciously
(Scheff, 2003). The size and the complexity of the organisation of the human brain
makes a definite reconstruction of the human synaptome currently beyond the limits of
existing technology. However, discrete sampling of small areas in an unbiased manner
with integration of additional data from other sources, such as light microscopy and
electron microscopy, makes it possible to determine the range of variability of synaptic
assessment rather than provide absolute numbers (DeFelipe, 2015). However, firstly,
it would be necessary to define the impact of histological artefacts that could lead to
misrepresentations of results. For instance, atrophy of tissue could be regional and
artificially increase the packing density of synapses. Changes in section thickness, as a
result of histological procedures, can also dramatically alter determination of volume
density. Therefore, without knowledge of the definable anatomical structural data for
a given examined region, any synaptic estimations would be difficult to interpret. The
main limitation of this project is the lack of correlative data on any tissue parameters,
such as tissue thickness, the volume of fraction of tissue elements (neuropil, neurons,
glia and blood vessels), or neuron and glia density per volume. The only exception is
the stereological data on neuronal density in Chapter 2.12. However, the aim of this
project was not as much as to estimate the absolute synaptic numbers, but to reveal
trends between areas and how they change in a pathological process. To obtain more
comprehensive data about the synaptic numbers estimated in this project, I would
further require not only assimilation of data from another source, such as electron
microscope or array tomography, but also I would need to account for numerous
additional sources of variability, including the type of cells, age of cases, or species
examined. Finally, although various correlative comparisons of synaptic changes using
IHC and conventional EM techniques do tend to reveal a general agreement in the
finding that synaptic numbers decline in AD, there is still a great deal of variation
in actual synapse counts between the techniques. A study conducted to specifically
address the issue of the various methodological and demographic variations possibly
contributing to the reported numerical synaptic discrepancies, found no significant

correlations between the two techniques for synapse numbers loss in the frontal cortex
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(area BA9 laminas III and V), even when the same cases were examined (Scheff, 2003).
The reasons for the failure to demonstrate strong correlation were thought to be related
to both: 1) specific conditions related to IHC staining efficiency and; i1) limitations of
using EM. Therefore, no technique is perfect and even an integrative approach might

be incomplete.

6.2.3 Methodological issues

Methodological limitations specific to the present study and to the use of human
tissue include small sample size and the use of post-mortem tissue rather than biopsy
material. There are also methodological considerations related directly to the design
of the G2CSynMaP methodology and they include limited whole-brain sampling and

limited dimensionality of image acquisition.

6.2.3.1 Sample size

There is significant biological variation between individuals in human studies and this
can make identification of significant data points difficult unless there is a sufficiently
large sample size. The results of the present study are all noteworthy because
they emerged from a study with 32 subjects that had detailed neuropathological
characterisation. 1 examined more subjects and/or synapses than other human
tissue-based quantitative studies to date. However, it is still small sample size and
subject to possible unintended sampling bias. I can only generalise based on this
sample size, but [ am confident that my results are a reliable indication of the synaptic
diversity within the human brain. Nevertheless, given the difficulties and constrains of
human histological research, the validity of conclusions can be challenged. The present
data were collected with appropriate controls and analysed using methods validated in
rodents. Thus, as far as valid conclusions can be drawn from human data, the current

study does contribute to our understanding of human synaptic diversity.
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6.2.3.2 The use of human post-mortem tissue

The scarcity of human brain tissue that is suitable for the study of synapses is one
of the most challenging issues to face human synaptic research (Acebes, 2017).
Biopsy material is considered to be the gold standard due to better tissue quality
when compared to post-mortem specimens. However, the main limitation with
regard to using biopsy material is the availability of tissue and ethical restrictions.
Autopsy therefore remains the main source of human tissue for research, but its use is

complicated by several limitations.

Long post-mortem delays greater than 5 hours result in poor preservation of
the ultrastructure of the autopsy brain tissue and is thought not to be adequate for
detailed quantitative analysis (Alonso-Nanclares et al., 2008). This is one of the main
reasons why synaptic mapping data and studies using human brain tissues are limited.
A recent Focused Ion Beam milling and Scanning transmission Electron Microscopy
(FIB/SEM) study reported promising quantitative results of human brain cortical areas
from AD patients based on the ultrastructure of synapses (Blazquez-Llorca et al.,
2013), but most studies employ indirect methods to count synapses in human brains,
such as counting synaptophysin-positive puncta and using conventional light and/or
confocal microscopy (Arendt, 2009), or as in this project, counting PSD-95-positive
puncta and using confocal microscopy. Ideally, human brain tissue would be collected
with a PMD less than 2 hours, and analysed using methodologies that are normally
used to examine the brain of experimental animals (DeFelipe, 2015). While the latter
has been achieved in this project, the former has not, with much longer PMD times.
Previous studies have indeed demonstrated that in human tissue PSD-95 showed a
significant decrease in protein levels with PMD greater than 24 hours (Siew et al.,
2004). They reported a 36% decrease in PSD-95 levels between 24 and 48 hours in
the frontal cortex was reported, although the PSD-95 levels in the temporal cortex
remained unchanged. In rodents, Glantz et al. (2007) estimated that PSD-95 levels
decreased by almost 65% after a 24 hours PMD (Glantz et al., 2007). Stability of
PSD-95 protein levels in this project was not tested, but no significant differences
in any of the three PSD-95 parameters tested were observed within each examined

experimental group studied with increasing PMD. Nevertheless, in this project, apart
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from PMD, the HUSPIR value has been used, with its principal function of assessing
the integrity of the synaptic proteins to provide better assessment of synaptic "quality".

No significant effect of HUSPIR was observed in the studied cohort.

By using a brain bank post-mortem cases, my cohort is not a sample that is
population based, but rather one of convenience and therefore not totally representative
of a general population. There are certain limitations of using the brain bank material,
mostly related to the limited clinical information about the subjects. For example |
may not know to what extent different medications may have had an effect on my data

as this information may not be available for all cases.

6.2.3.3 Limited whole-brain sampling

While it is possible to study synaptome changes across the whole brain in small
animals, such as mice, it is not possible, at present, to obtain this whole-brain scanning
approach using human tissue. This is due to the significantly greater size of the
human brain in comparison to other animals (DeFelipe, 2011). For instance, the
first whole-brain animal PSD-95 synaptome mapping has been achieved using five
coronal sections through one mouse brain. For comparison, a coronal section through
the posterior human hippocampus on its own was larger than any of the whole-brain
sections from the mice. As such, the PSD-95 synaptome maps that are created can
only give a snapshot of synaptic changes rather than the global overview required
to gain a better understanding of the brain synaptome connectivity. However, the
maps that I present in this thesis, are the most detailed and comprehensive human
PSD-95 synaptome maps that exist to date. The analysis used included areas that are
"synapse-deprived", such as the brainstem regions, in addition to well characterised
"synapse-rich" neocortical or hippocampal regions. The findings might provide better
insights into future synaptic research. For example, characterisation of synaptic
changes in human diseases in the "synapse-deprived" areas should not lead to the
misleading conclusion that these areas are particularly affected in the pathological
conditions. Nevertheless, unlike the rodent synaptome mapping, which allows for
the unbiased assessment of synapses in numerous regions simultaneously, the human

version of G2CSynMaP cannot, at this stage, overcome this technical limitation.
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However, the rapid rate of developments in the computing and data analysis fields
mean undoubtedly that it will be possible to create the whole-brain human synaptome

maps in the near future.

6.2.3.4 Limited dimensionality of data

This project produced data based on examination of over half a billion synapses,
but at the expense of generating over 22 terabytes (TB) of data. There are
several challenges with big data generation, including subsequent dataset processing,
comprising visualisation, interpretation or storage. One such pertinent issues, related
to this project, encountered even before big data processing, was limited availability of
data acquisition resulting in limited dimensionality of the SDM images. So, while
it was possible to acquire rodent data at several z-planes, I failed to generate the
equivalent data using human tissue. The main issue in trying to replicate the rodent
analysis was persistent SDM software performance failure due to the enormous image
data size acquired. As mentioned above, in all likelihood, these issues are temporary
given the speed of developments in the computing and image analysis fields. However,
not being able to present the data based on the 3 dimensional reconstruction, is the

limitation of the current study.

6.3 FUTURE DIRECTIONS

6.3.1 Synaptome map correlation with human cognition

Understanding the architecture of human neural circuits remains one of the
neurobiology’s major challenges. Our current understanding of how populations
of neurons interconnect to produce perception, memory and behaviour is limited.
To decipher the intricacies of the workings of the human brain requires not only
understanding of how individual neurons work, but also of their synaptic structure and
connectivity. The focus of recent research has been on greater understanding of the
brain connectome and how patterns of synaptic connectivity between the neurons may

contribute to a better understanding of human brain disorders. Mapping of synapses
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and their classifications into the "synaptome" (the complement of all synapses in the
brain or part thereof) has been possible to even better appreciate the impact of synaptic
brain circuitry on human cognition and its pathology. Unsurprisingly, this project
has generated many additional questions. For instance, how do normal synaptomes
correlate with cognitive abilities in neurologically intact humans? How do brain
diseases reorganise these synaptic maps and correlate with cognitive abnormalities?
It is anticipated that further descriptions between cognitively intact, clinically well
characterised individuals and normal synaptic maps as well as neurologically affected

patients and pathological synaptomes will address some of these questions.

6.3.2 Synaptome map correlation with imaging studies

Non-invasive imaging methods are commonly used in clinical practice to interpret
morphological variations in brain diseases. Increasingly, comparisons between
imaging studies and histological analyses in the same objects are possible.
For instance, high correlations between quantitative parameters in ex-vivo MRI
and their quantitative measurements in histological sections from temporal lobe
structures, including hippocampus, have been reported (Delgado-Gonzélez et al.,
2015). However, and rather excitingly, the possibility to perform in vivo synaptic
quantifications using non-invasive MRI methods opens new approaches to study
synaptopathies in human patients. A recent study of a new synapse-specific position
emission tomography (PET) tracer for detection and visualisation of synaptic loss
in human brain disorders is of particular interest, especially as synaptic loss is
closely related to cognitive dysfunction (Finnema et al., 2016). Future studies
describing associations between the comprehensive synaptome descriptions based on
the G2CSynMaP methodology presented in this project, synaptic density imaging and
clinical cognitive testing could prove of great value in the assessment and staging of
human brain disorders linked to neurodevelopmental and cognitive disorders beyond

the common neurodegenerative diseases.
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6.4 CONCLUSION

In conclusion, this thesis addressed the original aims. 1) It adapted an existing
high-throughput synapse quantification methodology, the G2CSynMaP, previously
developed to examine rodent brain, to human tissue. 2) It showed that the G2CSynMaP
methodology can be successfully used to demonstrate human synaptic diversity and its

reorganisation in pathological states.

This method is now poised to answer further questions related to human
synapse biology in a comprehensive and quantitative manner and to examine other

human brain disorders.
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Figure A.1 HUSPIR protein degradation blots.

The post-mortem degradation of NMDAR?2B was used as a marker of synaptic protein
integrity. A ratio of degraded NMDARZ2B of greater than 1 was considered of good
quality. A & C. Examples of blots. Tissue tested was obtained from the cortical area
BA41/42. B & D. Results of blot quantifications. Most cases did not show good
preservation of synaptic proteins (darker bars). MWM - molecular weight marker.
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Figure A.2 ApoE genotyping gels.

Panels A&B ApoE genotypes: TBE acrylamide (20%) gels electrophoresis stained
with ethidium bromide to demonstrate banding patterns used to genotype amplified
DNA of selected study subjects digested with the Hhal restriction enzyme. Shown
are amplified ApoE genes from the cortex (BA41/42) of 22 individuals. Results of
genotyping of each individual are at the bottom of each gels. The first band shows
the control ladder. The genotypes were determined by scoring a unique combination
of DNA fragment sizes (Alleles 2-4). *Genotyping for case 25/13 in panel A was
repeated and was found to be ApoE 3/3.
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Figure A.3 PSD-95 antibodies tested for specificity.

Specificity of several PSD-95 antibodies was tested on KO tissue as shown in the
figure. Only NeuroMab antibody showed a lack of staining with the PSD-95 KO mouse
tissue under tested conditions.
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Table B.1 Human subjects - additional data

No ID Group Brain Bank Images Slide Side
Cohort (total no) index patient
1 SD25/13  Control Control 52836 AG L
2 SD36/13  Control Control 42021 \Y% R
3 SD23/13  Control Control 64350 AH R
4 SD29/13  Control Control 44895 AH R
5 SD38/13  Control Control 37149 AH R
6 SD03/14  Control Control 37440 AL R
7 SD32/13  Control Control 57190 AH R
8 SD05/14  Control Control 61060 AK L
9 SD24/15 Control  Control/LBC 48480 AL R
10 SD42/13  Control Control 41382 AK L
11  SDI10/15 Control Control 30621 AL R
12 SD35/14  Control Control 61104 AK L
13 SD14/13  Control Control 37008 AG L
14 SD63/13 Control Control/LBC 40548 AK L
1 SD43/13 Early AD LINCHPIN 45815 AL R
2 SD28/14 Early AD LINCHPIN 60888 AL R
3 SD09/14 Early AD LINCHPIN 52858 AL R
4 SD60/13 Early AD LINCHPIN 46002 AL R
5 SD31/12  Early AD Control 47096 AL R
6 SD13/14 Early AD LINCHPIN 34104 AL R
7 SD11/14 Early AD LINCHPIN 45492 AL R
8 SD40/14 Early AD LINCHPIN 31790 AL R
9 SD01/14 Early AD LINCHPIN 44793 AL R
10 SDI18/14 Early AD LINCHPIN 43197 AL R
1 SD34/13 Late AD AD 31133 S R
2 SD39/13 Late AD LINCHPIN 37975 AH R
3 SD62/13 Late AD  LINCHPIN 52002 AK L
4 SD64/13  Late AD AD 40180 AK L
5 SD11/13 Late AD AD 31652 S R
6 SD18/13 Late AD AD 38208 AG L
7 SD02/14 Late AD LINCHPIN 46168 AL R
8 SD32/14 Late AD  LINCHPIN 46852 AL R

Abbreviations: LINCHPIN - Lothian INtraCerebral Haemorrhage, Pathology, Imaging
and Neurological Outcome study (Samarasekera et al., 2015); LBC - Lothian Birth
Cohort (Henstridge et al., 2015); AD - Alzheimer’s Disease.
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Table B.3 Overall PSD-95 puncta density values for 20 human brain areas

Case A Case B Case C Case D

Area Median Mean SD Median Mean SD Median Mean SD Median Mean SD

BA4 29.47 30.88 4.55 3122 326 9.71 26.78 2692  3.95 2579 27.01 5.61
BAG6 4248 4454 544 252 2213 9.67 2397 2538 6.17 3237 37.67 10.88
BA9 45.89 45.69 4.47 1422 1673  8.21 3259 3392 17.01 2927 28.84 422
BA11 48.68 4846 4.76 40.01 4225 5.16 3893 3939 7.28 3041 3132 531
BA17 3392 32.64 647 20.58 2294 8.10 3324 3057 6.62 39.85 40.28 8.40
BA19 36.05 35.69 538 59.39 61.61 531 52.54 5221 3.80 59.35 6035 3.34
BA20 38.39 3620 5.26 14.02 17.68 7.77 5470 5432 471 47.60 4727 294
BA37 33.09 3258 4.00 41.62 4225 5.16 43.06 43.11 5.28 3392 3481 897
BA38 39.17 39.23  5.00 56.63 53.62 6.65 2846 3024 691 5371 52778 4.03
BA39 37.24 3746 6.18 51.37 50.67 5.35 51.12 5344 548 2412 23.63 7.15
BA41 39.49 3933 597 3023 31.86 6.71 49.04 4493 11.95 44.66 4438 5.50
BA44 31.04 3127 482 26.35 2643 791 2574 2721 5.08 39.76 40.41  6.60
BA46 2938 2994 5.56 27.58 2747 4.8 37.87 3825 329 3461 3526 4.23

TH 9.70 945 2.20 68.15 6828 7.45 2350 27.10 7.9 40.39 39.57 4.27
CN 11.32 11.03 1.90 5.84 849 531 39.31 39.77 3.18 3338 33.88 3.09
HC 33.27 33.43 13.53 4452 45.64 10.33 50.18 4291 19.68 57.5 5549 10.56
CB 17.70 1752 4.74 36.68 37.62 8.51 3228 3399 598 3639 34.05 9.88
MB 348 3.67 1.05 840 938 342 10.20 10.11 291 7.68 884  4.65
PO 413 497 185 6.60 636 2.39 692 726 2.67 647 6.62 216
MD 546 571 2.26 836 9.84 424 274 270 1.09 10.62 11.08 2.39
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Table B.4 Overall PSD-95 puncta intensity values for 20 human brain areas

Case A Case B Case C Case D

Area Median Mean SD Median Mean SD Median Mean SD Median Mean SD

BA4 2440 2495 141 28.61 29.57 3.68 2418 2412 1.15 2333 234 332
BA6 33.18 35.02 4.87 25.78 2627 253 2393 2374 132 29.01 30.22 5.99
BA9 3841 37.88 4.74 25.12  26.03 4.00 26.11 27.89 3.86 23.13 2345 1.55
BAll 3237 3327 456 27.67 2899 253 27.69 2831 2.77 2454 2528 194
BA17 2793 2726 1.96 2393 24.61 1.89 249 2532 1.81 32.08 32.61 3.48
BA19 26.86 27.23 1.46 424 44.03 5091 43.83 44.66 4.47 48.44  50.1 6.63
BA20 26.10 2593 1.17 33.64 33.83 3.85 41.13 40.81 4.86 37.12 3632 222
BA37 2475 24.69 1.16 2736 2745 251 30.53 30.74 4.13 2746 2734 3.68
BA38 26.19 2750 2.81 39.19 38.14 8.52 2340 2395 1.85 4339 43.15 557
BA39 2596 2535 252 3775 38.46 3.95 3747 39.68 6.63 2399 2421 198
BA41 2726 28.05 3.48 2640 2736 274 38.28 38.02 7.03 31.60 3148 4.34
BA44 25.18 25.19 0.94 28.59 2895 3.3l 27.01 28.04 2.39 2944 299 2.68
BA46 30.63 3242 3.74 34.11 3421 274 27.68 27.86 0.96 30.04 30.15 2.28

TH 20.24 2041 1.23 59.67 61.17 6.14 3196 3293 2.18 36.61 38.09 3.63
CN 20.21 2021 0.54 28.28 29.29 2.82 43.81 4353 203 3476 34.03 3.10
HC 27.85 28.81 3.04 28.24 27.84 3.30 28.13 29.15 5.85 3553 36.74 5.39
CB 30.64 3137 7.34 33.88 33.65 5.44 31.05 31.71 3.54 36.15 34.81 5.74
MB 20.68 20.79 1.24 2243 2197 1.42 24.65 23.86 2.68 20.80 20.52 1.55
PO 20.03 20.20 0.82 27.11 2578 2.65 21.78 2198 292 2049 2093 1.67
MD 21.78 2222 1.67 24.14 2442 221 18.14 18.09 0.73 20.87 21.09 0.84
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Table B.5 Overall PSD-95 puncta size values for 20 human brain areas

Case A Case B Case C Case D
Area Median Mean SD Median Mean SD Median Mean SD Median Mean SD
BA4 030 029 0.02 0.31 0.31 0.03 0.26 027 0.03 026 026 0.04
BA6 0.27 027 0.02 0.27 027 0.02 0.29 0.29 0.03 0.33 0.32 0.04
BA9 0.29 029 0.02 0.21 0.21 0.05 0.32 0.32 0.03 0.26 0.26 0.02
BA1l 025 025 0.03 026 026 0.02 026  0.27 0.03 0.25 0.25 0.03
BA17 029 029 0.03 0.19 020 0.04 0.27 026 0.03 0.28 0.28 0.02
BA19 0.30 029 0.02 0.27 028 0.01 0.35 0.35 0.02 0.31 0.31 0.02
BA20 0.28 0.28 0.02 0.15 0.18 0.05 0.30 0.30 0.02 0.35 0.34 0.02
BA37 029 029 0.02 027 027 0.02 0.31 0.29 0.03 0.28 0.28 0.03
BA38 0.27 027 0.02 0.30 030 0.03 0.28 0.28 0.04 0.36 036 0.02
BA39 0.29 029 0.02 0.27 028 0.02 0.30 0.30 0.02 0.21 0.22 0.03
BA41 0.27 028 0.02 0.26 025 0.03 0.33 033 0.02 0.34 033 0.04
BA44 0.28 028 0.02 029 028 0.06 026 026 0.04 0.29 030 0.03
BA46 0.31 0.31 0.04 024 023 0.02 0.27 027 0.02 0.27 0.28 0.03
TH 0.14  0.14 0.02 0.29 029 0.02 0.23 023 0.02 0.23 0.23 0.01
CN 0.30 030 0.02 0.26 025 0.04 0.35 0.36  0.01 0.27 027 0.02
HC 026 026 0.04 0.23 0.24 0.03 024 024 0.04 024 024 0.04
CB 0.20 0.21 0.03 0.22 022 0.02 0.21 0.22 0.04 0.23 0.22 0.03
MB 0.28 0.30 0.06 0.18 0.19 0.03 0.15 0.14 0.02 0.13 0.14 0.02
PO 0.35 0.35 0.03 0.21 0.20 0.04 0.20 0.23 0.08 0.19 0.20 0.06
MD 0.25 027 0.06 0.18 0.19 0.04 0.23 025 0.08 0.18 0.19 0.04
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Table B.6 Gender differences for PSD-95 synaptic parameters in 16 control human
control hippocampal subregions

Women Men
Region Mean SD Mean SD p value
PSD95 Density
CA1-SML 73.700  7.807 78.807 11.601 0.399
CAI1-SO 73313 3.002 72504 9.018  0.851
CAI1-SP 80.126  7.553 86.138 10.961 0.300
CA1-SR 77.729  7.687 83.873 12428  0.340
CA2-SML 73.108  9.156 78.824 12.585  0.392
CA2-SO 76.357 5.923 79.816  9.191 0.467
CA2-SP 81.573 5358 86.004 14.630  0.532
CA2-SR 75.865  7.037 82.006 11.060  0.288
CA3-SL 78.839  6.132 81.561 12.070  0.650
CA3-SML 60.732  8.755 71.279 18285  0.253
CA3-SO 76.359 5.683 78.011 5.176  0.590
CA3-SP 81.751 6.113 85.397 10.817  0.505
CA4 84908 6.070 85.369 8.607 0918
DG-PL 43748  3.934 40320 4.721 0.195
DG-SG 52.661  7.193 57341 16320  0.559
DG-SM 66.434 1284 69.021 18.779  0.790
PSD9YS Intensity
CA1-SML 34345 2676 35883 4998  0.539
CA1-SO 25849 2818 26929 5590  0.700
CAI1-SP 35910 2011 36639 5650  0.788
CAI-SR 32654 1952 34311 3662 0.371
CA2-SML 25469 3149 28834 4955  0.199
CA2-SO 20843 3614 25782 3595 0.030*
CA2-SP 30702 3096 31882 5190  0.654
CA2-SR 25026 3715 27848 4577  0.263
CA3-SL 24548 3580 29294 4588  0.070
CA3-SML 20549 1157 26085 7084  0.114
CA3-SO 22042 4067 25331 3485  0.136
CA3-SP 27161 3184 29705 4979  0.327
CA4 25077 2892 29841 5952 0.122
DG-PL 25412 2949 26737 4556  0.577
DG-SG 28686 2685 29398 5573  0.795
DG-SM 30327 2853 33016 4774  0.277
PSD95 Size
CA1-SML 0.1334 0.0034 0.1296 0.0075  0.309
CAI1-SO 0.1274 0.0060 0.1263 0.0105  0.837
CA1-SP 0.1263 0.0048 0.1204 0.0081 0.165
CA1-SR 0.1239 0.0061 0.1226 0.0077  0.745
CA2-SML 0.1317 0.0052 0.1291 0.0071 0.483
CA2-SO 0.1271 0.0094 0.1245 0.0096  0.639
CA2-SP 0.1250 0.0041 0.1168 0.0079  0.054
CA2-SR 0.1264 0.0055 0.1227 0.0063  0.291
CA3-SL 0.1218 0.0015 0.1156 0.0103  0.206
CA3-SML 0.1104 0.0168 0.1126 0.0195  0.834
CA3-SO 0.1248 0.0038 0.1250 0.0128  0.974
CA3-SP 0.1158 0.0079 0.1167 0.0091 0.862
CA4 0.1237 0.0066 0.1206 0.0081 0.469
DG-PL 0.1223  0.0054 0.1230 0.0071 0.846
DG-SG 0.1210 0.0063 0.1210 0.0082 0915
DG-SM 0.1240 0.0063 0.1215 0.0062  0.416

Table of means, standard deviations and p values for comparison of PSD-95 synaptic
puncta densities, intensities and sizes between genders for 16 hippocampal subregions.
Statistical comparisons between the two genders (women vs men) were performed
using the unpaired Student t test. PSD-95 synaptic density is expressed in puncta per
100 pm?, intensity in arbitrary units and size in ym?.
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Table B.7 Gender differences for PSD-95 synaptic and neuronal densities in human
control hippocampus

PSD-95  Density

Women Men
Region Mean SD Mean SD p
CA1-SP  82.73 5.12 80.07 1196 0.74
CA2-SP  83.92 346 78.06 16.31 0.58
CA3-SP  84.12 0.79 80.04 13.18 0.62
Neuronal Density

Women Men
Region Mean SD Mean SD p
CA1-SP  60.57 6.83 6586 21.39 0.70
CA2-SP  90.92 7.28 9396 17.71 0.79
CA3-SP  67.04 8.38 80.76 16.79 0.27

Table of means, standard deviations and p values for comparison of PSD-95 synaptic
puncta densities and neuronal densities between genders. Data is based on a subgroup
of cases also analysed using stereology for neuronal densities counts. Three cases
for each gender were included as follows: women (SD10/15, SD63/13 and SD35/14)
and men (SD23/13, SD24/15 and SD32/13). Statistical comparisons between the two
genders (women vs. men) were performed using the unpaired Student t test. The
hippocampal subregions analysed were the stratum pyramidale from CAl, CA2 and
C3 (CAI1-SP, CA2-SP and CA3-SP). PSD-95 synaptic density is expressed in puncta
per 100 zm? and neuronal density in number of neurons x 1000 per mm?. Abbreviation:
CA-SP, Cornu Ammonis - Stratum Pyramidale; SD, Standard Deviation.
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Table B.8 Left/right asymmetry differences for PSD-95 synaptic parameters in 16
control human control hippocampal subregions

Left Right
Region Mean SD Mean SD p value
PSD95 Density
CA1-SML 70.610 5902 81.762 10.715  0.410
CA1-SO 70.771 8.195 74.308 6.653  0.374
CA1-SP 78.924 7.140 87.790 10.563  0.603
CAI1-SR 76.292 6.610 85.718 12365  0.603
CA2-SML 68.765 8.06 82.795 10.055 0.759
CA2-SO 73.450 7.970 82.427 6.102  0.757
CA2-SP 78.259 7.180 89.043 13276  0.480
CA2-SR 72.754 7.735 85.106 8.242  0.715
CA3-SL 75.712 7.001 84.245 10988  0.343
CA3-SML 68.694 11.391 66.625 19.548  0.352
CA3-SO 74.528 4.735 79.590 4.663  0.758
CA3-SP 78.093 7.628 88.596 8.098  0.643
CA4 81.954 8.118 87.641 6.550  0.350
DG-PL 43.853 4.820 39.811 3.887  0.182
DG-SG 49.767 6.660 60.095 16.126  0.574
DG-SM 58.642 11.093 75.188 16.684  0.928
PSD95 Intensity
CA1-SML 33679 5707 36575 2522 0.791
CA1-SO 23713 4546 28666 3743 0.723
CA1-SP 35059 6647 37369 2206  0.658
CAI-SR 32854 4133 34368 2333 0411
CA2-SML 24413 2839 30047 4198  0.555
CA2-SO 21834 4411 25656 3519  0.363
CA2-SP 30367 5780 32281 3354 0.407
CA2-SR 24619 4898 28506 3309  0.963
CA3-SL 26026 6163 28779 3299  0.540
CA3-SML 22947 5921 24978 6718  0.886
CA3-SO 22078 4338 25715 2894 0.326
CA3-SP 27474 5637 29788 3432 0.506
CA4 26816 7193 29133 4012 0.925
DG-PL 24454 3968 27622 3652 0.822
DG-SG 29770 6632 28674 2800  0.231
DG-SM 30778 5839 33014 2687  0.997
PSD9S Size
CA1-SML 0.1315 8.50E-3 0.1305 5.00E-3  0.215
CA1-SO 0.1277 8.69E-3 0.1260 9.59E-3  0.549
CA1-SP 0.1265 7.30E-3 0.1194 6.30E-3  0.294
CA1-SR 0.1283 7.10E-3 0.1189 3.30E-3  0.937
CA2-SML 0.1321 4.59E-3 0.1285 7.40E-3  0.733
CA2-SO 0.1290 3.80E-3 0.1226 1.12E-2  0.946
CA2-SP 0.1223 7.79E-3 0.1177 7.70E-3  0.188
CA2-SR 0.1254 3.50E-3 0.1229 7.49E-3  0.393
CA3-SL 0.1213 6.89E-3 0.1150 9.29E-3  0.659
CA3-SML 0.1233 1.78E-2 0.1033 1.32E-2  0.793
CA3-S0O 0.1287 1.05E-2 0.1221 9.79E-3  0.596
CA3-SP 0.1218 8.00E-3 0.1124 6.49E-3  0.380
CA4 0.1255 7.79E-3 0.1189 6.30E-3  0.963
DG-PL 0.1274 6.40E-3 0.1193 3.59E-3  0.645
DG-SG 0.1255 7.79E-3 0.1178 5.19E-3  0.764
DG-SM 0.1255 6.40E-3 0.1203 5.30E-3  0.639

Table of means, standard deviations and p values for comparison of PSD-95 synaptic
puncta densities, intensities and sizes between left/right side for 16 hippocampal
subregions. Statistical comparisons between the two sides (left vs. right) were
performed using the unpaired Student t test. PSD-95 synaptic density is expressed
in puncta per 100 m?, intensity in arbitrary units and size in pm?.

321



Table B.9 Left/right asymmetry differences for PSD-95 synaptic and neuronal
densities in human control hippocampus

PSD-95  Density

Left Right
Region Mean SD Mean SD p
CA1-SP  82.03 7.04 81.08 9.980 0.91
CA2-SP  82.38 3.13 80.30 14.05 0.85
CA3-SP  83.67 0.01 81.29 11.05 0.79
Neuronal Density

Left Right
Region Mean SD Mean SD p
CA1-SP  58.88 872 6539 1749 0.66
CA2-SP  90.38 10.2 9347 1449 0.81
CA3-SP  62.20 042 79.75 13.86 0.17

Table of means, standard deviations and p values for comparison of PSD-95 synaptic
puncta densities and neuronal densities between left/right side. Data is based on
a subgroup of cases also analysed using stereology for neuronal densities counts.
Two cases for left and four cases for right were included as follows: left (SD63/13
and SD35/14) and right (SD23/13, SD10/15, SD24/15 and SD32/13). Statistical
comparisons between the two sides (left vs right) were performed using the unpaired
Student t test. The hippocampal subregions analysed were the stratum pyramidale
from CA1, CA2 and C3 (CA1-SP, CA2-SP and CA3-SP). PSD-95 synaptic density is
expressed in puncta per 100 zm? and neuronal density in number of neurons x1000
per mm?. Abbreviation: CA-SP, Cornu Ammonis - Stratum Pyramidale; SD, Standard
Deviation.

322



Table B.10 Summary of hippocampal PSD-95 puncta parameters data

Density

Group n  mean sd min Q1 median Q3 max
Control 14 74.6984 83108 64.5289 69.5388 75.2706 75.8744 97.9048
Early AD 10 47.4157 2.7207 45.1569 46.1534 46.6021 46.8109 53.7148
Late AD 8 25.8597 3.0834 20.2957 249608 25.8980 27.7170 30.3009
Intensity

Group n  mean sd min Q1 median Q3 max
Control 14 28886.8 3873.3 23711.7 26208.2 28831.5 29578.5 36796.8
Early AD 10 20608.0 1600.8 19257.7 19944.2 19996.9 20449.5 24901.8
Late AD 8 127264 35547 8436.9 10820.5 11642.9 14290.8 19147.3
Size

Group n  mean sd min Q1 median Q3 max
Control 14 0.12259 0.00627 0.11009 0.11827 0.12272 0.12729 0.13286
Early AD 10 0.08948 0.00328 0.08560 0.08709 0.08885 0.09172 0.09540
Late AD 8 0.10072 0.00751 0.09056 0.09599 0.10053 0.10410 0.11347

Table B.11 Dunn Kruskal-Wallis multiple comparison p-values adjusted with the
Bonferroni method for hippocampal data

Density

Groups Compared Z P.unadj P.adj

Control Vs. Early AD 3.089572 2.004452e-03 6.013355e-03*
Control Vs. Late AD 5.050980 4.395496e-07 1.318649¢-06*
Early AD Vs. Late AD 2.022600 4.311445e-02 1.293433e-01
Intensity

Groups Compared Z P.unadj P.adj

Control VS. Early AD 2.957433 3.102124e-03 9.306373e-03*
Control Vs. Late AD 4.999897 5.736083e-07 1.720825e-06*
Early AD Vs. Late AD 2.090211 3.659884e-02 1.097965e-01
Size

Groups  Compared Z P.unadj P.adj

Control Vs. Early AD 5.027910 4.958533e-07 1.487560e-06*
Control VS. Late AD 2.718767 6.552571e-03 1.965771e-02%*
Early AD Vs. Late AD -1.848431 6.453998e-02 1.936199¢-01
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