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Abstract

Alzheimer’s disease (AD) is a progressive, and ultimately fatal neurodegenerative disorder,
characterized by the neuropathological hallmarks amyloid-p plaques and neurofibrillary
tangles. It is estimated that the pathological alterations in neurons associated with the disease
starts 10-20 years prior to the onset of clinical symptoms. For this reason, understanding the
molecular mechanisms that initiate the disease is crucial. Entorhinal cortex (EC) is affected
particularly early in the course of AD, and neurofibrillary tangle pathology first occurs in
neurons in EC LII. The neurons in EC layer 11, particularly those that express the protein
reelin, give rise to projections to the hippocampal formation, a region that is essential for
memory functions. Disruption of normal reelin function has been shown to contribute to the
neuropathology seen in AD, including hyperphosphorylation of tau protein via upregulation
of the tau protein kinase glycogen synthase kinase-3p (GSK3p). Based on recent evidence that
demonstrate that intracellular amyloid-p co-localize in the EC layer Il reelin-immunoreactive
neurons implicated in the onset of neurofibrillary tangle pathology, we hypothesized that
lowering the levels of reelin in EC layer Il neurons would increase levels of GSK3f and
hyperphosphorylated tau. Stereotaxic injection of a novel viral construct containing micro-
RNA targeted to interfere with translation of reelin, were performed in three different
transgenic animal models for AD: the APP/PS1 mouse model, the 3xTG mouse model and the
McGill-R-Thy1-APP rat model. Reelin was successfully lowered in EC layer Il neurons in all
three animal models. However, no consistent change was observed with respect to levels of
hyperphosphorylated tau and GSK3p in EC LII.
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1. Introduction

1.1 Alzheimer’s disease and dementia

Alzheimer’s disease (AD) is a progressive and ultimately fatal neurodegenerative
disease of the brain. AD is the most common form of dementia and accounts for 60-70% of
all dementia cases 1. Dementia is a general term for several diseases that destroys memory,
behavior, cognitive abilities, and a person’s ability to perform everyday activities. The brain
of a person suffering from AD will undergo molecular abnormalities that selectively and
irreversibly damages neurons in a region-specific manner. This ultimately leads to large-scale
neuronal dysfunction and cell death. Current estimates indicate that the pathological changes
occur up to 10-20 years before onset of clinical symptoms % 3. Eventually, the progressive loss
of neuronal connections and neurons themselves manifests in cognitive deterioration, loss of
memory, and gradual impairment in activities of daily living®. In the final stages of the
disease, all cognitive functions are severely impaired, and the patient becomes completely
dependent on palliative care. As death eventually occurs, in most cases this is thought to stem
from medical complications not directly related to AD in itself, such as infections, often

including pneumonia *°.

According to estimates from the World Health Organization (WHO), dementia will
affect 75 million people worldwide by 2030, and is estimated to increase t0132 million by
2050 . The WHO also projects that by 2030, global cost of caring for people suffering from
dementia will have risen to US$ 2 trillion, a cost that potentially could undermine social and
economic development worldwide and overwhelm health and social services®. The WHO has
specifically called for the prevention of dementia as being made a public health priority, and

to this end medical research and innovation is crucial.

1.1.1 Historical overview of Alzheimer’s disease research

The disease now known as AD was first systematically studied by, and later named
after, the German psychiatrist and neuropathologist Alois Alzheimer. In November 1901, a
middle-aged woman by the name of Auguste Deter was admitted to the Frankfurt Psychiatric

Hospital with symptoms consisting of memory disturbances, paranoia, and progressive



confusion. In 1906, after four
and half years in the institution,
Auguste Deter succumbed to
her illness "°. Upon post-
mortem examination of her
brain, Alzheimer observed and
described an atrophic brain,
miliary foci caused by
deposition of a peculiar

substance in the cortex, and

tangled bundles of fibrils Figure 1 Left: Alois Alzheimer photographed in Berlin. Right: Auguste Deter
at 51 years old. Pictures taken from

remaining where once neurons https://iwww.alzforum.org/timeline/alzheimers-disease

had been located °. Alzheimer presented the case of Auguste Deter in 1906 to a disinterested
audience at a scientific congress of German psychiatrists in Tlbingen, and published his
findings one year later "8 1, Emil Kraeplin, a prominent German psychiatrist, and senior
colleague and mentor of Alzheimer understood the fundamental significance of Alzheimer’s
findings. Thus, the diagnostic term Alzheimer’s disease was introduced on Kraeplin’s
authority with the inclusion of the case report of Auguste Deter in the 8" edition of his

textbook Psychiatrie 112,

Despite AD being recognized as a defined illness by Kraeplin in 1910, the scientific
interest in the disease remained modest at best. AD saw renewed scientific interest in the
1960s, when electron microscopy revealed that the tangles of fibrils described by Alzheimer
were made up of paired helical filaments (PHF) 3. A few years later, Blessed, Roth and
Tomlinson published a series of histopathological studies of patients with senile dementia. In
these publications, the authors revealed high correlations between plague counts,
neurofibrillary change and cortical atrophy found in post-mortem examinations with high
scores for dementia and low psychological functioning 4*8. These publications pointed to

AD, then considered a rare presenile dementia, to be a leading cause of dementia.
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Figure 2 Alzheimer’s own drawings of fibrillary changes in ganglion cells stained by Bielschowsky silver staining. (A) Onset

of the disease. (B) Advanced disease. (C) Final condition of the disease. Pictures taken from Alzheimer °

Essential breakthroughs in AD research came in the 1980s, first with the purification
and characterization of the amyloid protein that forms the pathological plaque cores seen in
AD. Amino acid sequencing of this protein identified a unique 40-42 peptide sequence which
we now refer to as amyloid-B (AB) 2?2, Then, researchers discovered a specific cellular
pattern of pathology affecting the major input and output pathways to the hippocampal
formation, a structure crucial to memory. By examining medial temporal lobe structures from
AD patients, researchers observed that projection neurons found in layers (L) Il and 1V of the
entorhinal cortex (EC) were especially damaged, effectively isolating the hippocampal
formation 2. Also came the discovery that the PHF polypeptides seen in tangled fibrils were
labeled by antibodies specific for microtubule associated protein tau 2. Subsequent research
revealed that the tau protein found in AD brains were abnormally phosphorylated. This lead
researchers to the conclusion that phosphorylation of tau protein is a key step in the formation

of PHF seen in AD-neurons 2%

1.2 Anatomy of the hippocampal formation and parahippocampal region

Our memory functions relies heavily on the hippocampal formation and surrounding
medial temporal lobe, and disruption of episodic memory is one of the earliest and most
prominent cognitive impairments in AD 22 The hippocampal formation is a three-layered
cortex and consists of the following regions in the rodent brain: the dentate gyrus, the
hippocampus proper (cornu ammonis (CA) fields 1-3) and the subiculum *. The
parahippocampal region consist of the six layered cortical regions: EC, the perirhinal- and the
postrhinal cortex (Figure 4 A-B)%!



1.2.1 The entorhinal cortex
EC is most commonly divided A B
into two subregions based on ",5 |
differences in cytoarchitecture: the “ v
lateral entorhinal cortex (LEC), and the

. . 33 ® Hippocampus ©EC
medial entorhinal cortex (MEC)**. The

Mouse CA1

two main subregions can be further
subdivided in rodents, where LEC

includes the dorsolateral- (DLE), dorsal

intermediate- (DIE) and ventral

intermediate- (VIE) entorhinal areas,

whereas MEC includes the medial (ME)  Figure 3 The full long axis of the hippocampal formation (red) with

and caudal (CE) entorhinal areas3* 3, the entorhinal cortex (blue) in the rodent (A) and human (B) brain.
Illustrations of Nissl coronal sections with of the hippocampus. DG
1.2.1.1 Entorhinal-hippocampal = dentate gyrus, CA = cornu ammonis fields. Figure adapted from

connectivity through the perforant path ~ Strange Witter

EC is a major cortico-hippocampal relay point, receiving uni- and multimodal inputs
from much of the neocortex, and in turn EC projects massively to the hippocampal formation.
Traditionally two parallel projection input streams to EC have be in described, where
perirhinal cortex projects non-spatial information to the LEC, while the postrhinal cortex
projects visuospatial information to the MEC3. However, recent evidence challenges this
model by demonstrating that all main principal neurons in LEC LII receive convergent inputs
from perirhinal and postrhinal cortices, making LEC LIl the main multimodal integration
structure®®. The perforant path provides a connectional route from EC to all subregions of the
hippocampal formation 313, The performant path includes neurons in EC LII projecting to
the dentate gyrus and CA3, and neurons in LIII projecting to CA1 and the subiculum via the
temporoammonic pathway. The trisynaptic pathway continues from the dentate gyrus to CA3
through the mossy fiber pathway, from CA3 to CALl via the Schaffer collaterals. CAl and

subiculum also relay projections back to the deep layers of EC (Figure 4C) 313738,
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Figure 4 (A-B) The areas of the hippocampal formation and parahippocampal region in the rodent brain shown in two
coronal sections, mid-rostrocaudal (A) and caudal (B). (C) A diagram illustrating the entorhinal-hippocampal connectivity.
The performant path arises from EC LIl and projects both to the dentate gyrus (DG) and CA3. Sub = subiculum, A35/36 =
perirhinal cortex Brodmanns area 35/36, LEA = lateral entorhinal cortex, MEA = medial entorhinal cortex, POR =
postrhinal cortex, Prs = Presubiculum, PaS = parasubiculum. Figure (A-B) adapted from van Strien, Cappaert %, figure (C)
adapted from Yau, Li 3
1.2.1.2 Cell types in layer 11 of the entorhinal cortex

In MEC, roughly 50% of the cells are stellate cells, while the majority of cells in LEC
are fan cells. Additionally, multiform cells can be found in LEC, but not in MEC3L. Also, both
LEC and MEC LIl contains pyramidal and pyramidal like neurons 3. Most of the stellate and
fan cells are reelin (RE)-positive and give rise to projections to the dentate gyrus and CA3 4%
41 1f one follows the original definition of Cajal and Lorente de N6, one must conclude that
LEC LIl is largely devoid of calbindin-positive cells, unlike MEC 4% 42 4% The alternative
delineation places the border between LI and LI1I1 at a deeper position. This splits the dorsal
part of LEC into two sublayers, where the outermost layer, referred to as Llla, contains the



fan cells characteristic of LEC, while the inner sublayer, LI1Ib, includes a sizable portion of
calbindin-positive neurons. Conversely, MEC LII contains calbindin-positive neurons, which
are grouped in clusters “°. MEC will contain calbindin-positive neurons regardless of which of
the two delineation schemes used with respect to placement of the LII/LI1I border. Calbindin-
positive neurons in MEC and LEC provide a wide range of extrinsic projections, including to
CALl and extra-hippocampal areas, as well as providing local excitatory projections within and
between MEC and LEC*

1.3 Neuropathology of Alzheimer’s disease

1.3.1 Neuropathological hallmarks

The two primary neuropathological hallmarks enabling post-mortem verification of
AD are the same as Alzheimer described over 100 years ago. These hallmarks are referred to
as amyloid plaques, and neurofibrillary tangles (NFTs) 4. Another main characteristic of later
stages of AD is massive neuronal loss, especially in the limbic and association cortices,
leading to gross atrophy of the brain #°. Also seen in AD as a consequence of progressive
neuropathology, is widespread synaptic dysfunction, oxidative stress and markers of
neuroinflammation #6-°, The primary focus of this thesis is on the tau-related pathology of
AD, however, a brief consideration of amyloid pathology and brain atrophy will be provided,
as it is relevant when
considering the disease as a
whole and when discussing the
events that might lead up to tau-

specific changes.

1.3.2 Brain atrophy

Brain atrophy caused by
synaptic loss and neuronal death
is a prominent pathological

feature of AD. A symmetrical

pattern of cortical atrophy,

inc|uding Widening of the sulci Figure 5 Brain atrophy in advanced Alzheimer’s disease (AD). Left: Healthy aged

. subject. Right: the brain of a patient in late-stage AD. Take note of the severely

and enlarged ventricles are _ _
enlarged ventricles, the shrinkage of the cerebral cortex and the extreme

visible when comparing the shrinkage of the hippocampus and entorhinal cortex. Figure adapted from Bagad,
brains of AD-patients with Chowdhury & Khan **



healthy controls. Cortical atrophy occurs early in the medial temporal lobe, and soon after
spreads to the remainder of the cortex with a temporal-parietal-frontal trajectory, while
atrophy in motor area occurs in the late disease stages °> °3. Atrophy in the hippocampus is
prominent in AD and the hippocampal atrophy rate is strong predictor of mild cognitive
impairment (MCI) %*. The reduction in hippocampal volume occurs early and progresses
throughout the disease. It also correlates well with Braak staging and neuronal counts in
dementia °2. The EC is one of the earliest regions where neuronal loss is apparent *°. Atrophy
in the EC is dramatic and affects individual lamina differently. LII, which gives rise to the
perforant path to the hippocampus, and LIV which receives major hippocampal efferent
projection, are especially affected. Patients diagnosed with MCI, have a reduction in LII
neurons of around 60%, as well as a near 25% reduction in neuronal volume compared to

controls, while LIV has a neuronal loss of 40% 657,

1.3.3. Amyloid plaques

AP peptides are derived by proteolysis of a larger transmembrane glycoprotein known
as amyloid precursor protein (APP). Sequential cleavage of the APP protein can follow two
distinct pathways; the non-amyloidogenic pathway, which prevents generation of AP, or the
amyloidogenic pathway, which results in the formation of AB (Figure 6) °8.

Nonamyloidogenic Amyloidogenic
= APPsa = APPsp
p3
AP
. Y-secretase B-secretase = y-secretase

a-secretase

AICD
APP  a-CTF APP  B-CTF

AICD



Figure 6 Visualization of the two pathways of processing amyloid precursor protein (APP). In the non-amyloidogenic
pathway, APP is first processed by a-secretase resulting in the soluble ectodomain APPso. and 83 amino acid long C-
terminus fragment (a-CTF). Subsequent cleavage of a-CTF by y-secretase yields extracellular p3 and the APP intracellular
domain (AICD). In the amyloidogenic pathway, APP is first processed by [-secretase, resulting in the soluble ectodomain
APPsp and the 99 amino acid long f-CTF. Subsequent cleavage of B-CTF by y-secretase creates AICD and extracellular
amyloid-p (4p). Figure has been adapted from O’Brien and Wong *°.

Processing of APP in healthy neurons mainly follow the non-amyloidogenic pathway, where
APP is cleaved approximately in the middle of the AP region by a-secretase. This generates a
C-terminus fragment (a-CTF) 83 amino acids in length and the soluble ectodomain APPsa,
which is shed into the extracellular medium. The a-CTF is subsequently cleaved by y-
secretase, resulting in a truncated peptide called p3 being released into the extracellular
medium and the APP intracellular domain (AICD) %8, In contrast, the amyloidogenic pathway
processes APP by an initial cleavage by B-secretase (also known as BACEL), generating a
longer 99 amino acid C-terminus fragment (B-CTF) as well as a soluble ectodomain APPsp.
The B-CTF is subsequently cleaved by y-secretase. This also generates an AICD, but more
importantly, it also generates AB. Depending on variabilities in the cleavage by y-secretase,
AP can vary in length from 39 to 43 amino acids ®°. Of these different isoforms, the 40-
isoform of AP (APao) is the most abundant 51, Of particular interest, is the -42 isoform (ABa2),
which has been shown to be prone to self-aggregation into non-soluble neurotoxic oligomers
and is more abundant in AD brain tissue compared to age-matched controls 62¢*, By
misfolding and self-aggregation, the Ap peptide will undergo conformational changes,
transforming from smaller soluble monomer and oligomer fragments, into larger insoluble
fibrils, eventually becoming amyloid plaques % (Figure 7). The extracellular amyloid
deposits can appear in different morphological types, including dense core plaques and diffuse
plaques. Dense-core plaques, also referred to as senile plagues or neuritic plaques, consist of a
fibrillar amyloid core, and are often linked to dystrophic neurites, activated microglia and
reactive astrocytes. Diffuse plaques are amorphous deposits of AR with a finely granular
pattern, but lacks a compacted fibrillar core 557,
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Figure 7 Amyloid-S (4B) oligomerization and Af plaques. (4) Visual representation for the conversion of A monomers to
higher order oligomers, protofibrils and fibrils. Adapted from Chen et al. . (B-D) Immunostaining of amyloid plaques in a
14-month-old APP transgenic mouse (TQCRND8) with anti-Ap antibody 4G8 and visualized with 3,3 diaminobenzidine
(DAB) (B) Dense-core plaque in the hippocampus. (C) Diffuse plaque in the caudate. (D) Overview of amyloid plaques in the
hippocampus. Scale bar = 100um for (B-C) and 500um for (D). Pictures adapted from Rak et al.

1.3.3.1 Amyloid cascade hypothesis

The amyloid cascade hypothesis states that deposition of Ap is the causative
pathological agent in AD and that amyloidogenic processing of APP precedes the formation
of NFTs. A disruption in the production- and clearance of A, resulting in increased levels of
A2, is thought to initiate a series of pathogenic events, including formation of p-Tau and
NFT, and ultimately synaptic and neuronal dysfunction®: °. Genetic evidence in favor of the
hypothesis comes from studies of humans with Down syndrome, who develop
neuropathology indistinguishable from AD. Due to trisomy of chromosome 21, persons with
Down syndrome have three copies of the APP gene, which researchers claim to be a causal
factor in the AD neuropathology observed Down syndrome. Individuals with Down syndrome
show abundant diffuse AB plaques, microgliosis and NFT accumulation already in the early-
to-mid teens®® 71, Also, the majority of cases of familial AD, are caused by mutations in the
catalytic subunits of y-secretase, presenilin 1 and 2 (PS1/2), which result increase in the ratio
of A2 produced to ABao’ 3. Although accumulation of AB plaques has a low correlation
with cognitive decline, intracellular A correlates strongly with cognitive decline ™,



Intracellular ABa. is reported to accumulate in EC LII, a region associated with early

accumulation of tau pathology, prior to NFT and Ap plaque deposition 76 77

1.4  Tau protein and neurofibrillary tangles

1.4.1 Tau protein

Tau protein, also commonly referred to as microtubule-associated protein tau (MAPT),
was initially discovered in 1975 "8, Much of AD research has been devoted to the study of tau
protein since the breakthrough discovery in 1986 that abnormally phosphorylated tau is the
major component of the PHFs that make up NFTs 2427, Dysfunction of tau protein is not a
unique pathological feature of AD. Aggregation of tau is the primary pathological feature of a
wide range of neurodegenerative disorders, collectively termed tauopathies. These include,
but are not limited to, frontotemporal dementia and parkinsonism linked to chromosome 17,
Pick’s disease, chronic traumatic encephalopathy, progressive supranuclear palsy,

argyrophilic grain disease, and corticobasal degeneration "8

In healthy neurons, tau acts mainly as a stabilizing molecule on axonal microtubules.
Microtubules are protein polymers of the cytoskeleton, tasked with stabilizing cell shape,
aiding mitosis, and serve as tracks for intracellular transport by motor proteins like kinesin
and dynein. The main function of tau is to stabilize the microtubules by binding to the
microtubule surface and promote their self-assembly from tubulin subunits 8. As a
phosphoprotein, the functions of tau are regulated by phosphorylation, which reduces its

ability to bind to microtubules &2,

1.4.2 Tau structure

Tau protein can be divided into two parts based on functionality: the microtubule
binding domain towards the C-terminus, and the projection domain towards the N-terminus.
The microtubule binding domain has four imperfectly repeated motifs, separated by flanking
regions, which together provides the structure by which tau binds and stabilizes microtubules
8, Upon binding, the N-terminal projection domain protrudes away from the microtubule.
This enables regulation of microtubule dynamics by providing spacing between microtubules
and other cell components . The MAPT gene located on chromosome 1721 encodes the tau
protein, and combinations of alternative splicing of exons 2, 3 and 10 gives rise to six

different isoforms of tau in the human brain. Having zero, one or two N-terminal inserts (ON,
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1N and 2N), in combination with either three (3R) or four (4R) repeat regions in the

microtubule binding domain determines the isoform (Figure 8) 8586,

Tau expression is developmentally regulated, such as in the fetal brain, only the
shortest isoform (ON3R) of tau is expressed, whereas in the adult human brain, all six
isoforms are present with equal amounts of the 3R and 4R tau isoforms 83, However, this is
not the case in the murine brain. Although the ON3R isoform is briefly present in fetal wild
type (WT) mice, the predominant isoform quickly changes to the point where only 4R tau is
expressed in the adult mouse brain, with the ON4R being the predominant isoform &-%, The
adult rat brain contains all six tau isoforms like the human brain, however, the expression of

4R tau isoforms are nine-fold higher than 3R isoforms .

Microtubule binding

Projection domain doniain

Gene location

1 262 441
Chr 17 q21 Inserts

2N4R

1N4R
ON4R

2N3R
1N3R
ON3R

ey

-l

Tau isoforms

N terminus C terminus
Figure 8 MAPT gene chromosomal location and all six isoforms of tau protein by alternative splicing of exons 2,3 and 10.

Different tau isoforms occur as a result of the absence or presence of one or two N-terminal inserts encoded by exon 2
(yellow) and 3 (orange), in combination with the presence or absence of the R2 repeat encoded by exon 10. Figure
adapted from Simi¢ et al
1.4.3 Tau hyperphosphorylation

Under pathological conditions, tau protein can become excessively phosphorylated, a
process which is called hyperphosphorylation. The level of phosphorylated tau protein in
autopsied AD brains have been reported to be three- to four-fold higher than in healthy
controls 2. Approximately 45 phosphorylation sites have been identified in tau protein
isolated from the AD brain & %% %4, Hyperphosphorylated tau (p-Tau) undergoes
conformational changes that makes tau lose its ability to bind to and stabilize microtubules.
This leads to microtubule depolymerization, eventually resulting in disruption of intracellular
axonal transport and degeneration of axons % *. Detached tau accumulates in the
somatodentdritic compartment of the affected neuron, and will start to self-aggregate into

higher order oligomers®” %8, These aggregates form the PHFs, which are made up of paired
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fibrils, alternating 8nm and 20nm in width, wound in a helical fashion with a regular
periodicity of 80 nm. The PHFs make up the principal component of the NFTs, 13819 A
secondary structural variant of PHFs, also made from p-tau subunits, are straight filaments,
which are also found in NFTs. The straight filaments are slightly smaller with a width of 15

nm, and does not exhibit the modulation in width seen in PHFs %% 101 (Figure 9).
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Figure 9 Visual representation of tau-pathological cascade. Microtubule stabilization by tau protein is regulated by
phosphatases and kinases. Under pathological conditions, tau protein becomes hyperphosphorylated (p-tau) and detaches
from microtubules and form cytoplasmic tau oligomers, which eventually form paired helical filaments (PHFs). The PHF
assemble to produce neurofibrillary tangles (NFT), eventually leading to neuronal death and the release of NFTSs into the
extracellular medium. Figure adapted from Mokhtar et al. 1%

Dense arrays of PHFs will ultimately aggregate into its final state of NFTs, and prolonged
dysfunction of neuronal processes will lead to neuronal death. NFTs and neuropil threads of
PHFs and straight filaments are then released into the extracellular space, triggering
microglial activation 19319, P-Tau is also found extracellularly in in dystrophic neurites and in

neuritic Ap plaques % 1%,
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1.4.4 Tau pathology in the Alzheimer’s disease brain

The pattern in cortical A p-tau (AT8)

atrophy, as well as the degree of '§
clinical dementia correlates well b -

L Q 3
with the NFT spread, suggesting — g i
that NFT pathology has some direct z
impact on brain function 57 108,109,

B

Initial tau pathological changes
occur in the parts of EC located
towards the collateral sulcus, i.e.
laterally, in what is sometimes
called the transentorhinal region
(TR) 110114 progression of NFT
pathology in AD follows a well-

established regional pattern, defined Figure 10 (A) Immunostaining of neurofibrillary tangles (NFT) and neuropil

threads in human Alzheimer’s disease (AD) brain using AT8 antibody

in the so-called Braak stages. Stages visualized with 3,3’ diaminobenzidine (DAB). Pictures from Kurihara et al.""

| and Il are called the trans- (B) Electron micrographs of paired helical filaments (PHF). Left: PHF

entorhinal stages, where tau isolated from an AD brain, with 80nm crossover repeats (arrowheads).

Right: PHF assembled in vitro from recombinant tau. Pictures from
Mandelkow & Mandelkow 0!

pathology first appears in LII-
neurons in the part of EC located
towards the collateral sulcus. In stage 111-1V, NFT pathology increases in EC LII, while it also
appears in the hippocampus. By stages V-VI, NFTs have spread to all neocortical association
areas, as well as primary sensory areas such as the striate cortex 110111115116 Throughout the

stages, there is a continuous increase of NFTs in those areas already affected.

1.4.5 Tau protein kinases

Microtubule function is regulated by phosphorylation and dephosphorylation of tau
protein. In healthy neurons this demands a balance between the kinases, which adds a
phosphate group, and the phosphotases, which removes a phosphate group. Disruption of this
equilibrium by an increase in kinase activity is thought to be a key step in the tau-pathological
cascade. Tau specific kinases can be divided into three groups, proline-directed kinases
(PDPK), non-PDPK, and tyrosine (Tyr) kinases *’. PDPK phosphorylate the serine (Ser) and
threonine (Thr) residues on tau. The kinases glycogen synthase kinase 38 (GSK3) and
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cyclin-dependent protein kinase-5 (CDK5) belong to this group of kinases, and have been

extensively studied in relation to tau pathology in AD.

GSK3 exists in two different isoforms: GSK3a and GSK3p 8119, GSK3p regulates
multiple cellular functions, including gene expression, cell proliferation, neural development
and plasticity 12°. Formerly known as tau protein kinase I, GSK3p also induces abnormal
phosphorylation of tau and promotes assembly of PHFs seen in AD 129122, GSK3B is a
constitutively active kinase, however, its activity is modulated by phosphorylation at specific
residues. The activity of GSK3p is significantly downregulated by phosphorylation at the
Ser9 residue, while its activity is upregulated by phosphorylation on the Tyr216 residue 23,
Multiple AD-related residues on tau protein are phosphorylated by GSK3 activity, among
which are Ser199, Thr205 and Ser396 % 124127 Interplay between GSK3p and additional
kinases have previously been reported to increase the scope of tau phosphorylation by
GSK3p. For instance, pre-phosphorylation of tau by the non-PDPK A-kinase, allows GSK3
to phosphorylate residues on tau that GSK3p normally does not have access to 12> 126, Also,
tau phosphorylation by PDPKSs aren’t mutually exclusive, as it has been demonstrated that
pre-phosphorylation of tau by CDKS5 stimulated both the rate and extent of subsequent
phosphorylation of GSK3p 28,

1.5 Reelin

1.5.1 Reelin function in neurodevelopment and in the healthy brain

Reelin (RE) is a large extracellular glycoprotein which plays a key role in
neurodevelopment by regulating neuronal migration, thereby aiding corticogenesis and
neuronal lamination. During neuronal development, Cajal-Retzius cells in the marginal zone
secrete RE, postmitotic cells cell migrate along radial glial cells to form the cortical plate and
subplate via the RE-pathway 12* 13, The importance of RE becomes particularly evident in
the RE-deficient reeler mouse model, where cortical lamination is severely disrupted in
homozygous animals 131133 RE also plays a role in adult synaptic plasticity by interacting
with the lipoprotein receptors ApoE receptor 2 (ApoER2) and the very low-density
lipoprotein receptor (VLDLR). Long-term potentiation (LTP), which is a process considered
to be the basis of memory formation, was demonstrably reduced in VLDLR-deficient mice,
and profoundly reduced in ApoER2-deficient mice. Also, RE significantly augmented LTP
induction in hippocampal slices from WT-mice, but not in slices from either VLDLR- or
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ApoeR2-deficient animals 4, @_@\/\/@_@

Binding of RE to ApoER2 and
VLDLR at the postsynapse also
modulates neurotransmission
through N-methyl-D-aspartate
receptor (NMDAR). This elevates

( 1S 0 5
Microtubules l
levels of intracellular calcium, = =

leading to downstream effects

H H iPKB; 5]
including enhanced LTP, 1" p Synaptic plasticity
. . .. ala :
increased synaptic plasticity, 7 a Neurite growth
. .- Dendritic spine development
neurite growth and dendritic ™39~ j, \
- Y > @ GDP GTP
spine development (Figure 11) (p39)- ¥ — Migration,
Cytoskeletorw transport

135, 136

Figure 11 Schematic of intracellular signaling as a result of reelin (RE)

RE bmdmg to ApoeR2 and binding to very low-density lipoprotein receptor (VLDLR) and ApoE receptor 2

VLDLR receptor also promotes  (ApoER2). RE binding to VLDLR/ApoER2 potentiates N-methyl-D-aspartate
microtubule stabilization by (NMDA) influx of calcium (Ca?*), leading to downstream effects increasing

synaptic plasticity, neurite growth, and dendritic spine development. RE

activating an intracellular cascade binding to VLDLR/ApoER? also initiates intracellular signaling leading to

th rough the Cyt0p|asmiC adapter inhibition of glycogen synthase kinase 3p (GSK3p) by phosphorylating Ser9,
protein disabled 1 (DABl) thus preventing tau hyperphosphorylation and microtubule destabilization.

o o Figure adapted from Herz & Chen 136
inhibiting GSK3 activity by

phosphorylating Ser9, ultimately preventing tau hyperphosphorylation and microtubule
destabilization (Figure 11) 136137,

1.5.2 Reelin in Alzheimer’s disease

As previously mentioned, EC LIl neurons are especially implicated in the early
development of AD regarding early onset of p-Tau accumulation and neuronal loss. RE in the
rodent brain is abundantly expressed in LII of both LEC and MEC. RE expression is strongest
in neurons close to the rhinal fissure, and there is a gradual reduction in RE expression when
moving further away from the rhinal sulcus until only a small amount is present in the most
venteromedial parts of EC %, Recent evidence indicates that RE-positive neurons in EC LII
are particularly vulnerable to the accumulation of intracellular AB. In EC, similar to the
expression of RE, the accumulation of intracellular AP also follows a topographical gradient,
with levels of intracellular A being strongest near the rhinal fissure 3. A study of RE levels

in EC in transgenic mice expressing human APP, RE levels were significantly reduced in EC
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projection neurons in comparison to non-transgenic controls, suggesting that Ap can reduce
levels of RE in EC **°. Interestingly, the expression pattern of intracellular Ap and RE is
strikingly similar to the expression pattern of early NFT accumulation described by Braak &
Braak 1%, Age-related reduction of RE-expressing neurons in LEC LI in rats has been shown
to be associated with cognitive decline, as well as increased accumulation of p-Tau 1414, In
reeler mice, as well as mice deficient in VLDLR/ApoeR2, levels of GSK3p and p-Tau has
been shown to be dramatically increased, suggesting that accumulation of p-Tau could be

related to RE dysfunction in the DABL1 signaling pathway 142 143,

The observed prodromal accumulation of intracellular Ap in RE-positive neurons in
EC, which happens to be the same neurons implicated in the onset of tau-pathological
changes, might suggest some form of interaction between RE and intracellular AP, resulting
in the initiation of tau pathology. As previously mentioned, RE is indirectly regulating tau-
phosphorylation by promoting GSK3 inactivity by phosphorylation of its Ser9 residue.
Reduced levels of RE would potentially lead to less inhibition of GSK3p, resulting in p-Tau
formation 4, Interaction between intracellular Ap and RE that results in disrupted RE

signaling, might be a molecular mechanism that initiates NFT pathology in EC LII.

1.6 Transgenic animal models of Alzheimer’s disease

1.6.1 APP/PS1 mouse

First developed and published in 2006 by R. Radde and her team at the Hertie-Institute
for Clinical Brain Research in Germany, the APP/PSL1 is a transgenic mouse model for AD on
a C57BL/6J genetic background that co-express transgenes for human APP Swedish double
mutation (KM670/671NL) and PSEN1 containing the L166P mutation. Both transgenes are

controlled by a neuron specific Thyl promoter element 1%,

Initial Ap plaques are detectable in the neocortex of the APP/PS1 at 6 weeks
postnatally. As the disease progresses, amyloid deposits appear in the hippocampus at 3-4
months of age, and in becomes apparent in the striatum, thalamus, and the brain stem after 4-5
months. After 8 months, AP plaques are present throughout the forebrain 1%. At 8 months, the
AP plaques were surrounded by hyperphosphorylated tau-positive neuritic processes
detectable by AT8 immunostaining. However, no fibrillar tau inclusions or tangle formation
has been observed in the APP/PS1. Levels of total tau concentration in CSF does increase at 6
months, and reach a 5-fold increase by 18 months of age!*®. The APP/PS1 displayed a
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significant impairment in reversal learning compared to age-matched littermate controls by 8
months of age!®®. There were no registered statistical differences in AP pathology between
male and female APP/PS1 mice in the initial publishing%.

1.6.2 3xTG mouse

Developed by S. Oddo and his team at University of California, Irvine and published
in 2003, the triple-transgenic (3XTG) AD model is a widely used mouse model in AD
research and is known for developing both AP plaques and NFT pathology 4. This model
was developed by co-microinjecting two independent transgenes encoding for human APP
with the Swedish double mutation (K670N/M671L) and the human MAPT P301L mutation,
both under control of the Thy 1.2 promoter, into single-cell embryos harvested from
homozygous mutant PSEN1 M146V knock-in mice with a C57BL/6 genetic background.

The earliest detectable neuropathological changes in the 3XTG mouse are the
intracellular accumulation of AP peptides in the neocortex. This occurs by 3 to 4 months of
age in both homo- and heterogeneous genotypes and precedes any detectable extracellular AP
pathology 146147 Extracellular accumulation of AP is first apparent in 6-month-old
homozygous mice, mainly in the frontal cortex LI1V-V and senile plaques can be identified in
the neocortex and the hippocampal areas by 12-15 months 46147, Tau-specific pathology,
including phosphorylation at the epitopes S202/Thr205, was first detectable at 12 months in
the CA1 subfield of the hippocampus, particularly in pyramidal neurons. Phosphorylation at
epitopes Ser396/Ser404 became evident at 18 months of age 6. This differs from the human
AD brain, where first tau-specific cortical pathology is detected in EC *'°. Cognitive
impairments are apparent in the 3xTG mouse at 4 months of age, prior to onset of AP plaque
and NFT pathology, and manifest in long-term retention deficits and progresses to learning
deficits at 6 months of age*®. At 6 months, the mice also displayed a decrease in LTP and
impairments in basal synaptic transmission in comparison to wild type 6. Both male and
female mice seem equally affected by the disease phenotype 4. In summary, the 3xTG
mouse model for AD demonstrates an age-related and progressive disease phenotype that
includes both neuropathological hallmarks for AD, namely AP plaques and NFTs. However,
these lesions appear to be restricted to only parts of the cerebral cortex, hippocampus, and

amygdala, likely owing to limits in the expression of the transgene.
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1.6.3 McGill-R-Thy1-APP rat

The McGill-R-Thy1-APP is a transgenic rat model for AD developed by Prof. A.
Claudio Cuello and his research team at McGill University in Montreal, Canada. This model
was first published in 2010 **°. The McGill-R-Thy1-APP was developed to express the
modified variant of the human APPzs; isoform, containing both the Swedish double mutation
(K670N/M671L) and the Indiana mutation (V717F), under the control of the murine Thy 1.2
promoter. Since the McGill-R-Thy1-APP model is reproducing AD-pathology with only a
single transgene, the rat model’s minimal genetic invasiveness is considered to offer the

closest available analogy to the human sporadic AD pathology **°.

In this transgenic AD model, homozygous rats display the complete amyloid
pathology phenotype with intracellular A accumulation and dense fibrillar plaque deposition.
The amyloid pathology in heterozygous rats, however, display only intracellular accumulation
of AP throughout their lifespan #°. Intracellular accumulation of AP in pyramidal neurons of
both the cerebral cortex, and hippocampus was detectable as early as one week after birth, and
was well established at 2-3 month old rats *4°. Amyloid plaque pathology occurs after the
intracellular pathology is well established. The amount of plaque increases over time and the
anatomical spreading coincides with that observed in human AD . At 6 months of age in
homozygous rats, extracellular Ap plaques accumulate first in the subiculum and occasionally
in EC. At 13 months of age, plaque pathology has spread to the remaining hippocampal
formation and neocortex. Finally, in 20-month old rats AB plaques were present in nearly all
areas of the brain, especially in the hippocampus, as well as in the parietal cortex and EC 1#°.
Homozygous rats displayed a clear cognitive deficiency by the age of 3 months, compared to
age-matched wild type controls and heterozygous littermates when evaluated in performance
in the Morris water maze test 1. All described pathology was equally present in both male
and female rats, and there was no evidence of any gender associated differences in AP

pathology in the McGill-R-Thy1-APP rat model 4°,

1.7 Aims and hypotheses

When a person develops apparent clinical symptoms of AD, the person may have
already undergone at least a decade-long pre-clinical phase of the disease with underlying
neuropathological changes. Understanding the early molecular mechanisms of AD is essential
in order to develop effective early diagnostic tools and treatment strategies. A better

understanding of the molecular mechanisms behind the initiation of NFT formation in EC LII
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is therefore highly relevant. One such mechanism that lead to p-Tau formation could be the
activation of tau kinases such as GSK3p as a result of pathological interactions between RE

and intracellular Af.

The aim of this thesis is to test the hypothesis that when RE expression is effectively
reduced in EC LII, higher levels of upregulated GSK3f phosphorylated at Tyr216, as well as
a concurrent increase in p-Tau will follow in these neurons. Investigation into the possible
relationship between RE and p-Tau is done by artificial lowering of RE levels in EC LII of the
APP/PS1, 3XTG and McGill-R-Thy1-APP transgenic animal models for AD
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2. Methods

2.1 Animals

2.1.1 Housing and animal care

All animals used in this thesis were provided by the animal facility belonging to Kavli
Institute for Systems Neuroscience. All experimental procedures were performed within the
Kavli Institute for Systems Neuroscience at the Norwegian University of Science and
Technology (NTNU). All research animals were housed in enriched cages with free access to
food and water, and kept on a 12-hour light/dark cycle in 20-23 °C, 50-60% humidity.
Considerations regarding the three R’s; Replacement, Reduction and Refinement, as first
described by Russel and Burch !, was implemented in the planning and the performing of
experiments using animals. All steps necessary to ensure good animal welfare has been taken
throughout this project. The use of research animals in this thesis was approved by the
Norwegian Animal Research Authority and is in accordance with the Norwegian Animal
Welfare Act §§ 1-28, the Norwegian Regulations of Animal Research 8§ 1-26.

2.1.2 Animals used

Three different transgenic animal models were used in this thesis: the APP/PS1 AD
mouse model 1%, the 3xTG AD mouse model **” and the McGill-R-Thy-1-APP rat model for
AD Two APP/PS1 mice, one 3xTG mouse and four McGill-R-Thy-1-APP rats were used
to investigate the effects on tau phosphorylation on Ser396. Two APP/PS1 mice and one
3xTG mouse were used to investigate the effects on phosphorylation on GSK3f Tyr216. See

Appendix 6.1 for a complete list and details of all animals used in this thesis.

2.2  Stereotaxic injections

2.2.1 Viral constructs

The viral constructs used in this thesis were generated by Dr. Rajeevkumar Nair
Raveendran at the Viral Vector Core Facility at Kavli Institute for Systems Neuroscience,
NTNU. In order to reduce RE expression locally in EC LII neurons, a transgenically-targeted
viral vector was injected in each animal in one cerebral hemisphere, and a control virus
injected in the contra-lateral hemisphere. The experimental viral vector used was an adeno-
associated virus (AAV2) with a green fluorescent protein-tag (GFP) carrying a payload of
micro-RNA (miRNA) specifically designed to block translation of RE messenger-RNA
(mRNA), under control of a cytomegalovirus (CMV) promoter. The control virus used was an
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AAV?2 containing GFP driven by a CMV promoter. The choice of experimental and control

hemispheres was randomized between animals.

Initially, a complementary approach was planned where we sought to increase RE
expression locally in EC LIl neurons. This was attempted by utilizing a tetracycline-
controlled transactivator- (Tet) dependent AAV2 containing the signaling component middle-
fragment of RE (R3-R6-Tet). However, expression of the RE middle fragment failed, most
likely due to the R3-R6-tet RE middle fragment being to large for our viral vector. The
animals injected with the RE middle fragment as the experimental virus were excluded from

further analysis.

Reelin
Promoter
fragment

Experimental virus CMV-ﬂGI Reelin pURNA

Figure 12 Diagram of both the experimental virus and the control virus. The experimental virus was injected into EC LIl and
the control virus was injected into LIl of the contralateral EC. The experimental virus is an AAV2 with a GFP tag carrying a
payload of uRNA targeted against Reelin, driven by a CMV promoter. The control virus is identical, but does not contain
URNA targeted against Reelin.

Control virus
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2.2.2 Stereotaxic surgery procedure

All surgeries were performed by my thesis supervisor, Dr. Asgeir Kobro-Flatmoen. |
did, however, assist him on a few surgeries involving both mice and rats. By doing this, |
gained a basic theoretical understanding of the surgical procedure, and | received some
practical training in performing key parts of the process. | will give a brief summary of the

surgical procedure below.

The surgical environment was prepped and readied prior to the start of the surgery.
This included prepping analgesics/anesthesia, lining up and sterilizing all necessary surgical
equipment and preparing the microinjection-pump. Once ready, the animal was first
anesthetized with 5% isoflurane gas (IsoFlo vet., Abbott Laboratories, Chicago IL, USA) in
an induction chamber. Once anesthetized, the animal was weighed and subsequently mounted
on the stereotaxic surgery table (Kopf Instruments, Tujunga CA, USA) with a steady flow of
1% isoflurane gas with a set airflow at 1L/min. The animal’s response to pain was tested by
administering pinches to the toes with forceps and checking for reflexes. The animal was
deemed sufficiently anesthetized when it did not respond to nociceptive stimuli and exhibited
a slow, but steady respiration. The animal’s eyes were covered with Simplex, a protective
balm (Tubilux Pharma S.p.A., Pomezia, Italy), to prevent drying. The eyes were covered to
prevent damage to the retina by the bright fiberoptic lighting. The fur on the head of the
animal was thoroughly shaved and iodine (lodine NAF Liniment 2%, Norges Apotekforening,
Oslo, Norway) was used to clean the skin. Marcain (0.06mI1/30g, bupivacaine, AstraZeneca
AB, Sodertélje, Sweden) was subcutaneously injected beneath the scalp of the animal.
Additionally, Metacam (0.12ml/30g, meloxicam, Boehringer Ingelheim Vetmedica GmbH,
Ingelheim am Rhein, Germany) and Temgesic (0.09ml/30g, buprenorphine, Indivior, Dublin,
Ireland) was subsequently administered separated by one minute. The animal was then left for
a few minutes in order for the analgesics to take full effect. The head of the animal was fixed
in place on the stereotaxic frame (Kopf Instruments, Tujunga CA, USA) with ear bars and the
rostral-caudal and medial-lateral alignment was controlled by aligning the points of bregma
and lambda on the animal’s skull (Figure 13). A single straight midline incision was made
from the frontal cranial bones to the back of the interparietal cranial bones using a small blade
scalpel. The skin was pulled apart and held in place with hooks. The periost was removed and

the top of the skull was rinsed with a saline solution and cleaned with cotton swabs. By using
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predetermined coordinates® specific to mice and rats, the first injection point was identified by
navigating from sinus sagittalis and sinus transversus. Once the first injection point was
identified, a craniotomy was performed by carefully drilling a small hole with a handheld
drill. A glass capillary containing the viral vector was gently lowered into the brain. The
capillary was kept in place for 5 minutes, allowing the surrounding tissue to retract around the
needle. The subsequent injection was done using a microinjector pump (Micro4, World
Precision Instruments, Hertfordshire, United Kingdom), injecting at a constant speed of 30
nl/min. After the injection was completed, the capillary was kept in place for an additional 5
minutes to prevent backflow of the viral vector. The capillary was slowly retracted from the
brain. The skin was sutured, and the animal was placed in a heated recovery cage to
recuperate. The well-being of the animal was constantly monitored throughout the procedure.

A Bregma Lambda B

Figure 13 (A) Diagram of a rat skull viewed from above, highlighting the reference points bregma and lambda used in
stereotaxic surgeries for the purpose of leveling the brain. Bregma is located at the intersection between the frontal bone and
the parietal bones, and lambda is positioned where the parietal bones meets the occipital bone. Note that lambda is not
located precisely at the intersection where the skull bones meet, but it is placed on the midpoint of the curve of best fit along
the lambdoid suture. (B) Rat mounted on the stereotaxic surgery table and fixed in place with ear bars. A midline incision
has been made, exposing the skull, and making the points bregma and lambda visible.

2.3 Tissue processing

2.3.1 Transcardial perfusion and brain extraction

After carrying the viral vectors for the predetermined time, animals were anesthetized
with 5% isoflurane gas in an induction chamber, weighed, and given an intraperitoneal
injection of pentobarbital (100mg/kg, NAF vet, Oslo, Norway) appropriate to its weight. The
animal was placed back into the induction chamber, and dose of isoflurane lowered to 2%.

Once respiration reached the point of clearly being in the terminal phase, the animal was

! Stereotaxic coordinates for mice: sinus saggitalis +3, sinus transversus +2, move laterally towards the edge of
the skull, injection at -2.8 depth.

Stereotaxic coordinates for rats: sinus saggitalis +3.30, sinus transversus +4.60, move laterally towards the edge
of the skull (roughly +3.60), injection at -4.50 depth.
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transferred from the induction chamber to a down-ventilated surgery table. Absence of
reflexes was determined by pinching the animal’s paws with forceps. The procedure would
then only continue if the animal proved unresponsive. The animal was taped in place in a
supine position, and a lateral incision was made through the integument and abdominal wall
beneath the rib cage. Subsequently two incisions were made on both sides along the entire
length of the rib cage, exposing the pleural cavity. The diaphragm was cut along the rib cage,
and the rib cage was cut through up to the collar bone on both sides. The sternum was
clamped with a hemostat, and placed over the head, fully exposing the heart. A cut in the
heart’s right atrium was made, and a perfusion needle connected to a Peri-Star pro 4-channel
perfusion pump (World Precision Instruments Inc., Hertfordshire, United Kingdom) was
carefully inserted into the left ventricle in a straight angle to prevent accidental penetration
into the right ventricle. Ringer’s solution (3.35 mM KCI, (Merck KGaA, Darmstadt,
Germany), 145 mM NaCl (VWR International, Radnor, PA, USA), 2.28 mM NaHCOs3
(Merck KGaA, Darmstadt, Germany), pH 6.9, room temperature) was administered through
the perfusion needle at a constant pressure, emptying the blood content of the animal through
the right atrium. Ringer’s solution was administered until the solution exiting the heart was
clear of blood and the liver was lighter in color. At this point, the ringer’s solution was
disconnected at the pump, and 4% freshly depolymerized paraformaldehyde (PFA, Merck
kGaA, Darmstadt, Germany) in 125mM phosphate buffer (PB, pH 7.4) was connected and
administered through the same needle in order to fixate the brain. Fixation tremors and
movement of the tail was taken as indicators of a good fixation. PFA was administered for

roughly 5 minutes, until the fixation tremors completely subsided.

In order to extract the brain, the animal’s head was first completely removed from the
body. Then, a midline incision from the top of the neck to the nose was made, exposing the
dorsal cranium. Remaining neck and chin musculature were then removed, and skin peeled
back, exposing the entirety of the cranium. A pair of small sharp scissors were placed inside
the foramen magnum, and the skull was carefully cut along the dorsal midline, traveling the
inner surface of the skull caudo-rostrally with the tip of the scissors facing upwards to avoid
damaging brain tissue. Using a rongeur, the dorsal surface of the skull was carefully peeled
of, followed by removal of the sides of the scull. The cranial nerves and small parts of the
olfactory bulb was severed using a spatula, and the brain was subsequently removed from the
lower part of the skull and placed in brain cup containing PFA. The brain was kept in PFA

overnight at 4 °C. The following day, the brain was transferred to a cryoprotective PB
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solution containing 2% dimethyl sulfoxide (DMSO, VWR International, Radnor, PA, USA)
and 20% glycerol (VWR International, Radnor, PA, USA), and stored for a minimum of 24

hours until sectioning.

A

Figure 14 (A) Transcardial perfusion of rat visualized in a stepwise manner. Steps one and two illustrates how to correctly
open the chest cavity, exposing the heart. Steps three and four shows how to cut the right atrium and how to correctly insert
the perfusion needle into the left ventricle. (B) Step wise illustration of how to expose a brain for extraction. All illustrations
have been adapted from Gage, Kipke & Shain 152,

2.3.2 Brain sectioning

All brains were sectioned in the coronal plane. Before sectioning, each brain was
marked by a small incision running along the entire right dorsal cerebral hemisphere to enable
differentiation of the hemispheres. All brains were sectioned using freezing sledge microtome
(Microm HM430, Thermo Fisher Scientific, Waltham, MA, USA) set at a temperature to -37
°C. A base of sucrose (VWR International, Radnor, PA, USA) solution (30% sucrose
dissolved in 0.4M PB and H20) was applied to the microtome base and leveled with the
microtome blade. In order to properly mount brains to the microtome in an upright position,
the caudal-most portion of the cerebellum was cut at a straight angle, creating a flat base on
which brains could stand. After placing brains on the sucrose base, they were visually

inspected and adjusted such that the midline was perpendicular to the surface, before applying
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additional sucrose to the surface of the brain, attaching it firmly to the microtome stage. The
brain was then covered with finely crushed dry ice and left to freeze all the way through.
Once frozen solid, sectioning could be performed. Additional dry ice was applied throughout
the process to ensure the brain tissue was kept frozen. All experimental APP/PS1 and 3xTG
mouse brains were cut into series of five at 30 um. The McGill-R-Thy1-APP rat brains were
sectioned into six series at 40 um. Due to this thesis being part of a larger ongoing research
project, the virus-injected rat tissue were needed for a wide range of analyses and tissue was
in short supply. Therefore, one series from each injected rat was sorted rostro-caudally and
split in half. One half was used for analysis of p-tau, and the other half was given back to my
supervisor. No rat tissue was available for GSK3[ analysis at the time. All sectioned series of
brains consisted of equally spaced coronal slices and was stored at — 24 °C in DMSO in

individual tubes.

2.4 Immunohistochemistry

2.4.1 Double fluorescent immunohistochemistry protocol in viral-injected tissue

In order to investigate potential changes in p-Tau as a function of lowered expression
of RE, tissue injected with the viral construct were subjected to double fluorescent
immunohistochemical labeling with primary antibody (PA) anti-pSer396 (Abcam, Cambridge
UK) and anti-RE G10 (Merck kGaA, Darmstadt, Germany). In the APP/PS1 and 3xTG mouse
models, anti-pGSK3p Tyr216 (Abcam, Cambridge UK) was also used to investigate potential
upregulations of the GSK3p tau-kinase as a result of lowered RE levels and was used in
double fluorescent immunohistochemical labeling in combination with anti-RE G10. For a

complete list of all PA used, see Table 1.
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Table 1

Overview of primary antibodies used in this thesis.

Product name  Host/Clonality Target Manufacturer  Catalog Batch
number/RRID number
Anti-Tau | Rabbit monoclonal Tau phosphorylated Abcam ab109390, RRID: 303639
(phospho S396) at serine 396 AB_10860822
antibody
EPR2731
Anti-GSK3 beta | Rabbit polyclonal Endogenous levels of  Abcam ab75745, RRID: 258756
(phospho Y216) GSK3pB AB_1310290
antibody phosphorylated at
tyrosine 216
Phospho-Tau | Mouse monoclonal Tau phosphorylated Thermo Fisher MN1020, RRID: 2207392
(Ser202, Thr205) serine 202 and Scientific AB_223647
Antibody AT8 threonine 205
Anti-Reelin | Mouse monoclonal Mouse reelin amino Merck Millipore  MAB5364, RRID: 3099957
Antibody G10 acids 164-496. AB_11212203

Excess DMSO were rinsed off in short washes of PB 3 times for 2 minutes. After this,
the tissue underwent heat induced antigen retrieval (HIAR) in 40 ml PB for 2 hours at a
temperature of 60°C. After HIAR, sections were washed 3 times for 10 minutes in PB
containing 0.2% Triton X-100 (PBT, Merck kGaA, Darmstadt, Germany). To prevent non-
specific binding of the antibodies, the tissue was incubated in PBT with 10% normal goat
serum (NGS, Abcam, Cambridge, UK) for one hour. After this, the tissue was incubated
overnight at 4°C with PA goat anti-rabbit pSer396 (1:2000) or goat anti-rabbit pGSK3
Tyr216 (1:1000) with goat anti-mouse RE G10 (1:1000) in PBT containing 5% NGS. The
following day, the tissue was rinsed in PBT 3 times for 10 minutes. In order to visualize the
PA, the tissue was incubated for 2 hours in room-temperature, protected from light with
fluorescent secondary antibodies (SA), goat anti-rabbit Alexa Flour 546 (1:1000, Invitrogen,
Carlsbad, CA, USA) and goat anti-mouse Alexa Flour 635 (1:1000, Invitrogen Carlsbad, CA,
USA) in PBT containing 5% NGS. For a complete list of SA used in this thesis, see Appendix
6.3. After this, the tissue was rinsed 3 times for 10 minutes in PB, followed by a quick wash
in tris(hydroxymethyl)aminomethane (Tris, Merck kGaA, Darmstadt, Germany) pH-adjusted
to 7.6 with hydrochloric acid (HCI) 2 times for 5 minutes.
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2.4.2 3,3'-diaminobenzidine

To ensure that the fluorescent signal was not confounded by autofluorescence, and to
optimize immuhistochemical protocols, the PAs for AT8 and anti-pSer396 and anti-GSK3f3
Tyr216, were subjected to immunohistochemical testing using 3,3'-diaminobenzidine (DAB,
Sigma-Aldrich, St. Louis, MO, USA) as chromogen. This testing was done in tissue from un-
injected AD animal models used in this thesis, as well as wild type controls. Prior to
incubation with the respective PA, endogenous peroxidases were quenched by incubating the
sections in 3% hydrogen peroxide (H202, Sigma-Aldrich, St. Louis, MO, USA) solution in PB
or Tris-buffered saline (TBS). After incubation with SA, all sections were incubated in
PBT/TBS with 0.2% triton-x (TBS-Tx) containing Avidin-Biotin complex (ABC, Vector
Laboratories, Burlingame, CA, USA). DAB was prepared two hours prior to use: One 10mg
DAB tablet was dissolved in 15ml Tris-HCI heated to 50 °C and kept on a magnetic stirrer.
Before incubating, 12 ul hydrogen peroxide was added, and the DAB solution was filtered.
Depending on the observed chromogenic signal, the tissue was incubated for 2 minutes (for
pSer396/pGSK3p) up to 10 minutes (for AT8).

2.4.3 Cresyl Violet-staining (Nissl-staining)

To accurately delineate anatomical borders, I carried out Nissl-staining of non-
experimental animals. Nissl staining involves cresyl violet dye binding to negatively charged
nucleic acids like RNA and DNA within the neuron, rendering a dark blue color. Tissue
mounted on microscope slides was dehydrated by gently dipping the microscope slides 10
times in ethanol in increasing concentrations (50-, 70-, 80-, 90-, 100-, 100-, and 100%
ethanol). After this, the tissue was placed 2 minutes in xylene (VWR International, Radnor,
PA, USA) for clearing/de-fatting. The tissue was rehydrated by dipping 10 times in ethanol in
the reverse order, and briefly washed in water before the tissue was placed in the Cresyl
Violet solution (0.1%, Sigma-Aldrich, St. Louis, MO, USA) on a shaker, protected from light.
The tissue was left in the Cresyl Violet solution for approximately 3-4 minutes. Once
sufficient color-contrast was obtained, sections were put in running water to rinse off excess
color and then put in 70% ethanol containing acetic acid for a few seconds. This was repeated
until the optimal contrast was achieved. After this, the sections were once again dehydrated in
increasing concentrations of alcohol and placed in xylene for clearing before being

coverslipped with entellan (VWR International, Radnor, PA, USA) containing xylene.
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2.4.4 Tissue mounting and coverslipping

After processing, all immuno-labeled tissue was mounted in Tris-HCI buffer in on
Superfrost (Thermo Fisher Scientific, Waltham, MA, USA) microscope slides. The mounted
tissue was left on a heating plate set to 37°C, protected from light. The following day the
microscope slides were rinsed in either Toluene (VWR International, Radnor, PA, USA) or
Xylene for 3-4 minutes in order to remove excess water and lipids. Subsequently the
microscope slides were coverslipped with Entellan containing either Toluene or Xylene
accordingly. The coverslipped microscope slides were left to dry overnight, protected from
light.

2.5 Microscopy

2.5.1 Fluorescent and bright field microscopy

Fluorescently stained tissue was inspected with an epiflourescent microscope
(Axio.Imager M1 light microscope, Carl Zeiss AG, Oberkochen, Germany) to verify the
presence of cells infected with the viral constructs in both experimental and control
hemispheres.

2.5.2 Tissue scanning

All Nissl-stained and DAB-stained tissue was digitized with a bright field scanner
(Zeiss Axio Scan.Z1, Carl Zeiss AG, Oberkochen, Germany) at 20x magnification. Tissue
stained with fluorescent antibodies were digitized using a fluorescent scanner (Zeiss Axio
Scan.Z1) at 20x magnification with channels specific to wavelengths 488nm, 546nm and
635nm.

2.6 Data analysis

2.6.1 Inclusion criteria for quantitative data analysis

Several criteria had to be met for the processed brain tissue to be included in the final
data analysis. As previously mentioned, all animals injected with the RE middle fragment
were excluded from further analysis due to lack of viral vector expression (see section 2.2 and
appendix 6.1).Variabilities in the stereotaxic injection could exclude brains from analysis after
processing and immunohistochemistry: first, the experimental virus and the control virus had
to be sufficiently expressed with GFP-infected EC LII cells in both cerebral hemispheres.
Analysis could not be performed in brains with GFP-infected cells in only one hemisphere or

in brains where no GFP-infected cells were visible. Secondly, miRNA-infected cells and

29



control-virus infected cells on the contralateral side could only be analyzed and compared if

they were part of cell populations at the same level.

2.6.2 Quantitative data analysis

All fluorescent quantitative image analysis of the digital output from Axio Scanner
was performed using the Zeiss Zen software (ZEN 2.6 blue edition, Carl Zeiss Microscopy
GmbH, Jena, Germany). All sections containing virus-infected cells in EC LII were identified,
and sorted rostro-caudally to ensure that each experimental hemisphere was compared to a
control hemisphere in the corresponding bregma level. If the viral expression in LEC was
greater in one hemisphere compared to the contralateral hemisphere, the tagged cells in the
hemisphere with the largest viral expression were restricted to the same region of infected
cells in the contra-lateral hemisphere with less viral expression. This ensured that a
comparable population of cells in both hemispheres was compared. To guard against
experimenter-bias when selecting cells for analysis, only the channel visualizing the GFP-
signal (488) was visible. Channels visualizing p-Tau/GSKp and RE were switched off.
Densitometric image analysis was performed in order to quantify the fluorescent signal
present in the scanned brain tissue. GFP-infected cells were individually selected using the
circle tool set to a diameter of 20 um (x0.1um). This made the selection of each individual
cells consistent, and the diameter of 20 um corresponded well to the size of the great majority
of GFP-infected cells.

This gave a readout of the pixel intensity of all channels individually within each
circle. Only GFP-infected cells displaying a clearly defined soma in EC LII were selected for
analysis. Once all relevant cells were marked in one hemisphere, the pixel intensity readouts
were saved as a .czt-file for further data analysis. The same process was repeated in the
contralateral hemisphere.

2.6.3 Background subtraction

To subtract fluorescent background from the data analysis, a baseline readout of p-Tau
or GSK3p in conjunction with RE was performed for each immune-labeled series. In the rat
brain, the most abundant isoform of tau, the 4R-tau, has the lowest expression in the
cerebellum %113, In the mouse brain, endogenous tau exhibits only weak staining in the white
matter of the cerebellum *°*. Consistent with the above-mentioned literature, own readouts of

p-Tau in the cerebellum proved to be low in both mice and rats.

30



GSK3p is abundant throughout the entire brain, including in the mouse brain in
regions like the hippocampus, thalamus and cerebellum 2% 155, However, GSK3p has been
reported to change from being highly expressed in cerebellar axons during development, to
being virtually absent in cerebellar axons after maturation at 5 weeks ** 1°, Consistent with
this, own readouts of detectable GSK3p Tyr216 in cerebellar white matter was low compared

to other regions.

Therefore, for p-Tau and GSK3p analysis in the rodent brain, regions of interest (ROI)
were drawn in the white matter of the cerebellum and the readout showing the lowest pixel
intensity for p-Tau or GSK3p in conjunction with RE was selected. The values for each
channel was then subtracted from each individual measurement pr. cell for the series in

question (see following section).

2.6.4 Data processing

The relevant output tables of each. czt-file were copied into Microsoft Excel (Version
1908, Microsoft Corporation, Redmond, WA, USA). The background measurements were
then subtracted from each individual measure/cell, and subsequently all measures were
normalized using the min/max normalization: z = (x — min (x))/(max (x) — min (x) ). The
normalized data were then plotted into respective graphs/scatterplots using Excel’s built in

functions.

Statistical analysis was performed using IBM SPSS Statistics for Windows (version
26.0.0.0, IBM, Armonk, NY, USA). Independent samples t-test were performed to compare
the means of the experimental- and control-hemispheres. A prerequisite for perfoming an
independent samples t-test, is that the data is normally distributed. The Central Limit Theorem
postulates that with a sample size larger than 30, the sampling distribution of the mean will be
normally distributed 7. When analyzing sample sizes larger than 30, independent samples t-
test were still conducted even if the assumption of normality could be considered violated. In

sample sizes smaller than 30, the non-parametric Mann-Whitney U test used. To calculate

effect sizes, the following formulae has been used: d = 2t/Vdf, r = z/Vn.

Ilustrations and photo editing for figures were performed using Adobe Photoshop
CS6 (Adobe Systems Inc., San Jose, CA, USA), Adobe Illustrator 2019 (Adobe Systems Inc.,
San Jose, CA, USA) and Microsoft Powerpoint (Version 1908, Microsoft Corporation,
Redmond, WA, USA).
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2.7 Delineation

The entire rostro-caudal EC axis was delineated coronal Nissl sections in both un-
injected C57BL/6 control mouse and un-injected McGill-R-Thy1-APP rat tissue. The
boundaries of EC LII were outlined, and EC was further subdivided into LEC and MEC.
Delineation for rats were based on The Rat Brain in Stereotaxic Coordinates'®® and The Rat

159 and The Allen Mouse Brain

Hippocampus Atlas 34, Delineation for mice were based on
Atlas 1%, The delineation of Nissl-stained tissue from the C57BL/6 control mouse and
McGill-R-Thy1-APP rat are featured in the figures included in the results section as visual

references.

2.7.1 Delineating the lateral entorhinal cortex

The anterior borders of LEC meet with both olfactory and amygdaloid cortices: the
piriform cortex laterally, and the periamygdaloid cortex and the posterior cortical nucleus of
the amygdala medially, 6. The anteriormost part of LEC appears as a thin strip bordering the
dorsal piriform cortex and ventral perirhinal cortex area 35 (Figure 15A). At the rostral
portion of LEC, the dorsal borders of LEC ends just ventral of the rhinal fissure.
Differentiating the rostral LEC from the piriform cortex can be accomplished by comparing
differences in laminar organization between the two areas. While EC has six identifiable cell
layers, the piriform cortex only has three 162 163, Defining the border between dorsal LEC and
ventral perirhinal cortex is done by identifying EC LII’s larger cells from the smaller cells in
perirhinal LI1 181, Another differentiating feature is the absence of a distinct cell-free LIV
(lamina dissecans) in the perirhinal cortex'®: %62, Moving caudally, the thin strip of LEC
increase in size and gradually occupy an increasingly larger portion of the ventral part of the
cerebral hemisphere (Figure 15B). As this happens, the ventral border of LEC changes from
piriform cortex to the amgydalopiriform transitional area (APir) 1°8. The APir can also be
differentiated from ventral LEC by its three-layered laminar structure 1. Moving further
caudally, the APir recedes, and LEC meets the most medial part of MEC %8, Differentiating
LEC from MEC will be discussed further below (section 2.7.3). LEC will have reached its
largest surface area coronally at approximately the point where the caudal end of the
perirhinal cortex gives way to the postrhinal cortex. At this point, the dorsal border of LEC
will have moved from its starting point of being below the rhinal sulcus, into the fundus of
this sulcus. The ventral border will also at this point have moved nearly 90 degrees ventrally,
bordering MEC ventromedially and the subiculum and perirhinal cortex dorsally %8 (Figure
15D).
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| Lec ) BMECY

Figure 15 Selected sections of delineation of lateral entorhinal cortex (LEC) and medial entorhinal cortex (MEC) with layer
Il outlined. (A) The rostralmost part of LEC appearing below the rhinal fissure (Bregma -4.24). (B) The expansion of LEC as
one moves caudally (Bregma -5.68). (C) The rostral portion of MEC appearing (Bregma -5.86). (D) The ventral border of
LEC meets the lateral border of MEC. The dorsal border of LEC starts moving up into the fundus of the rhinal fissure
(Bregma -6.94). 5-month-old male McGill-R-Thy1-APP +/+ rat. Scale bar = 500 pm.

33



2.7.2 Delineating the medial entorhinal cortex

At the rostralmost portion of MEC, the dorsal border is with the ventral subiculum
(Figure 15C) 8, Moving further caudally, the dorsal border will eventually be replaced by the
parasubiculum, which will remain MEC’s dorsal border throughout the rest of the
rostrocaudal axis 8. MEC can be differentiated from the ventral subiculum and
parasubiculum by having six distinct cell layers, with a clear lamina dissecans 1%2. Also, MEC
LI1 thickens into a club-like shape at its dorsal border to the parasubiculum, further aiding
differentiation between the two regions. At this level the lateral border of MEC is set against
APir %8 APir can be identified by having less developed lamination, a broad L1 and a
scalloped border between LI and LII, and no marked lamina dissecans *. Moving further
caudally, the lateral border of MEC is replaced by the ventral extension of LEC (Figure 15D)
18 Moving further caudally, the LEC will disappear, and the MEC will make up the entirety
of the ventral hemisphere . MEC will at this point have its dorsolateral border with the
postrhinal cortex. The postrhinal cortex can be distinguished from MEC by its laminar
structure, namely that the postrhinal cortex have a bilaminar appearance due to LII/LIII and

LV/LVI appearing merged 162,

2.7.3 Differentiating the lateral entorhinal cortex from the medial entorhinal cortex
LEC can be differentiated from MEC by comparing the laminar structure between the
two. LIl of LEC has a narrower appearance than LI1I of MEC, and stellate cells in MEC tends
to be clustered together 3 3% 162 Also, the lamina dissecans of MEC is more sharply
delineated than in LEC, and the deeper layers of MEC, mainly layer V, displays a distinct

radial, column-like arrangement 62,

2.7.4 Delineating entorhinal cortex layer Il

EC LI is the most superficial layer and is sparsely populated by neurons, making it
easily distinguishable from LII. There are currently multiple ways of delineating EC LII/LIII
being used. This thesis will base its delineation of EC LII/LIII on the original definition by
Cajal and Lorende de NG #4243, Using their definition, it is posited that LII is rather narrow and
mainly contains neurons with a stellate morphology. Also, LI1 contains pyramidal-like
neurons with apical dentrites oriented towards the pia and occasional classical pyramidal
neurons, both being spread among the stellate neurons®. LIII is described as a broad and
dominated by several strata of pyramidal neurons, with somewhat larger pyramidal neurons
present at the border with LIV, whereas the neurons located towards the border to LI are

relatively small to medium sized pyramidal neurons “°.
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3. Results

3.1 Large amounts of non-specific binding in APP/PS1 tissue caused by

mouse on mouse cross reactivity with secondary antibody

3.1.1 Non-specific binding in plaque-like substances in APP/PS1 mice

Initial testing with the AT8 PA on un-injected APP/PSL1 tissue revealed high amounts
of apparent reactivity. However, the same amount of reactivity was found in the control
section where AT8 was omitted from the protocol. The reactivity manifested itself as high
amounts of plaque-like substances distributed throughout the tissue, especially in the
neocortex and in the hippocampal formation (Figure 16). The plaque-like substances varied in
morphology, most being similar in appearance to diffuse AP plaques, while some had the
appearance similar to that of dense-core AP plaques.

" 5 o d s y . 5
Figure 16 AT8 immunostaining of a 5 months old male APP/PS1 +/- x CK2/tTa +/- (71758). Primary antibody (PA) AT8
(1:1000), biotinylated Goat anti-Mouse secondary antibody (SA) (1:500), visualized with 3,3 'diaminobenzidine (DAB). (4)
Immunostaining with both PA and SA, (B) immunostaining but with omission of PA. Zoom--in of the subiculum reveals
plaque-like staining in both conditions. Scale bars = 500um, 50um for zoomed inset.
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This prompted me to undertake rigorous testing of the AT8 antibody, with multiple
variations to the protocols to ensure that the non-specific binding was not due to user error. In
each immunohistochemical procedure devoted to this purpose, two sections from each animal

was used: One section was run only with SA, and one section with neither SA nor PA.

AT8 No PA No PA/SA

76073
1 month

73331
7 months

72977
8 months
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Figure 17 AT8 immunostaining in APP/PS1 mice in different ages. 1-month old male APP/PS1+/- x Ck2/tTA+/- (76073)
primary antibody (PA) AT8 (1:1000), biotinylated Goat anti-Mouse secondary antibody (SA) 1:500. 7-month old male
APP/PS1+/- x Odz3-P8117+/-;tetO-HM4+/- (73331), AT8 (1:1000), SA (1:1000). 8 month old male APP/PS1+/- x Odz3-

P8117+/-;tetO-HM4+/- (72977), AT8 (1:1000), SA (1:500). 17-month-old male APP/PS1 (M17), AT8 (1:1000), SA (1:1000).
Scale bars = 500um.

Further testing of the AT8 antibody in APP/PS1 mice across different ages, revealed
similar results, where the tissue incubated only with SA had equivalent staining to the tissue
processed with both PA and SA. No reactivity was seen in tissue incubated with neither PA or
SA, demonstrating that the reactivity in the tissue stems from the SA, and not the DAB
chromogen (Figure 17). Only slight reactivity could be detected in young mice, with no
visible plaque-like substances. High amounts of reactivity with the SA-only was detectable by
5 months (Figure 16) but did not necessarily increase in an age dependent manner.
Comparisons between 7-month old (73331) and 8-month old (72977) APP/PS1 mice shows
quite large variability in the amount of SA reactivity, where the 8-month old mouse displayed

37



markedly less reactivity than 7-month old. The oldest APP/PS1 mouse at 17-months of age
(M17) showed an almost uniform deposition of plaque-like substances throughout the

neocortex, thalamus, and hippocampal formation.

3.1.2 Testing in other animal models

AT8 No PA No PA/SA

57986
Cc57
6 months

80158
3XTG +/+
8 months

-
p 4
F

19020

McGill +/+
9 months

14216
McGill +/+
18 months

Figure 38 AT8 immunostaining in other animal models. 6-month old female C57BL/6 mouse (57986), primary antibody (PA) AT8
(1:1000), biotinylated Goat anti-Mouse secondary antibody (SA) (1:500). 8-month old female 3xTG mouse (80158), AT8(1:1000),
SA (1:1000). Rats McGill-R-Thy1-APP +/+ 9-month old female (19020), 18-month old female (14216), AT8 (1:1000), SA (1:1000).
Scale bars = 500um.

Immunostaining in a 6-month-old C57BL/6 (57986) and an 8-month old 3xTG
(80158) mouse only showed slight diffuse labeling in the tissue. The reactivity was quite faint
in the C57BL/6 mouse, and slightly stronger in the 3xTG-mouse. SA reactivity was mostly
visibly in the molecular layer of the dentate gyrus, and unlike the APP/PS1, no plaque-like
substances were apparent (Figure 18). When immunostaining tissue from the McGill-R-Thy1-
APP rats, no reactivity was seen in either conditions. Also worthy of note, no p-Tau labeling
was seen with AT8 PA in either 9-month old, or 18-month old homozygous McGill-R-Thy1-
APP rats (Figure 18).
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3.1.3 Testing with fluorescent secondary antibodies
To rule out the possibility of a problem uniquely tied to the biotinylated Goat anti-

Mouse SA, fluorescent SA were tested in conjunction with the AT8 PA.

AT8 No PA

M17 72977
17 months 8 months

19020
9 months

Figure 19 AT8 immunostaining with fluorescent SA in APP/PS1 mice and McGill-R-Th1-APP rat. 8-month old male
APP/PS1+/- x Odz3-P8117+/-;tetO-HM4 Mouse (72977), primary antibody (PA) AT8 (1:1000), secondary antibody Alexa
Fluor 488 Goat anti-Mouse (SA) (1:1000). 17-month old male APP/PS1 mouse (M17), AT8 (1:1000), SA (1:1000). 9-month
old female McGill-R-Thy1-APP rat (19020), AT8 (1:1000), SA (1:1000). Scale bars = 500um

AT8 was tested in conjunction with Alexa Flour 488 Goat anti-Mouse (Figurel19) and
with Alexa Flour 546 Goat anti-Mouse (not shown). In the APP/PS1 mouse, incubating with
fluorescent SA alone resulted in non-specific binding similar to that of tissue incubated with
both PA and fluorescent SA. Much like the reactivity with the biotinylated SA, high amounts
of plaque-like deposits were visible with fluorescent SA. The plaque-like depositions were
most pronounced in the neocortex in the 8-month old APP/PS1 mouse (72977). While in the
17-month old APP/PS1 mouse (M17), the plaque-like depositions were evenly distributed
throughout the tissue. On the other hand, when testing AT8 with fluorescent SA in the
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McGill-R-Thy1-APP rats, no reactivity was observed in either tissue incubated with both PA
and SA, or tissue incubated in SA alone.

Further testing to attempt to reduce the non-specific binding of the SA in APP/PS1
mice were undertaken without success: Donkey anti-Mouse Alexa Fluor 488 SA was tested
and yielded similar SA reactivity as Goat anti-Mouse Alexa Fluor 488 (Appendix 6.2.6).
Attempts to use Tween-20 as a blocking agent also proved unsuccessful. 0.25% Tween-20
was added to incubation buffers for NGS, PA and SA. Non-specific binding by the SA was
still highly present, albeit somewhat less than that of tissue from the same mouse processed
without Tween-20 (Appendix 6.2.5).

3.1.4 Pre-incubating the secondary antibody reduces non-specific binding

The most successful method of reducing the non-specific binding of SA in the AT8
protocol was to pre-incubate the SA. This was done by incubating mouse tissue rostral to
hippocampus, and caudal to EC, in the SA-buffer overnight, thereby pre-exposing the anti-
mouse SA to mouse tissue, and saturating non-specific binding sites. The following day, the

SA-buffer was extracted and then used for the AT8- protocol.

AT8 No PA

| (

73331
7 months

»>¢

M17
17 months

'

~

Figure 20 AT8 immunostaining with pre-incubated secondary antibody. 7-month old male APP/PS1+/- x Odz3-P8117+/-
;tetO-HM4+/- (73331), primary antibody (PA) AT8 (1:1000), biotinylated Goat anti-Mouse secondary antibody (SA) (1:500).
17-month male APP/PS1 mouse (M17), AT8 (1:1000), SA (1:1000). Scale bars = 500um

Pre-incubating the secondary antibody resulted in lower amounts of non-specific binding in
APP/PS1 tissue incubated with PA and SA, and in tissue incubated with SA only (Figure 20).

Comparing the sections in Figure 17 to the sections of mice 73331 and M17 in Figure 20,
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shows an overall less intense background reactivity, as well as fewer and smaller plaque-like

substances.

The method of pre-incubating SA did not yield consistent results. When using the
same method of pre-incubating the SA in a different APP/PS1 mouse, strong non-specific
binding persisted (Figure 21).

Figure 21 AT8 immunostaining with pre-incubated secondary antibody in 9-month old female APP/PS1+/- x HM3-DDD+/-
;0dz3-P8117+/- (72448). Primary antibody AT8 (1:1000), secondary antibodies (SA) (1:1000) biotinylated Goat anti-Mouse
(top row), Alexa Fluor 488 Goat anti-Mouse (middle row), Alexa Fluor 546 Goat anti-Mouse (bottom row). Scale bars =
500um

9-month old APP/PS1 mouse (72448) showed levels of non-specific binding similar to tissue
processed without pre-incubated SA. The levels of background reactivity were consistent
across biotinylated and fluorescent SA (Figure 21). Large amount of plaque-like substances
were apparent and distributed evenly across the neocortex. Even with pre-incubating the SA,

large variabilities in non-specific binding remained an issue (Figures 20 and 21).

Even when adjusting the protocol for non-specific binding, high background reactivity
remained an issue in APP/PS1 mice, evidenced by the large variabilities in the pre-incubated

APP/PS1 mice. Due to the inability to provide consistent results due to the amount of
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background reactivity in the APP/PS1 mouse, the AT8 PA was replaced by the rabbit

monoclonal antibody Ser396 to investigate potential changes in levels of p-tau.

3.2 Effects on p-Tau and GSK3p following reduction of reelin in

entorhinal cortex layer Il in the APP/PS1 mouse model

3.2.1 Reducing reelin in APP/PS1 76502 mouse results in increased levels of
measured p-Tau and GSK3p

APP/PS1 mouse 76502 was injected with miRNA in the right cerebral hemisphere,
control virus in the left cerebral hemisphere, with a viral interim of 2 months before being
perfused at the age of 3 months. Mean levels of RE in miRNA-infected cells in the series
stained for p-Tau and GSK3f were lowered by 62.6% and 62.8% respectively. This resulted
in an increase of 48.5% in mean levels of measured p-Tau, and a 92.9% increase in mean
levels of measured GSK3p (Figure 22).

Measured levels of RE was significantly lower in miRNA-infected EC LII cells (N = 22,
Median (Mdn) = 0.07) compared to control virus-infected EC LI cells (N = 20, Mdn = 0.53)
in the series stained for p-Tau (U =5, p <0.001, r = 0.84). Measured levels of RE was also
significantly lowered in miRNA-infected EC LII cells (N = 39, Mdn = 0.13) compared to
control virus-infected EC LII cells (N = 23, Mdn = 0,63) in the series stained for GSK3p (U
=0, p<0.001, R =0.83).. Measured levels of p-Tau was significantly higher in miRNA-
infected EC LII cells (Mdn = 0.53) compared to control virus-infected EC LII cells (Mdn =
0.24) (U =57, p<0.001, r = 0.63). Levels of measured GSK3[ was also significantly
increased in miRNA-infected EC LII cells (Mdn = 0.72) compared to control virus-infected
EC LIl cells (Mdn = 0.38) (U =28, p<0.001, r =0.78).
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Figure 22 Scatterplot and bar graphs displaying decreased levels in reelin (RE) and increased levels of measured p-Tau and
GSK3p in miRNA-infected cells compared to control virus-infected cells in APP/PS1 mouse 76502. (A-B) Scatterplot shows
control virus-infected cells (white) and miRNA-infected cells (black), normalized values of p-Tau/GSK3p intensity on the y-
axis, normalized values of RE intensity on the x-axis. (C-D) Bar graphs displaying the mean percentage change in levels of
RE, p-Tau and GSK3p in miRNA-infected cells (black), compared to control virus-infected cells (white), set to a value of 100.
Error bars indicating + standard error of mean. *** = significance p < 0.001.
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Figure 234 Immunostaining of miRNA-injected APP/PS1 76502 with antibodies specific to p-Tau (A-F), GSK3f (1-N) and
reelin (RE). Lowering expression of RE with miRNA-injection resulted in statistically higher levels of measured p-Tau and
GSK3p. (A-B, 1-J) Expression of GFP in control-infected (A, I) cells or miRNA-infected (B, J) cells. White dotted field
indicates the region from which GFP-positive cells were selected for analysis. (C-D, K-L) Expression of RE (Alexa Fluor
635) in both hemispheres. (E-F, M-N) Expression of p-Tau/ GSK3p in both hemispheres (Alexa Fluor 546). (G-H, O-P) Nissl
stained tissue of 6-month old C57BL/6 mouse at the corresponding bregma level for both miRNA- and control- hemispheres.
Red field indicates the region of EC LIl with GFP-positive cells selected for analysis. Scale bars = 100um for fluorescent
tissue, 500um for Nissl sections.
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3.2.2 Reducing reelin in APP/PS1+Ck2 mouse 75284 results in decreased levels of
measured p-Tau and GSK3p

APP/PS1+Ck2 mouse 7584 was injected with miRNA in the right cerebral
hemisphere, control virus in the left cerebral hemisphere, with a viral interim of 1 month
before being perfused at the age of 3 months. Mean levels of RE in miRNA-infected cells in
the series stained for p-Tau and GSK3p were lowered by 59.1% and 60% respectively. This
resulted in a decrease of 25.1% in mean levels of measured p-Tau, and a 43.2% decrease in

mean levels of measured GSK3p (Figure 24).

Measured levels of RE was significantly lower in miRNA-infected EC LII cells (N =
43, Mean (M) = 0.21, Standard deviation (SD) = 0.07) compared to control virus-infected EC
LIl cells (N =45, M =0.58, SD = 0.22) in the series stained for p-Tau (t(54,1) = 10.55, p <
0.001 d = 2.87). Measured levels of RE was also significantly lower in miRNA-infected EC
LIl cells (N =48, M =0.15, SD = 0.1) compared to control virus-infected EC LII cells (N =
54, M = 0.55, SD = 0.19) in tissue stained for GSK3p (t(100) = 13.04, p < 0.001, d = 2.98).
Measured levels of p-Tau was significantly lower in miRNA-infected EC LIl cells (M = 0.3,
SD =0.22) compared to control virus-infected EC LII cells (M = 0.48, SD = 0.28) (1(86) =
3.3, p<0.01, d =0.69). Levels of measured GSK3p was also significantly lower in miRNA-
infected EC LI cells compared to control virus-infected EC LII cells (t(100) = 7.94, p <
0.001, d = 1.59).
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Figure 245 Scatterplot and bar graphs displaying decreased levels in reelin (RE), p-Tau and GSK3p in miRNA-infected cells
compared to control virus-infected cells in APP/PS1 mouse 75824 (A-B). Scatterplot shows control virus-infected cells (white)
and miRNA-infected cells (black), normalized values of p-Tau/GSK3p intensity on the y-axis, normalized values of RE
intensity on the x-axis. (C-D) Bar graphs displaying the mean percentage change in measured levels of RE, p-Tau and GSK3p
in miRNA-infected cells (black), compared to control virus-infected cells (white) set to a value of 100. Error bars indicating +
standard error of mean. ** = significance p < 0.01, *** = significance p < 0.001.
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Figure 256 Immunostaining of miRNA-injected APP/PS1 75284 with antibodies specific to p-Tau (A-F), GSK3p (I-N) and
reelin (RE). Lowering expression of RE with miRNA-injection resulted in statistically significant lower levels of measured p-
Tau and GSK3p. (A-B, 1-J) Expression of GFP in control-infected (A, 1) cells or miRNA-infected (B, J) cells. White dotted
field indicates the region from which GFP-positive cells were selected for analysis. (C-D, K-L) Expression of RE (Alexa
Fluor 635) in both hemispheres. (E-F, M-N) Expression of p-Tau/GSK3p in both hemispheres (Alexa Fluor 546). (G-H, O-P)
Nissl stained tissue of 6-month old C57BL/6 mouse at the corresponding bregma level for both miRNA- and control-
hemispheres. Red field indicates the region of EC LII with GFP-positive cells selected for analysis. Scale bars = 100um for
fluorescent tissue, 500um for Nissl sections.

47



3.3 Effects on p-Tau and GSK3p following reduction of reelin in

entorhinal cortex layer Il in the 3xTG mouse model

3.3.1 Reducing reelin in 3xTG 77132 mouse did not alter the levels of measured p-
Tau or GSK3p.

3XTG mouse 77132 was injected with miRNA in the left cerebral hemisphere, control
virus in the right cerebral hemisphere, with a viral interim of 7 months before being perfused
at the age of 8 months. Mean levels of RE in miRNA-infected cells in the series stained for p-
Tau and GSK3p were lowered by7 5.2% and 54.8% respectively. This did result in altered
levels of measured p-Tau or GSK3p (Figure 26).

Measured levels of RE was significantly lower in miRNA-infected EC LII cells (N =
69, M = 0.08, SD = 0.05) compared to control virus- infected EC LII cells (N =54, M = 0.38,
SD =0.27) in the series stained for p-Tau (t(56.2) = 8.09, p < 0.001, d = 2.16). Measured
levels of RE was also significantly lower in miRNA-infected EC LIl cells (N =107, M =
0.11, SD =0.07) compared to control virus-infected EC LI cells (N =100, M =0.33, SD =
0.22) in the series stained for GSK3p t(119,2) = 9.3, p <0.001, d = 1.7. Measured levels of p-
Tau indicated a non-significant reduction in miRNA-infected cells (M = 0.28, SD =0.15)
compared to control virus-infected cells (M = 0.36, SD = 0.29) (t(76.3) = 1.88, p =0.064, d =
0.43). Measured levels of GSKf3 was not statistically different in miRNA-infected cells (M =
0.47, SD =0.19) compared to control virus-infected cells (M = 0.50, SD = 0.19) (t(205) =
1.079, p=0.282, d = 0.15).
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Figure 26 Scatterplot and bar graphs displaying decreased levels in reelin (RE), but no statistically significant changes
in either p-Tau or GSK3p in miRNA-infected cells compared to control virus-infected cells in 3xTG mouse 77132. (A-B)
Scatterplots shows control virus-infected cells (white) and miRNA-infected cells (black), normalized values of p-
Tau/GSK3p intensity on the y-axis, normalized values of RE intensity on the x-axis. (C-D) Bar graphs displaying the mean
percentage change in measured levels of RE, p-Tau and GSK3p in miRNA-infected cells (black), compared to control
virus-infected cells (white) set to a value of 100. Error bars indicating + standard error of mean. *** = significance p <

0.001.
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Figure 277 Immunostaining of miRNA-injected 3xTG 77132 with antibodies specific for p-Tau (A-F), GSK3p (I-N) and
reelin (RE). Lowering expression of RE in EC LIl did not result in statistically significant reduction of measured levels of p-
Tau or GSK3p. (A-B, 1-J) Expression of GFP in miRNA-infected cells (A, 1) and control virus-infected cells (B, J). White
dotted field indicates the region from which GFP-positive cells were selected for analysis. (C-D, K-L) expression of RE
(Alexa Fluor 635) in both hemispheres. (E-F, M-N) Expression of p-Tau/GSK3p (Alexa Fluor 546) in both hemispheres. (G-
H, O-P) Nissl stained tissue of 6-month old C57BL/6 mouse at the corresponding bregma level for both miRNA and control-
hemispheres. Red field indicates the region of EC LIl with GFP-positive cells selected for analysis. Scale bars = 100um for
fluorescent tissue, 500um for Nissl sections
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3.4 Effects on p-Tau following reduction of reelin in entorhinal cortex
layer Il in the McGill-R-Thy1-APP rat model

Four McGill-R-Thy1-APP rats were injected with the miRNA RE virus in
combination with contralateral injection of control virus. All rats were perfused at 3 months of

age, two months post-injection.

3.4.1 Reducing reelin in McGill-R-Thy1-APP rat 25180 results in reduced levels of
measured p-Tau

McGill-R-Thy1-APP rat 25180 was injected with the miRNA virus in the right
cerebral hemisphere and with control virus in the left cerebral hemisphere. Mean levels of RE
in miRNA-infected cells were lowered by 67.6%. This resulted in a reduction of 49.9% in

mean levels of p-Tau.

Measured levels of RE were significantly lower in miRNA-infected EC LII cells (N =
272, M =0.07, SD =0.04), compared to control virus-infected EC LII cells (N =259, M =
0.31, SD =0.20) (t(279.58) = 18.59, p < 0.001, d = 2.22). Measured levels of p-Tau was
reduced significantly lower in miRNA-infected EC LII cells (N =272, M = 0.16, SD = 0.07)
compared to control virus-infected EC LI cells (N =259, M 0.38, SD = 0.15) (t(371.87) =
22.47,p <0.001, d = 2.33) (Figure 28A-B).

3.4.2 Reducing reelin in McGill-R-Thy1-APP rat 25181 results in increased levels of
measured p-Tau

McGill-R-Thy1-APP rat 25181 was injected with the miRNA virus in the left cerebral
hemisphere and with control virus in the right cerebral hemisphere. Mean levels of RE in
miRNA-infected cells were lowered by 93.6%. This resulted in an increase of 34.1% in mean

levels of p-Tau.

Measured levels of RE were significantly lower in miRNA-infected EC LII cells (N =
58, M =0.03, SD = 0.02) compared to control virus-infected EC LII cells (N = 68, M = 0.56,
SD =0.17) (t(69.08) = 25.15, p < 0.001, d = 6.05). Measured levels of p-Tau was increased
significantly in miRNA-infected EC LIl cells (N = 58, M = 0.56, SD = 0.16), compared to
control virus-infected EC LII cells (N =68, M = 0.36, SD = 0.14) (t(124) = 7.39, p < 0.001, d
= 1.33) (Figure 28C-D).
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3.4.3 Measured levels of reelin and p-Tau was not significantly altered in McGill-R-Thy1-
APP rat 25561
McGill-R-Thy1-APP rat 25561 was injected with the miRNA virus in the right

cerebral hemisphere and with the control virus in the left cerebral hemisphere.

Measured levels of RE saw no statistically significant change in miRNA-infected EC
LII cells (N =28, Mdn = 0.33) compared to control virus-infected EC LII cells (N = 27, Mdn
=0.25) (U =318, p =0.312, r = 0.14). Measured levels of p-Tau in miRNA-infected cells (N
=28, Mdn = 0.20) indicated a non-significant reduction in comparison to control-virus
infected EC LII cells (N= 27, Mdn = 0.75) (U = 343, p = 0.556, r = 0.08) (Figure 28E-F).

3.4.4 Reducing reelin in McGill-R-Thy1-APP rat 25562 results in decreased levels of

measured p-Tau

McGill-R-Thy1-APP rat 25562 was injected with the miRNA virus in the left cerebral
hemisphere and with the control virus in the right cerebral hemisphere. Mean levels of RE in
miRNA-infected cells were lowered by 72.6%. This resulted in a reduction of 23.8% in mean

levels of p-Tau

Measured levels of RE were significantly lower in miRNA-infected EC LII cells (N =
126, M = 0.10, SD = 0.06) compared to control virus-infected EC LI cells (N =125, M =
0.46, SD =0.20) (t(148.56) = 19.38, p <0.001, d = 3.18). Measured levels of p-Tau was
significantly reduced in miRNA-infected EC LII cells (N =126, M =0.29, SD = 0.17)
compared to control virus-infected EC LIl cells (N = 125, M = 0.38, SD = 0.21) (t(237.21) =
3.38,p<0.001, d =0.48) (Figure 28G-H).
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Figure 28 Scatterplot and bar graphs for all McGill-R-Thy1-APP rats with miRNA reelin (RE) virus injected in LEC.
Scatterplots show control virus-infected cells (white) and miRNA-infected cells (black), normalized values of p-Tau intensity
on the y-axis, normalized values of RE intensity on the x-axis. Bar graphs displays the mean percentage change in measured
levels of RE and p-Tau in miRNA-infected cells (black), compared to control virus-infected cells (white) set to a value of
100.(A-B) Decreased levels of measured RE and p-Tau in miRNA-infected cells in rat 25180. (C-D) Decrease in measured
RE and increase in measured p-Tau in miRNA-infected cells in rat 25181. (E-F) No statistically significant change in
measured levels of RE or p-Tau in rat 25561. (G-H) Decreased levels of measured RE and p-Tau in miRNA-infected cells in
rat 25562. Error bars indicating + standard error of mean. *** = significance p < 0.001.
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Figure 29 Immunostaining of miRNA-injected McGill-R-Thy1-APP rats 25180 (A-F) and 25181 (I-N) with antibodies
specific for p-Tau and reelin (RE). Reducing expression of RE in EC LI resulted in statistically significant decrease of p-Tau
in 25180, and statistically significant increase in 25181. (A-B, 1-J) Expression of GFP in miRNA-infected cells (A, I) and
control virus-infected cells (B, J). White dotted field indicates the region from which GFP-positive cells were selected for
analysis. (C-D, K-L) expression of RE (Alexa Fluor 635) in both hemispheres. (E-F, M-N) Expression of p-Tau (Alexa Fluor
546) in both hemispheres. (G-H, O-P) Nissl stained tissue of 5-month-old McGill-R-Thy1-APP +/+ rat at the corresponding
bregma level for both miRNA and control-hemispheres. Red field indicates the region of EC LIl with GFP-positive cells
selected for analysis. Scale bars = 100um for fluorescent tissue, 500um for Nissl sections.
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Figure 30 Immunostaining of miRNA-injected McGill-R-Thy1-APP rats 25561 (A-F) and 25562 (I-N) with antibodies
specific for p-Tau and reelin (RE)._Neither RE nor p-Tau levels were altered with statistical significance in rat 25561.
Reducing expression of RE in EC LI resulted in statistically significant decrease of p-Tau in 25562. (A-B, 1-J) Expression of
GFP in miRNA-infected cells (A, I) and control virus-infected cells (B, J). White dotted field indicates the region from which
GFP-positive cells were selected for analysis. (C-D, K-L) expression of RE (Alexa Fluor 635) in both hemispheres. (E-F, M-
N) Expression of p-Tau (Alexa Fluor 546) in both hemispheres. (G-H, O, P) Nissl stained tissue of 5-month-old McGill-R-
Thy1-APP +/+ rat at the corresponding bregma level for both miRNA and control-hemispheres. Red field indicates the
region of EC LIl with GFP-positive cells selected for analysis. Scale bars = 100um for fluorescent tissue, 500um for Nissl

sections.
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4. Discussion

4.1 Summary of main findings

The aim of this thesis is to investigate potential effects on levels of GSK3p and p-Tau
following the lowering of the expression of RE in EC LIl neurons in animal models of AD,
including the APP/PS1, 3xTG and McGill-R-Thy1-APP models. By stereotaxic injection of a
novel viral construct containing miRNA targeted to interfere with translation of RE, RE was
successfully lowered EC LIl neurons in the experimental hemisphere in nearly all studied
animals. In contrast, the effects on measured levels of p-Tau and GSK3p, by way of
quantification of immunofluorescence, in neurons infected with RE miRNA, were mixed. In
the APP/PS1 mice, statistically significant increases of p-Tau and GSK3f3 was detected in one
mouse. However, p-Tau and GSK3p were significantly decreased in another age-matched
APP/PS1 mouse. As for the 3xTG mouse, a non-significant trend towards a decrease in p-Tau
was detected, however GSK3p levels remained unchanged. Four McGill-R-Thy1-APP rats
were analyzed. Statistically significant decreases in p-Tau was seen in two rats, while for one
rat | found a statistically significant increase in p-Tau. The fourth rat did not show any
significant decrease in levels of p-Tau, but also had no apparent reduction in levels of RE in

the experimental hemisphere.

4.2 Non-specific binding of mouse secondary antibody in APP/PS1 mice

Due to its frequent use on mouse tissue, the mouse monoclonal antibody AT8 was
initially planned to be the used as the main PA to measure potential changes in p-Tau.
However, this was later decided against due to large amounts of background staining in
APP/PS1 tissue, which I discovered by be due to the SA. In particular, the non-specific
binding of the SA in APP/PS1 mouse tissue was apparent in sections that were processed
without PA. The non-specific binding was much more severe in APP/PS1 mice compared to
C57 WT mouse and 3xTG mice, which only had slight diffuse labeling at most (Figure 18).
Different types SAs were tested with the aim of reducing background reactivity, but to no
avail. Biotinylated and different fluorescent SA all produced the same type of non-specific
binding. Changing the SA species from goat to donkey produced similar amounts of non-
specific binding. Conversely, no signal of AT8 or SA was detected in rat tissue. Based on the
observations that the SA produces background reactivity in mice tissue, that the reactivity is

56



not a result of unspecific DAB deposits, and that the reactivity is more or less the same
whether or not biotinylated or fluorescent SA is used, it is reasonable to conclude that the
background reactivity seen when incubating with SA is a result of mouse-on-mouse cross-

reactivity.

It is worth noting that the testing of the AT8 PA, and the subsequent attempts to
minimize non-specific binding of the SA, was regarded as a technical issue and was not
intended as a systematic study of the matter. The findings are presented here as part of the
results, due to the widespread use of AT8 in mice tissue, and due to the fact that the APP/PS1
mouse model is a much-used transgenic animal model in AD research. The findings are only
presented visually, with no quantification of the background levels. Only non-injected animals
were used for the purpose of establishing a working AT8 protocol and lowering non-specific
binding of mouse SA. When testing a protocol, two sections from each mouse were marked as
controls, where one section was incubated without PA, and the other section was incubated
with neither PA nor SA. Background reactivity was easily detectable in the neocortex of
APP/PS1 mice, and for this reason, | would often use sections rostral to the hippocampal
formation for controls in order to not waste tissue containing hippocampus or EC. By doing
S0, sections containing hippocampus or EC was tested for possible AT8-positive signal that
potentially could be differentiated from the non-specific binding. For this reason, the results in
section 3.1.1 contain micrograph comparisons of widely different brain regions. However, the
presence or absence of background reactivity is readily apparent despite comparisons of two
sections on different rostrocaudal levels. This ought to make the comparisons between
different brain regions relatively unproblematic for the purposes of this thesis.

The non-specific binding of the SA in APP/PS1 mice had similar appearance to that of
AB-plaques. The plaque-like substances were more or less evenly distributed throughout the
tissue and were especially apparent in the neocortex and hippocampal formation (Figure 16).
Most of these plaque-like substances were similar in appearance to diffuse AB-plaques, while
some plaque-like substances were similar to dense-core AB-plaques. No plaque-like
substances were observed in 1-month old APP/PS1 mouse (Figure 17) but were widely
apparent in a 5-month old APP/PS1 mouse (Figure 16). Although no APP/PS1 mice between
the age of 1 and 5 months were tested, this is consistent with the onset of AB-deposition
reported by Radde et al., where AP is reported to accumulate in the cortex after 6 weeks 1%,

Based on the age of onset, the morphology of the plaque-like substances, it is highly likely
that these in fact are, AB-plaques. However, this was not verified, since no anti-Ap PA were
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used, since the purposes of the testing was specific to the anti-tau AT8 PA, and various mouse
SAs.

The AT8 protocols and various tests for reducing background reactivity had to be
tested in the APP/PSL1 tissue | had available at the time. For this reason, some of the APP/PS1
mice were taken from a colony crossbred with other strains, the latter with the purpose of
enabling selective expression of viral vectors (see Appendix 6.1). Whether or not this might
have affected the amount of non-specific binding of the SA seems unlikely but cannot be
ruled out. Gender differences in background reactivity was not investigated. The majority of
APP/PS1 mice used in these tests happened to be male. However, as seen Figure 21, a 9-
month female APP/PS1 mouse (72448) also displayed large amounts of non-specific binding.
Gender differences in AB-plaque deposition in similar APP/PS1 models has previously been
observed 1%, | did not systematically investigate differences in background reactivity as a
function of age. Non-specific binding was apparent in APP/PS1 mice ranging from 5-months
to 17-months of age.

Due to the large amount of AP plaque deposits apparent in the APP/PS1 model from
an early age, the APP/PS1 might be extra susceptible to issues with non-specific binding
when using mouse antibodies. The results presented here in regard to non-specific binding of
mouse SA in APP/PS1 mouse model, should at the very least serve as a reminder of the
importance of including controls in immunohistochemistry protocols. Establishing the amount
of background reactivity can enable the subtraction from the actual signal stemming from the
PA, but this required careful investigation under the conditions of the pipeline and materials at
hand. Most importantly, by including immunohistochemistry controls, one avoids the risk of

analyzing false positives.

Additional blocking measures like increasing NGS concentration, adding additional
NGS in PA/SA incubations, incubation with Tween-20, and pre-incubating the SA prior to
use, was not sufficient to reduce background reactivity in APP/PS1 tissue. Perhaps, one could
have attempted additional different blocking agents like bovine serum albumin, or dry milk.
However, to remedy non-specific binding on this scale, the best bet would have to be
purchase of either pre-adsorbed SA, or a mouse-on-mouse blocking kit. Due to the planned
use of relatively young APP/PS1 mice in terms of potential NFT-pathology, the observed
amount of cross-reactivity was deemed unacceptable. It was thus decided that the AT8 PA
should be dropped in favor of a rabbit monoclonal PA specific for p-Tau Ser396. This latter
PA, along with its appropriate SA, proved to prevent background signal.
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4.3 Reducing reelin expression in layer 11 of the entorhinal cortex yields

mixed results with respect to levels of p-Tau and GSK3p

4.3.1 APP/PS1 mice

Two male, 3-month old APP/PS1 mice were analyzed. Both mice had similar
reduction of RE levels in miRNA-infected cells (around 60%). In each APP/PS1 mouse, the
measured levels of GSK went in the same direction as p-Tau levels, indicating that there
might be a connection between GSK3f3 Tyr216 and p-Tau Ser396. Still, the two APP/PS1
mice had divergent measures of p-Tau and GSK3[3 compared to one another. The reason(s)
why one mouse had significant increases in p-Tau and GSK3, while the other had significant
decreases in p-Tau and GSK3f remains unclear. It is conceivable that if more APP/PS1 mice
could be included in the analysis, the results would cumulatively point in one direction.
However, of the injected mice, a large number had to be excluded owing to lack of viral
expression (see section 2.6.1). There were also overall, less GFP-infected cells in available for
analysis in mouse 76502 than in mouse 75284. Additionally, out of both series stained for p-
Tau and GSK3p in mouse 76502, only one section in each series were viable for analysis, due
to low expression of the viral constructs. On the other hand, the viral expression in mouse
75284 were much higher across sections, and multiple sections were analyzed for both p-Tau
and GSK3p. This means, when comparing the two APP/PS1 mice, fluorescence intensity of
one single section in mouse 76502, is compared to the summed values of multiple section in
75824. There could be large variability in overall fluorescence intensity between sections, and
this might drive the overall result in one direction or obfuscate the results overall. Although
there isn’t any indication of a section in 75824 with suspiciously high fluorescence intensity,
there are indications of this being the case in some of the other analyzed animals. This will be
discussed further in section 4.4.1.

Interestingly, GSK3 Tyr216 emits strong signal in what appears to be AB-plaques in
APP/PS1 mice (Figure 23 M-N, Figure 25 M-N). Unlike what is described in section 4.2, this
cannot be attributed to background reactivity in the APP/PS1 model. When establishing
protocols for the GSK3p Tyr216 PA, the control sections incubated without PA were
consistently negative. However, one cannot conclude with certainty that these are AB-plaques,
since no anti-Ap counterstain has been performed in conjunction with the GSK3 PA. GSK3f3
has been reported to co-localize with dystrophic neurites and NFTs, and active GSK3J3

phosphorylated at Tyr216 being detectable in pre-tangle neurons %6168, To my knowledge,
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GSK3p Tyr216 immunoreactivity in AB-plaques has not been observed in the APP/PS1 model
prior to this.

4.3.2 3XTG mice

One 8-month old male 3xTG mouse was analyzed. RE was markedly reduced
miRNA-infected cells compared to control virus-infected cells. However, no statistically
significant changes in neither p-Tau nor GSK3p were observed. In the series stained for p-
Tau, two sections were viable for analysis. Looking at the scatterplot (Figure 24A), it is
evident that a cluster of control virus-infected cells all score very high in levels of RE and p-
Tau. When investigating the raw data from each section, it seems like these cells all stem
from the same section. If one were to consider this cluster as outliers, this 3xTG mouse would
have statistically significant increase in p-Tau. This might indicate that there is a variability in

overall fluorescence intensity between sections, and this variability can affect the result.

Unlike in the APP/PS1 model, no plaque-like GSK3p immunoreactivity was observed
in the 3XxTG mouse model. This is not unexpected, since AB-plaque deposition in the
hippocampus and neocortex occurs in the 3xTG mouse model by 12-15 months, much later
than in the APP/PS1 model 1% 147

4.3.3. McGill-R-Thy1-APP rat model

Four 3-month old McGill-R-Thy1-APP rats were analyzed. RE was significantly
reduced in miRNA-infected cells in three of the rats, and out of these three, two rats had
statistically significant reductions in p-Tau, while the third had statistically significant
increase in p-Tau. As was the case with the APP/PS1 mice, the results are also divergent in
the McGill-R-Thy1-APP rats, and the reason for this remains unclear. The number of cells
quantified in the rat tissue is overall much greater than in the mice tissue. However, there is a
large variability in the number of analyzed cells between the three McGill-R-Thy1-APP rats.
In rat 25180 where p-Tau was reduced, a total of 531 cells were quantified. While in rat
25181, which had an increase in p-Tau, 126 cells total were quantified. Whether or not
discrepancies like this in the total number of analyzed cells could influence the overall results
is unknown, thus this cannot be ruled out. However, the fact that cells were only selected if
they were within the same part of the dorsolateral EC, falling along the same extent from the
rhinal sulcus, may be taken to indicate that the discrepancies between animals are not due to

variations in numbers of neurons.
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The fourth McGill-R-Thy1-APP rat was the only animal in this thesis in which
measured levels of RE was not lowered. Oddly enough, visual inspection of expressed RE
seems to indicate that RE has been reduced, meaning that the miRNA virus must have had an
effect (Figure 30 C-D). In the experimental hemisphere, no clearly defined LIl of RE
immunoreactive neurons remain, only some sporadic RE-positive cells are visible. A look at
the respective scatter plot, reveals two distinct clusters of cells, with control- and miRNA-
infected cells intermixed. Also, only 55 cells total were eligible for analysis. This was due to

poor expression of control virus, as well as damage to one hemisphere.

4.4 Tau in rodent animal models for AD

Two of transgenic animal models for AD used in this thesis, are primarily considered
models for amyloid pathology, since they are carrying variants of APP and/or PS1 mutations.
Conversely, the third model used, namely the 3xTG mouse model, carries human MAPT with
the P301L mutation along with APP and PS1 mutations.

In the case of the APP/PS1 model, the original paper by Radde et al. mentions AB-plaques
being surrounded by p-Tau-positive neuritic processes detectable by AT8 immunostaining.
However, this was first detectable at 8 months, and no mature tangle pathology was observed
106, However, some studies have detected positive tau signal with PAs specific to Ser396 at 6-,
and 7-months, using western blotting %% 19, The McGill-R-Thy1-APP rat model is known to
be devoid of NFT pathology 1. Consistent with this, no AT8 immunoreactivity was detected
in an un-injected 18-month old homozygous McGill-R-Thy1-APP rat (Figure 18). The
APP/PS1 mice and McGill-R-Thy1-APP rats studied here were all 3 months old, which in

respect to potential NFT pathology in these models, must be regarded as being very young.

The 3xTG mouse model show both AB- and NFT pathology. In the original description of the
model, the onset of tau-pathology happens in the hippocampus and does not occur until the
3XTG mice reach about 12 months of age. Phosphorylation of Ser396 is first detectable in the
hippocampus at 18 months of age 1’2. The 3xTG mouse analyzed in this thesis was 8 months
old, which of course is older in comparison to the APP/PS1 and McGill-R-Thy1-APP rats
used in this study, but in regards to expected onset of tau pathology in the 3xTG model, 8
months is still quite young. A different study of the tau pathology of the 3xTG model found
that the P301L transgene product could not be detected in the EC until 12 months of age, nor
does it accumulate with further aging. Also, a limited number of Ser396 immunoreactive cells

were detectable in the EC only at 26 months of age 3. Considering this, the 3xTG mouse
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model is unsuitable for studying tau-related pathology in the EC, despite it being the only
animal model with a tau-mutation presented in this thesis.

When considering the tau pathology, or lack thereof, that has previously been reported
regarding the three transgenic animal models used in this project, the measured levels of p-
Tau in EC might be so minute, that even small differences in methodological variability may

outweigh any biological differences, giving rise to discrepant results that reflect artefacts.
4.5 Methodological considerations

4.5.1 Scanning

The variabilities in fluorescence intensity between sections could be a result of errors
in the scanning procedure. Each series were scanned using the same scanner settings, in order
to preserve the same fluorescence intensity throughout the series. Some sections were for
some reason very difficult to scan in focus and had to be rescanned multiple times. When this
happened, the relevant tissue marked for analysis were re-scanned together in order to avoid
photobleaching in one section only. Another technical issue to consider, might be tiling
effects in the scanned tissue, where one square has slightly different focus settings than the
adjacent square, which might impact the readout of fluorescence intensity. It seems unlikely
that this could have distorted the results of all animals, but in the case of McGill-R-Thy1-APP
rat 25561, a technical issue related to tissue scanning might explain the seemingly random

distribution of the scatter plot.

4.5.2 Stereotaxic injections

One should not rule out the possibility of levels of p-Tau potentially being affected by
the injection of the control-virus. Earlier studies have demonstrated that hyperphosphorylation
of tau can occur due to external stimuli, such as hypothermia, anesthesia and hypoxia 1417
176, To control for the possibility that control virus or the stress of the injection itself could
have an impact on p-Tau, animals injected with control-virus only ought to be investigated in

the continuation of the larger project this master’s thesis is a part of.

4.6 Future directions

A big challenge in studying tau pathology related to AD in transgenic animals, is that

the tau pathology observed in transgenic mouse and rat models is very different from the tau-
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pathology seen in human AD-patients. As previously discussed in section 4.4, the onset of
tau-pathology in the 3xTG mouse occurs in the hippocampus, not in EC LII as it does in
humans 11, If there is a connection between RE and GSK3p and/or p-Tau, this needs to be

studied in EC LIl where RE is present.

An additional challenge is the use of tau mutations specific to frontotemporal dementia
in transgenic animal models for AD. The ratio of tau isoforms that are hyperphosphorylated in
frontotemporal dementia, are different to the ratio of tau isoforms that are
hyperphosphorylated in AD. Neurofibrillary tangles in human AD consist of all six tau
isoforms at ratio of 1:1 between 3R tau and 4R tau 1’’. Whereas in frontotemporal dementia,
only 4R isoforms are part of NFTs "8, To have the full range of tau isoforms in AD transgenic
animal models should be a goal to aim for when developing the next generation of transgenic
animal models for AD. Mouse models for expressing the entire human MAPT gene, in the
absence of mouse MAPT gene, effectively replicating human tau isoform splicing, has also
been developed 177, These types of mice could be interesting to crossbreed with other existing
AD- or tauopathy animal models, to see if tau pathology would manifest itself closer to that of
human AD. Another step in the right direction, would be to focus on establishing novel
transgenic rat models with NFT pathology. This is important due to the fact that the rat brain
already express all six isoforms of tau, albeit with a different ratio of 3R tau to 4R tau (9:1)
than in humans®. Still, a transgenic rat model might simulate tau neuropathology closer to
that seen in humans, which in turn might be critical in understanding the underlying

mechanisms of the disease process.

As for future directions with this project, increasing the age of the animals studied
would be preferable. According to the amyloid cascade hypothesis, tau-pathology is
downstream from the Ap-oligomerization °. Consistent with this, the APP/PS1 and 3xTG
models develop tau-pathology after onset of Ap-pathology 1% 172 If the goal is to study p-
Tau, then the animals studied need to be old enough to have had time to develop NFT
pathology. This might require quite a long time, which might not be feasible nor cost-
effective. Alternatively, one could shift focus from p-Tau to investigating tau kinases like
GSK3p or CDKS. It is well established at this point that increased activity or decreased
inhibition of tau protein kinases leads to p-Tau. By focusing on tau kinases, one could perhaps
rely on using younger animals. Also, one could bypass the issues of lack of full tau isoform
expression in mice and rats, since the mechanisms leading to p-Tau are being studied, not p-

Tau itself.
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4.7 Conclusions

The aim of this thesis was to investigate a possible relationship between RE and p-Tau
in EC LII. It was hypothesized that reducing expression of RE in EC LII, would lead to an
observable increase in both GSK3p and p-Tau. The results from this thesis demonstrate that
stereotaxic injection of a novel RE miRNA virus is an effective means of lowering expressed
RE in EC LIl in different transgenic animal models for AD. Conversely, no consistent change
was observed with respect to levels of p-Tau and GSK3f in EC LIL
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6. Appendices

Appendix 6.1 List of animals

6.1.1 Animals used for antibody testing and Nissl staining.

Animal ID | Strain Age Sex
76073 Ck2/tTA+/- x APP/PS1+/- 1 month Male
72451/72421 | APP/PS1 (HM3-DDD+/-;0dz3-P8117+/- x 9 months Male
APP/PS1+/-)
72977 APP/PS1+/- x Odz3-P8117+/-;tetO-HM4+/- 8 months Male
73331 APP/PS1+/- x Odz3-P8117+/-;tetO-HM4+/- 7 months Male
72448 APP/PS1 ( HM3-DDD+/-;0dz3-P8117+/- x 9 months Female
APP/PS1+/-)
76339 Ck2/tTA+/- x APP/PS1+/- 2 months Male
P59
76340 Ck2/tTA+/- x APP/PS1+/- 2 months Male
P59
78782 Ck2/tTA+/- X APP/PS1+/- P39 Male
78806 Ck2/tTA+/- x APP/PS1+/- P36 Male
Unknown ID | APP/PS1+ KO for DNA repair gene 17 months | Male
(M17) Graciously donated to me by Katja Scheffler at
Institute for Neuromedicine and Movement Science
71758 APP/PS1 +/- X CK2/tTa +/- 5 months Male
57986 C57 6 months Female
57987 C57 6 months Female
23506 Alzheimer's +/+ 2.5 months | Female
22464 AD+/+ 5 months Male
19020 AD+/+ 9 months Female
17461 AD-/- 9 months Male
14216 AD+/+ 18 months | Female
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80156 3XTg-AD+/+ x 3xTg-AD+/+ 8 months Female
P249

80158 3XTg-AD+/+ x 3XxTg-AD+/+ 8 months Female
P249

80157 3XTg-AD+/+ x 3xTg-AD+/+ 8 months Female
P249

6.1.2 List of injected 3xTG mice excluded from final analysis

Animal | Strai | Age Sex | Injection

ID n

77130 3XTG | 3months | F right AAV/CMV/siRNA4/GFP, left:
AAV/CMV/GFP. GOOD PERFUSION. Good GFP
signal

77131 3XTG | 3months | F right AAV/CMV/siRNA4/GFP, left:
AAV/CMV/GFP. GOOD PERFUSION (some dura
left)

77133 3XTG | 3months | M right: AAV/CMV/GFP; left:
AAV/CMV/siRNA4/GFP. Perfused because it was
sick, GOOD PERFUSION

6.1.3 List of injected APP/PS1 mice excluded from final analysis

Animal Strain Age | Sex Injection

ID

76070 APP/PS1 | 6m |F Injections: right AAV/CMV/shRNA/GFP, left:
+/- AAV/CMV/GFP GOOD PERFUSION. No GFP

signal

76075 APP/PS1 | 6m | M Injections: right AAV/TetO R3-R6 myc
+/- X CK2 His(900nl!), left AAV/TetO GFP GOOD
+/- PERFUSION. No GFP signal

75282 APP/PS1 |3m |F Injections: right AAV/CMV/shRNA/GFP, left:
+/- X CK2 AAV/CMV/GFP. GOOD PERFUSION
+/-
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76072 APP/PS1 | 7m Injections: right AAV/TetO R3-R6 myc
+/- X CK2 His(900nl!), left AAV/TetO GFP GOOD
+/- PERFUSION

77016 APP/PS1 | 3m Injections: right AAV/CMV/siRNA4/GFP, left:
+/- AAV/CMV/GFP GOOD PERFUSION

75824 APP/PS1 | 6m Injections: right AAV/TetO R3-R6 myc
+/- X CK2 His(900nl!), left AAV/TetO GFP. GOOD
+/- PERFUSION

75817 APP/PS1 | 6m Injections: right AAV/TetO R3-R6 myc
+/- X CK2 His(900nl!), left AAV/TetO GFP. GOOD
+/- PERFUSION

77017 APP/PS1 | 3m Injections: right: AAV/CMV/GFP; left:
+/- X CK2 AAV/CMV/siRNA4/GFP GOOD PERFUSION
+/-

76945 APP/PS1 | 3m Injections: right AAV/CMV/siRNA4/GFP, left:
+/- X CK2 AAV/CMV/GFP GOOD PERFUSION
+/-

75282 APP/PS1 | 3m Injections: right AAV/CMV/shRNA/GFP, left:
+/- X CK2 AAV/CMV/GFP. GOOD PERFUSION
+/-

71983 APP/PS1 | 5m Injections: right AAV/TetO R3-R6 myc His, left
+/- X CK2 AAV/TetO GFP
+/-

77024 APP/PS1 | 3m Injections: right, AAV/TetO GFP, left, AAV/TetO
+/- X CK2 R3-R6 myc His(1200nl!) GOOD PERFUSION.
+/- NB very little GFP signal

76938 APP/PS1 | 3m Injections: right AAV/CMV/siRNA4/GFP, left:
+/- AAV/CMV/GFP OK PERFUSION. Smaller PFA

response

6.1.4 List of injected McGill-R-Thy1-APP rats excluded from analysis

Animal
ID

Strain

Age

Sex Injections
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23914 McGill-R- 4m M right: AAV/CMV/mRNAL/GFP, left:
Thyl-APP AAV/CMV/GFP

Appendix 6.2 Immunohistochemistry protocols

6.2.1 pSer396 tau and Reelin G10 double immunofluorescent protocol

Wash sections 3 x 2 minutes in PB

1. Heat induced antigen retrieval in PB 60 °C for 2 hours

2. Wash sections 3x 10 minutes in PBT

3. Incubate for 1 hour with 10% normal goat serum in PBT.

4. Incubate with primary antibody monoclonal rabbit anti pS396-Tau (1:2000) and
monoclonal mouse anti-reelin G10 (1:1000) overnight on shaker at 4°C with PBT + 5%
NGS

5. Wash sections 3 x 5 minutes in PBT

6. Incubate with secondary antibody goat anti-RABBIT Alexa 546 (1:1000) and Goat anti-
MOUSE Alexa 635 (1:1000) in PBT for 120 minutes on shaker in room temperature. +
5% NGS

7. Wash sections 3 x 5 minutes in PB

8. Wash sections 2 x 5 minutes in Tris-HCI

9. Mount in Tris-HCI on Superfrost slides and dry overnight

10 . Coverslip with Xylene and Entellan and dry overnight

6.2.2 GSK3p Tyr216 and Reelin G10 double immunofluorescent protocol.

Woash sections 3 x 2 minutes in PB

1. Heat induced antigen retrieval in PB 60 °C for 2 hours

2 Wash sections 3x 10 minutes in PBT

3. Incubate for 1 hour with 10% normal goat serum in PBT.

4 Incubate with primary antibody monoclonal rabbit anti pGSK3p (1:1000) and

monoclonal mouse anti-reelin G10 (1:1000) overnight on shaker at 4°C with PBT +

5% NGS
5. Wash sections 3 x 10 minutes in PBT
6. Incubate with secondary antibody goat anti-RABBIT Alexa 546 (1:1000) and goat

anti-MOUSE Alexa 635 (1:1000) in PBT for 120 minutes on shaker in room
temperature. + 5% NGS
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7.
8.
9.
10.

Woash sections 3 x 10 minutes in PB
Wash sections 2 x 5 minutes in Tris-HCI
Mount in Tris-HCI on Superfrost slides and dry overnight

Coverslip with Tolouene and Entellan and dry overnight

6.2.3 AT8 phospho tau protocol

Pre-treatment:

Wash sections 3x2 min in TBS

Heat induced antigen retrieval in TBS 60 °C for 2 hours

AR

8.
9.

10.
11.
12.
13.
14.
15.

Wash sections 3 x 10 minutes in TBS

Quench endogenous peroxidases in 3% H,O, in TBS for 30 minutes
Wash sections 3x 10 minutes in TBS-Tx (SA 1:)

Incubate for 1 hour with 10% normal goat serum in TBS-Tx (SA2)
Incubate with primary antibody AT8 (1:1000) overnight on shaker at 4°C
with TBS-TX. Select control sections (no PA). One triangular cut.

Wash sections 3 x 10 minutes in TBS-Tx

Incubate with secondary antibody, biotinylated goat anti-mouse (1:1000)
in TBS-Tx for 90 minutes on shaker in room temperature Select control
sections (No PA/SA). Two triangular cuts.

Wash sections 3 x 10 minutes in TBS-Tx

Incubate with ABC for 90 minutes at room temperature

Wash sections 3 x 10 minutes in TBS-Tx

Rinse sections 2 x 5 minutes in Tris-HCI

Incubate with DAB for 10 minutes

Wash sections 2 x 5 minutes in Tris-HCI

Mount in Tris-HCI on Superfrost slides and dry overnight

Coverslip with Xylene and Entellan and dry overnight

Make ABC one hour before use

Make DAB two hours before use
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6.2.4 AT8 protocol with pre-incubation of SA

Pre-treatment:

Wash sections 3x2 min in TBS

Heat induced antigen retrieval in TBS 60 °C for 2 hours

S

8.
9.

10.
11.
12.
13.
14.
15.

Wash sections 3 x 10 minutes in TBS

Quench endogenous peroxidases in 3% H>O> in TBS for 30 minutes

Wash sections 3x 10 minutes in TBS-Tx

Incubate for 1 hour with 10% normal goat serum in TBS-Tx

Incubate with primary antibody ATS8 (1:1000) overnight on shaker at 4°C with TBS-
TX +5% NGS. Select control sections (no PA). One triangular cut.

a. Pre-incubate biotinylated goat anti-mouse overnight. 1:500

Wash sections 3 x 10 minutes in TBS-Tx

Incubate with secondary antibody, biotinylated goat anti-mouse (1:500) in TBS-Tx +
5%NGS for 90 minutes on shaker in room temperature Select control sections (No
PA/SA, SA only two triangular cuts).

Wash sections 3 x 10 minutes in TBS-Tx

Incubate with ABC for 90 minutes at room temperature

Wash sections 3 x 10 minutes in TBS-Tx

Rinse sections 2 x 5 minutes in Tris-HCI

Incubate with DAB for 10 minutes

Wash sections 2 x 5 minutes in Tris-HCI

Mount in Tris-HCI on Superfrost slides and dry overnight

Coverslip with Xylene and Entellan and dry overnight

Make ABC one hour before use

Make DAB two hours before use

6.2.5 AT8 protocol with Tween-20

Four groups with different incubations with tween-20:

1) Tween-20 in: NGS, PA, SA
2) Tween-20 in: NGS
3) Tween-20 in: PA

4) Tween-20 in: SA

Pre-treatment:

80



Wash sections 3x2 min in TBS

Heat induced antigen retrieval in TBS 60 °C for 2 hours

1)
2)
3)
4)
5)

6)
7)
8)

9

Wash sections 3 x 10 minutes in TBS

Quench endogenous peroxidases in 3% H20- in TBS for 30 minutes

Wash sections 3x 10 minutes in TBS-Tx

Incubate for 1 hour with 10% normal goat serum in TBS-Tx (Group 1 and 2)
Incubate with primary antibody ATS8 (1:1000) overnight on shaker at 4°C with
TBS-TX +5% NGS. Select control sections (no PA). One triangular cut. (Group 1
and 3)

Pre-incubate biotinylated goat anti-mouse overnight. 1:500

Wash sections 3 x 10 minutes in TBS-Tx

Incubate with secondary antibody, biotinylated goat anti-mouse (1:500) in TBS-Tx
+ 5%NGS for 90 minutes on shaker in room temperature Select control sections
(No PA/SA, SA only two triangular cuts). (Group 1 and 4)

Wash sections 3 x 10 minutes in TBS-Tx

10) Incubate with ABC for 90 minutes at room temperature
11) Wash sections 3 x 10 minutes in TBS-Tx

12) Rinse sections 2 x 5 minutes in Tris-HCI

13) Incubate with DAB for 10 minutes

14) Wash sections 2 x 5 minutes in Tris-HCI

15) Mount in Tris-HCI on Superfrost slides and dry overnight

16) Coverslip with Xylene and Entellan and dry overnight

Make ABC one hour before use

Make DAB two hours before use

Figure 31. Mouse 7331 incubated with Tween-20 in NGS, PA and SA. Left: PA/SA, Middle: PA omitted, Right; no

PA/SA
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6.2.6 AT8 protocol with Goat SA/Donkey SA
8 sections from each mouse (71758/72448)

4 sections incubated with Goat SA (1:1000/1:4000)

4 sections incubated with Donkey SA (1:1000/1:4000)

1)
2)
3)
4)
5)

6)

7)
8)

9

Wash sections 3 x 10 minutes in TBS

Quench endogenous peroxidases in 3% H>O> in TBS for 30 minutes

Wash sections 3x 10 minutes in TBS-Tx

Incubate for 1 hour with 10% normal goat serum in TBS-Tx

Incubate with primary antibody ATS8 (1:1000) overnight on shaker at 4°C with
TBS-TX +5% NGS. Select control sections (no PA). One triangular cut.
Pre-incubate biotinylated goat anti-mouse overnight. 1:500

Wash sections 3 x 10 minutes in TBS-Tx

Incubate with secondary antibody, biotinylated goat anti-mouse (1:1000/1:4000)
And biotinylated Donkey anti mouse (1:1000/1:4000) in TBS-Tx + 5%NGS for 90
minutes on shaker in room temperature Select control sections (No PA/SA, SA
only two triangular cuts).

Wash sections 3 x 10 minutes in TBS-Tx

10) Incubate with ABC for 90 minutes at room temperature
11) Wash sections 3 x 10 minutes in TBS-Tx

12) Rinse sections 2 x 5 minutes in Tris-HCI

13) Incubate with DAB for 10 minutes

14) Wash sections 2 x 5 minutes in Tris-HCI

15) Mount in Tris-HCI on Superfrost slides and dry overnight

16) Coverslip with Xylene and Entellan and dry overnight

Make ABC one hour before use

Make DAB two hours before use
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Figure 32 Comparison of background reactivity in Goat anti mouse- and Donkey anti mouse SA. 9 month old
APP/PS1 (HM3-DDD+/-;0dz3-P8117+/- x APP/PS1+/- (72421). Top left: Donkey (1:1000), top right:Donkey
(1:4000), bottom right: Goat (1:1000), bottom left: goat (1:4000).
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Appendix 6.3 List of secondary antibodies

Secondary antibody Supplier Reference
Goat anti-Mouse A488 Thermo Fisher | A11003
Goat anti-Mouse A546 Thermo Fisher | A31574
Goat anti-Mouse A635 Thermo Fisher | A11001
Donkey anti-mouse A488 Invitrogen A-21202
Donkey anti-mouse A546 Invitrogen

Goat anti-rabbit A488 Invitrogen A11008
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Goat anti-rabbit A546 Invitrogen A11010

Goat anti-Mouse 1gG biotin Sigma B7151

Goat anti-rabbit IgG biotin Sigma B8895

Appendix 6.4 Chemical solutions

Ringer Solution, pH 6.9

0.85% NaCl 4.25 g / 500 mL H20
0.025% KCI 0.125 g / 500 mL H20
0.02% NaHCO030.1 g / 500 mL H20

Mix the salts with the water in a container with magnet on a stirrer until dissolved. Filtrate

solution and heat to about 40 -C before use. Set the pH to 6,9 using O2. Ringer should be
made fresh before every perfusion.

Phosphate buffer (PB) 0.4M, pH 7.4
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A: NaH2PO4H20 27.6 g/500 mL H20

B: Na2HPO4H20 35.6 g/500 mL H20

Make solutions A and B (start with B, it needs longer time). Add solution A to solution B
until the pH is 7,4 (= 0.4M). Store in a dark place at room temperature for up to one month.

Phosphate buffer (PB) 0.125M, pH 7.4

Dilute 0.4M phosphate buffer. Can be stored in refrigerator for up to 1 week.
100 mL: 31.25 mL 0.4M phosphate buffer + 68.75 mL H20

500 mL: 156 mL 0.4M phosphate buffer + 344 mL H20

10% paraformaldehyde (PFA)

200mL H20

20g PFA

A few drops sodium hydroxide (NaOH)

Warm the water in a microwave oven to 60°C. Measure the PFA and add it to the water. Let
it stir on a heating stirrer and add the NaOH. The solution is ready when it becomes clear.
Everything should be carefully carried out in a ventilated hood.

Fixative 4% paraformaldehyde (PFA) 500 ml

200mL 10% paraformaldehyde (described above)

156 mL 0.4 M phosphate buffer

144 mL H20

Start by adding water and PB to the 10% paraformaldehyde solution. Use HCI to adjust the
pH to 7.4 and filtrate before use. Everything should be carefully carried out in a ventilated
hood. Make new fixative for every perfusion.
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Tris-HCIpH 7.6
Tris 3.03 g/500 mL H20
Use HCI to adjust the pH to 7.6. Store in refrigerator for up to one week.

TBS buffer pH 8.0

Tris 3.03 g/500 mL H20

NaCl 4.48 g/500 mL H20

Mix the measured water, Tris and NaCl before adjusting the pH to 8.0 with HCI. The solution
can be stored in refrigerator for up to one week.

0.2% TBS-TX buffer pH 8,0

Tris 3.03 g/500 ml H20

NaCl 4.48 g/500 ml H20

Triton-X-100 1 mL/500 ml H20

Mix the measured water, Tris, NaCl and Triton-X-100. Adjust pH to 8.0 by using HCI. Store
in refrigerator for up to one week.

Sucrose
Dissolve 30 g sucrose in 31.25 ml 0.4M PB and 68.75 mL H20 (or in 100 mL 0.125M PB).

Cryoprotective solution (DMSO)
31,25 ml 0,4 M phosphate buffer
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46,75 ml H20

20 ml glycerine

2 ml DMSO

Mixing should be carefully carried out in a ventilated hood.
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Appendix 6.5 SPSS output from statistical analyses

6.5.1 APP/PS1 76502

pTau
Mann-Whitney Test

Mann-Whitney Test

Ranks
Sum of
Hemisphere N Mean Rank Ranks
Reelin  pTau control 20 32,25 645,00
pTau miRNA 22 11,73 258,00
Total 42
Test Statistics”
Reelin
Mann-Whitney U 5,000
Wilcoxon W 258,000
z -5415
Asymp. Sig. (2-tailed) 000
a. Grouping Variable:
Hemisphere

r=4,105/\42 = 0,633

Mann-Whitney Test

Ranks
Sum of
Hemisphere N Mean Rank Ranks
pTau pTau control 20 13,35 267,00
pTau miRNA 22 28,91 636,00
Total 42
Test Statistics”
pTau
Mann-Whitney U 57,000
Wilcoxon W 267,000
z -4105
Asymp. Sig. (2-tailed) 000
a. Grouping Variable:
Hemisphers
r=5,415/\ 42 = 0,835
Mann-Whitney Test
Ranks
Sum of
Hemisphere_2 N Mean Rank Ranks
GSK3B 00 23 13,22 304,00
1,00 39 42,28 1649,00
Total 62
Test Statistics®
GSK3B
Mann-Whitney U 26,000
Wilcoxon W 304,000
z -6,128
Asymp. Sig. (2-tailed) ,000

a. Grouping Variable:
Hemisphere_2

r=6,128/V62 =0,778

Ranks
Sum of
Hemisphere_2 N Mean Rank Ranks
Reelin_2 .00 23 51,00 1173,00
1,00 39 20,00 780,00
Total 62
Test Statistics®
Reelin_2
Mann-Whitney U ,a00
Wilcoxon W 780,000
z -6,536
Asymp. Sig. (2-tailed) ,000

a. Grouping Variable:
Hemisphere_2

r=6,536/N62 = 0,83



6.5.2 APP/PS1 75284

Group Statistics

Std. Error
Hemisphere N Mean Std. Deviation Mean
pTau  pTau control 45 4824 ,28365 04228
pTau miRNA 43 ,3072 ,22298 ,03400
Independent Samples Test
Levene's Test for Equality of
Variances ttest for Equality of Means
95% Confidence Interval of the
Mean Std. Error Difference
F Sig t df Sig. (2-tailed) Difference Difference Lower Upper
pTau Equalvariances 3,819 054 321 86 002 17519 05456 06674 ,28365
assumed
Equal variances not 3,229 82,962 002 17519 05426 06727 ,28311
assumed
d =2x3,211/V86 = 0.692
Group Statistics
Std. Error
Hemisphere N Mean Std. Deviation Mean
Reelin  pTau control 45 5755 ,22083 ,03292
pTau miRNA 43 ,2085 07382 01126
Independent Samples Test
Levene's Testfor Equality of
Variances ttest for Equality of Means
95% Confidence Interval of the
Mean Std. Error Difierence
F Sig t df Sig. (2-tailed) Difference Difference Lower Upper
Reelin  Equalvariances 20,085 000 10,355 86 000 36693 03544 ,29649 43738
assumed
Equal variances not 10,547 54,116 000 36693 03479 29718 43668
assumed
d =2x10,547/N/54,1= 2.867
Group Statistics
Std. Error
Hemisphere_2 N Mean Std. Deviation Mean
GSK3B 00 54 5770 ,20158 02743
1,00 48 2845 16574 ,02392

Independent Samples Test

Levene's Testfor Equality of

Variances t-test for Equality of Means
95% Confidence Interval of the
Mean Std. Error Difference
F Sig. t df Sig. (2-tailed) Difference Difference Lower Upper
GSK3B  Equal variances 1912 A70 7,944 100 ,000 29246 ,03662 21942 ,36551
assumed
Equal variances not 8,035 99,424 000 29246 ,03640 ,22025 36468

assumed

d = 2x7,944/N100 = 1,588
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Group Statistics

Std. Error
Hemisphere_2 Mean Std. Deviation Mean
Reelin_2 00 54 5506 18234 02617
1,00 48 1465 10098 01458
Independent Samples Test
Levene's Test for Equality of
Variances t-testfor Equality of Means
95% Confidence Interval of the
Mean Std. Error Difference
F Sig t df Sig. (2-tailed) Difference Difference Lower Upper
Reelin_2  Equalvariances 24,065 000 13,039 100 ,000 40403 03099 34255 46551
assumed
Equal variances not 13,486 82,068 ,000 40403 02996 34443 46363
assumed
d = 2x13,486//82,1 = 2.976
Group Statistics
Std. Error
Hemisphere N Mean Std. Deviation Mean
pTau  Control 54 3649 ,28850 03926
MIiRNA 69 ,2832 15388 01852
Independent Samples Test
Levene's Test for Equality of
Variances t-test for Equality of Means
95% Confidence Interval of the
Mean Std. Error Difference
F Sig i df Sig. (2-tailed) Difference Difference Lower Upper
pTau  Equal variances 37,707 ,000 2,016 12 046 08169 04053 00145 16183
assumed
Equal variances not 1,882 76,281 064 ,08169 04341 -,00476 16814
assumed
d = 2x1.882/776.281 = 0.430
Group Statistics
Std. Error
Hemisphere N Mean Std. Deviation Mean
Reelin  Control 54 3848 27242 03707
miRNA 69 0804 05379 00648
Independent Samples Test
Levene's Test for Equality of
Variances t+est for Equality of Means
95% Confidence Interval of the
Mean Std. Error Difference
F Sig. t df Sig. (2-tailed) Difference Difference Lower Upper
Reelin  Equalvariances 120747 ,000 9,068 121 000 ,30439 ,03357 ,23793 37084
assumed
Equal variances not 8,088 56,242 000 ,30439 03763 ,22901 37977

assumed

d = 2x8.088/56.2 = 2.157
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Group Statistics

Std. Error
Hemisphere_2 N Mean Std. Deviation Mean
GSK3B  Control 100 4961 18949 ,01895
miRNA 107 A674 19267 ,01863
Independent Samples Test
Levene's Test for Equality of
Variances ttest for Equality of Means
95% Confidence Interval of the
Mean Std. Error Difference
F Sig t df Sig. (2-tailed) Difference Difference Lower Upper
GSK3B  Equalvariances Jg27 722 1,079 205 ,282 02869 02659 -,02373 08110
assumed
Equal variances not 1,080 204 481 282 02869 02657 -,02370 ,08107
assumed
d = 2x1.079/4205 = 0.150
Group Statistics
Std. Error
Hemisphere_2 N Mean Std. Deviation Mean
Reelin_2  Control 100 3258 122006 02201
miRNA 107 1109 07299 00708
Independent Samples Test
Levene's Test for Equality of
Variances ttest for Equality of Means
95% Confidence Interval of the
Mean Std. Error Diferance
F Sig. 1 df Sig. (2-tailed) Difference Difference Lower Upper
Reelin_2  Equalvariances 119,225 ,000 9,557 205 ,000 21492 02249 17058 ,25926
assumed
Equal variances not 9300 119,228 ,000 21492 02311 16916 ,26068
assumed
d =2x9.300/\119.2 = 1.703
O=control, 1=miRNA
Group Statistics
Std. Error
Hemisphere N Mean Std. Deviation Mean
pTau 00 259 ,3835 14662 ,00911
1,00 272 1564 07215 ,00437
Independent Samples Test
Levene's Test for Equality of
Variances t+test for Equality of Means
95% Confidence Interval of the
Mean Std. Error Diffarence
F Sig t df Sig. (2-tailed) Difference Difference Lower Upper
pTau Equalvariances 82,640 ,000 22,808 529 ,000 ,22708 ,00996 ,20752 24664
assumed
Equalvariances not 22,469 371,869 ,000 ,22708 L0101 ,20720 , 24695

assumed

d =2 x22.469/N371.869 = 2.330
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Group Statistics

Std. Errar
Hemisphere N Mean Std. Deviation Mean
Reelin 00 259 ,3063 20171 01253
1,00 272 0685 04229 00256

Independent Samples Test

Levene's Testfor Equality of

Variances ttest for Equality of Means
95% Confidence Interval of the
Mean Std. Error Difference
F Sig. t df Sig. (2-tailed) Difference Difference Lower Upper
Reelin  Equal variances 264,137 000 19,013 529 ,000 ,23783 01251 ,21326 ,26240
assumed
Equal variances not 18,590 279584 ,000 ,23783 01278 21265 ,26301
assumed
d=2x18.590/N279.584 = 2.224
Group Statistics
Std. Error
Hemisphere N Mean Std. Deviation Mean
pTau  Control 68 3620 13928 01689
miRNA 58 5614 16347 02146
Independent Samples Test
Levene's Test for Equality of
Variances t-test for Equality of Means
95% Confidence Interval of the
Mean Std. Error DiMerence
F Sig t df Sig. (2-tailed) Difference Difference Lower Upper
pTau  Egualvariances 1,777 185 -7,393 124 ,000 -,19936 02697 -, 26274 -, 14598
assumed
Equal variances not -7,299 112,684 000 -,19936 02731 -,25348 -14525
assumed
d =2x7.393/\124 = - 1.328
Group Statistics
Std. Error
Hemisphere N Mean Std. Deviation Mean
Reelin  Control 68 5642 17319 02100
miRNA 58 0318 ,01992 00262
Independent Samples Test
Levene's Test for Equality of
Variances test for Equality of Means
95% Confidence Interval ofthe
Mean Std. Error Difference
F Sig t df Sig. (2-tailed) Difference Difference Lower Upper
Reelin  Equal variances 74,360 ,000 23,266 124 000 53236 02288 48707 57765
assumed
Equal variances not 25154 69,075 000 53236 02116 49014 57458
assumed

d = 2x25.154/\69.075 = 6.053

92



6.5.6 McGill-R-Thyl-APP 25561

Mann-Whitney Test

Ranks
Sum of
Hemisphere N Mean Rank Ranks
p_Tau Caontrol 27 29,30 741,00
miRNA 28 26,75 749,00
Total 55
Test Statistics”
p_Tau
Mann-Whitney U 343000
Wilcoxon W 749,000
z -589
Asymp. Sig. (2-tailed) G556
a. Grouping Variable:
Hemisphere

Mann-Whitney Test

Ranks
Sum of
Hemisphere N Mean Rank Ranks
Reelin  Control 27 2578 636,00
mMiRNA 28 30,14 844,00
Total 55
Test Statistics”
Reelin
Mann-Whitney U 318,000
Wilcoxon W 696,000
z -1,010
Asymp. Sig. (2-tailed) 312
a. Grouping Variable
Hemisphere

r = 0.589/V55 =0.079 r=1.010/N55=0.136

6.5.7 McGill-R-Thyl-APP 25562

Group Statistics

Std. Error
Hemisphere N Mean Std. Deviation Mean
pTau  Control 125 3780 ,20916 ,01871
mIiRNA 126 2875 16810 01498

Independent Samples Test

Levene's Test for Equality of

Variances ttestfor Equality of Means
95% Confidence Interval of the
Mean Std. Error Diffarence
F Sig t df Sig. (2-tailed) Difference Difference Lower Upper

pTau Equalvariances 4718 031 3,782 249 000 ,09054 02394 ,04338 13770
assumed

Equal variances not 3,778 237,214 000 09054 02396 04333 13775
assumed

d=2x3.782/\249 = 0.479

Group Statistics

Std. Error
Hemisphere N Mean Std. Deviation Mean
Reelin  Control 125 4638 20117 01799
miRNA 126 0981 06386 00569

Independent Samples Test

Levene's Test for Equality of

Variances t-test for Equality of Means
95% Confidence Interval of the
Mean Std. Error Cifference
F Sig t df Sig. (2-tailed) Difference Difference Lower Upper

Reelin  Equal variances 90,512 ,000 19,441 249 ,000 36567 01881 32863 40272
assumed

Equal variances not 19,377 148556 ,000 36567 01887 32838 ,40296
assumed
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d=2x19.377/\148.556 = 3.179
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