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“The existence of forgetting has never been proved: We only know that some things don't

come to mind when we want them.” — Friedrich Nietzsche
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Sammendrag: Innsiden ut av Alzheimers sykdom

Funnene presentert i denne avhandlingen stgtter tidligere resultater som tilsier at et lite
omrade i temporallappene av hjernen (betegnet som lateral entorhinal cortex [LEC] lag Il) er
et sarbart omrade for utviklingen av proteiner som skader hjerneceller (nevroner) i tidlig fase
av Alzheimers sykdom. Disse skadelige proteinene bygger seg stgrre i Igpet av sykdommen,
helt fram til de blokkerer kommunikasjonen mellom nevronene, noe som leder til celledgd og
hukommelsestap. | denne avhandlingen presenterer vi nye funn angaende opprinnelsen og
mekanismen for spredning av disse skadelige proteinene, og viser at forsgksdyr og
molekylaere verktgy er avgjgrende for a besvare store spgrsmal innenfor forskningsfeltet. Jeg
haper at arbeidet mitt en dag vil hjelpe til 3 innlemme funn fra grunnforskningen inn til

klinikken og pasienter med Alzheimers sykdom.

Hvert tredje sekund stilles en ny demensdiagnose i verden, og majoriteten av disse er
forarsaket av Alzheimers sykdom. Det finnes ingen kur for sykdommen, noe som gjgr at
hypotesetesting rundt sykdommens begynnelse og spredning, samt utvikling av metoder for
tidlig diagnose og behandling, er seerdeles viktig. Forskere har gjort store fremskritt med a
forstd hvordan sykdommen starter, og vi vet na at nevroner i LEC lag Il er utsatt for tidlig
degenerasjon i pasienter som fgrst utvikler mild kognitiv svikt og til slutt Alzheimers demens.
| Igpet av denne perioden er sa mye som halvparten av disse nevronene mistet. Forskere har
ogsa kartlagt progresjonen av sykdommen ved bruk av biomarkgrer for 3 vurdere
nevropatologi i lgpet av sykdomsprosessen. Pa tross av disse framskrittene har man enda ikke
klart a finne hva som ma til for & hindre at kognitiv svikt starter i pasienter. En av grunnene til

sakte fremgang er at data fra forsgksdyr ikke har vaert overfgrbare til pasienter.
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Preface

Memory has a central role in life: our experiences contribute to making us who we are and
give us an identity, a history, a culture. What would we be without our past, without a story
to tell, without people to remember? A literal illustration of this can be seen in the last series
of self-portraits by William Utermohlen (Fig. 2), who drew a representation of himself at the
end-stage of Alzheimer’s disease resembling nothing like his first self-portrait. Without
memory our existence would be leaky, and although filled with new memories each day, these

would flow away, erasing the past and damaging the future.

Figure 2. Artist William
Utermohlen  (1933-2007) was
diagnosed with Alzheimer’s
disease in 1995, but before his
death in 2007 he created a heart-
wrenching final series of self-
portraits over the stages of the
disease. The image shows hist first
and last self-portrait. Left: 1967,
Pencil and Conté crayon on paper,
26.5 x 20 cm, Private collection.
Right: 2000, Pencil on paper, 40.5 x
33 cm, Estate of the Artist, Paris.
Photos from [6], courtesy of Chris
Boicos Fine Arts, Paris.
Reproduced with permission.

The American biochemist Gregory Petsko said that «Alzheimer’s disease starts when a protein
that should be folded up properly misfolds into a kind of demented origami» in his 2008 TED
talk titled The Coming Neurological Epidemic. This quote inspired the geometric illustration
on the inner sleeve of this thesis and has driven my passion to understand the underlying
biochemical processes that drive the disease. Ultimately, Alzheimer’s disease will become an
epidemic as stated by Petsko, as the elderly population is incrementally increasing year by
year. Having worked at various dementia facilities to financially support myself during my
studies, | have gotten a first-hand experience on the toll this disease puts on families, health
personnel, and the patients themselves. Hopefully, some of the research presented here can

help unfold the demented origami for future generations.

Christiana Bjgrkli, April 2022






Summary: The inside-out of Alzheimer’s disease

Every three seconds someone is diagnosed with dementia, and Alzheimer’s disease (AD)
constitutes most of these cases. In the absence of a cure for AD, testing hypotheses regarding
disease onset and spread, and developing methods for early diagnosis and treatment of the
disease remain an urgent priority. Researchers have made tremendous strides in research to
understand the origin of AD, and we now know that the neurons in lateral entorhinal cortex
(LEC) layer Il (@ small brain region in the temporal lobes) are at selective risk for
neurodegeneration in patients going through transition stages to AD (referred to as mild
cognitive impairment [MCI]), and during this transition stage as much as half of the cell
population is lost. The disease progression in human AD has been well-characterized by
biomarker studies to assess pathological hallmarks at various stages of the disease.
Biomarkers in AD can be elucidated by cerebrospinal fluid (CSF) analysis (commonly used
biomarkers include decreased amyloid-B (AB)s2, increased total tau, and increased
phosphorylated tau) or neuroimaging markers of disease, such as positron emission
tomography (PET) revealing amyloid plaques and tau pathology. Despite these research
efforts, we still do not know how to hinder cognitive decline in patients with AD, and one

reason may be the poor translatability between preclinical models and patients.

Before any new hypotheses and treatments can reach the clinic, they first need to be tested
in preclinical models using basic research strategies. We therefore need robust preclinical
models that can help us achieve improved comparability with the human condition, and
thereby improved translatability into the clinic. Here we used a highly clinically comparable
rodent model of AD, the 3xTg AD mouse, which contains human genetic mutations
recapitulating neuropathology observed in patients. First, we developed and applied our
modified microdialysis method for repeated, longitudinal in vivo CSF collection and
characterized biomarker protein changes in mice along the entire AD disease progression
(Paper Il). We subsequently applied our optimized microdialysis method to administer
repurposed drugs aimed at attenuating AD-related AP and tau neuropathology (Paper lll). In
another set of experiments, we overexpressed human tau pathology in LEC layer Il in mice
using a viral vector delivery system, and then monitored tau spread from LEC layer Il to its

projection targets in the hippocampus (Paper 1V). Lastly, we chemogenetically silenced

Xi



neurons in LEC layer Il and monitored the effect on intraneuronal AB levels in LEC and in

downstream hippocampus (paper V).

Using our modified microdialysis protocol, we found that the concentrations of CSF AB and
tau proteins in mouse models of AD are comparable to changes observed along the disease
cascade in patients (Paper Il). Repurposed drugs not only attenuated neuropathology at the
molecular, but also at the functional level when administered in combination using our
microdialysis protocol at various therapeutic time windows (Paper Ill). Moreover, we found
that the presence and spread of tau from LEC layer Il to the hippocampus increased with age
and was affected by the presence of endogenous tau load (Paper IV). We also show a
correlation between intraneuronal AB levels and neuronal activity, and that chemogenetic
silencing of LEC layer Il neurons led to reduced early intraneuronal AR in LEC and in the

downstream hippocampus (Paper V).

In summary, | have (i) characterized CSF biomarkers along the entire disease cascade in a
mouse model of AD and have validated the translational value of this model to patients. (ii)
My findings lend support to the application of repurposed drugs to attenuate AD
neuropathology at various therapeutic time windows. (iii) | have shown that tau spread from
its site of anatomical origin depends upon aging and the pre-existence of tau. (iv) Lastly, | have
demonstrated that the activity of LEC layer Il neurons affects early intraneuronal AR build-up.
In line with previous research, | have shown the vulnerability of EC layer Il for developing AD-
related neuropathology, obtained insights into the origins and mechanisms of
neuropathological spread, and shown that experimental animal models and molecular
techniques are invaluable tools for answering fundamental questions within the field.
Ultimately, | have aimed to develop a springboard for future integration of basic research

findings to the clinic and AD patients.
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1. General introduction

1.1. Introduction to Alzheimer’s disease

At a psychiatric hospital in Frankfurt, a 51-year-old woman named Auguste Deter sought help
because her family had noticed that she had become uncharacteristically jealous of her
husband, and soon became forgetful and tended to get lost. In November 1901, she became
a patient of Alois Alzheimer [19], who followed her clinical manifestations until her death in
1906. Alzheimer reported the autopsy of Auguste’s brain to a conference in Tibingen,

Germany, that same year [20]:

“A woman, 51 years old, showed jealousy towards her husband as the first noticeable sign of
the disease. Soon a rapidly increasing loss of memory could be noticed. She could not find her
way around in her own apartment. She carried objects back and forth and hid them. At times
she would think that someone wanted to kill her and would begin shrieking loudly. In the
institution her behavior bore the stamp of utter perplexity. . .. Periodically she was totally
delirious, dragged her bedding around, called her husband and her daughter, and seemed to

have auditory hallucinations.”

The autopsy disclosed a generally atrophic brain without large lesions. The large brain vessels
were altered by arteriosclerosis (or the thickening/hardening of artery walls). Alzheimer

found

“. . .peculiar changes of the neurofibrils...(which) are eventually seen clustering together in
thick bundles which emerge at the surface of the cell and miliary foci distinguishable by the
deposit in the cerebral cortex of a peculiar substance which can be recognized without stain

and is, in fact, very refractory to staining.”[5] (Fig. 3)



Unfortunately for Alzheimer, the audience
declined to ask any questions, as they were {
eager to hear the next lecturer give a |
presentation on compulsive masturbation

[21].

Later these changes observed by Alzheimer

were referred to as neurofibrillary tangles

Fig. 7. Eigentiimliche Fibrillenverinderang der Ganglienzellen. Beginn der Erkrankung
Bielschowsky-Priiparat.

(NFTs) and amyloid plaques, respectively Qg
[22’ 23]. Alzheimer did not claim that he Figure 3. Drawings of histological preparations of Auguste

Deter’s material, stained by Bielschowsky’s technique to
had found a new disease [24]' rather, he demonstrate tau tangles, and their stages [5]. © The New

York Academy of Medicine Center for History. Reproduced

was impressed by the histological  Wwith permission.

variation of the neuropathological process in Auguste’s brain, which he did not yet
understand. A year later, his colleague Francesco Bonfiglio (1883—1966) published a second
case, and two years later another Italian, Gaetano Perusini (1879-1915), described four
cases: two of them were the cases described by Alzheimer and Bonfiglio. They too believed
that they had observed an unusual variant of senile dementia. Emil Kraepelin (Fig. 4)
introduced the term Alzheimer's disease (AD) in the 8t edition of his textbook Compendium
der Psychiatrie [1] (1910; Fig. 5). When a case of AD was first reported in 1907, life expectancy
was much shorter than today. A diagnosis of AD was relatively uncommon and limited to
demented patients younger than 65 years, and the future devastating impact of the disease
remained unrecognized
until, in a 1976 editorial,
Katzman first argued that
senile dementia and AD
formed a continuum [24,

25].

Figure 4. Left to right: Alois Alzheimer and Emil Kraepelin with psychiatrist Robert
Gaupp and neuropathologist Franz Nissl, circa 1908 [2]. © Archive for History of
Psychiatry, Department of Psychiatry University of Munich. Reproduced with
permission.



Today, 100 thousand individuals in Norway are

PSYCHIATRIE affected by AD, with half of these cases being 65 years
EIN LEHRBUCH or older. After 65 years of age, the prevalence of AD

FUR STUDIERENDE UND ARZTE
von doubles approximately every 5 years [26]. Various

Dr EMIL KRAEPELIN

S health organizations have predicted that by 2050,

ACHTE, VOLLSTANDIG OMGEARBEITETE AUFLAGE

13.8 million individuals will have the disease, and to

V. BAND

KLINISCHE PSYCHIATRIE

put that into perspective, it would be the equivalent

I 118 ABBLDUNGED 1 SCHRIF RO of filling up Denmark twice with its current
population. Clinically, the disease presents with
prominent memory impairment, language difficulties,

behavioral disturbances, and functional decline in

i i voe cesail | imonaos BARTH patients. There are several risk factors for developing

1915

AD, including age, sex, family history, low education,

increased body mass index (BMI), diabetes, sleep
Figure 5. Cover of Emil Kraepelin’s 1910 . . X L

textbook [1]. Screenshot from Google Books. disorders, depression, traumatic brain injury (TBI),
smoking, alcohol consumption and hearing loss [27]. However, old age and the presence of

disease-predisposing genetic polymorphisms are the most prevalent risk factors.

AD exists in both familial and sporadic forms. Familial — or early-onset — forms are caused by
mutations in single genes that are inherited in an autosomal-dominant fashion, and account
for about 5% of cases [28]. Sporadic — or late-onset — forms have a multifactorial etiology, in
which some genetic polymorphisms are known to act as predisposing factors [29]. Familial AD
is characterized by possessing one or more mutation in the amyloid precursor protein
(APP) or presenilin (PSEN) genes, whereas sporadic AD is partially caused by possession of e4
allele(s) in the apolipoprotein E (APOE) gene, and both AD types are thought to involve
inflammation, endosomal, synaptic and lipid metabolism genes. Environmental factors play a
larger role in sporadic, compared to familial AD, and include toxins, pollution, heavy metals,
trauma, and infectious agents. However, both types of AD lead to gross neurodegeneration
(Fig. 6), and associated synapse/vascular damage and inflammation. Neurodegeneration is

caused by abiotrophic proteinopathy, involving aggregated amyloid-f (AB) and tau.



Normal Alzheimer’s Figure 6. Neurodegeneration in AD.

brain disease Pathological changes, including those
caused by AB and tau pathologies, result in
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1.2. Pathology in
Alzheimer’s disease

Tissue loss is
severe

A healthy brain contains about

: Enlarged -~
I:Z‘EZELL‘;?;:;’:;Z‘“S sulci, gyri and 86 billion neurons [30]. One
ventricles

hi I cort .
pPHRMEpCCHipRl coree) neuron may connect with up to

10,000 other neurons, passing signals via 1000 trillion synaptic connections. For comparison,
the latest estimates put the number of stars in the Milky Way at somewhere between 200 and
400 billion. AD leads to a gradual and eventual irreversible loss of most of these neurons and
synapses. Progressive cortical atrophy is the main gross anatomical correlate of AD and is
most prominent in the frontal, parietal, and temporal lobes (Fig. 6), with relative sparing of
occipital, and primary motor and sensory regions. Atrophy of the hippocampus is prominent
and can extend to the amygdala. The ventricles, particularly the temporal horns, are
frequently enlarged (Fig. 6). Notably, none of these features are specific to AD [31]. Based on
Alzheimer's work, we now know that the most remarkable features of AD are the stereotypic
patterns by which amyloid plaques and NFTs appear throughout the brain [22], and that toxic,
misfolded AP and tau can serve as templates that convert their innocuous counterparts into
equivalent pathological forms both in vitro [32-35] and in vivo [36-40]. Pathological tau is also
involved in other diseases like progressive supranuclear palsy, corticobasal degeneration,
Pick’s disease, frontotemporal degeneration (FTLD), and more [41]. Pathological AB is also
seen in cerebral amyloid angiopathy, vascular dementia and Down’s syndrome (DS) [42]. AD
is unique in the fact that it is characterized by the misfolding of otherwise unrelated proteins,
AB and tau, causing distinct histopathological changes that converge into the amyloid plaque,
which is composed of AB deposits, surrounded by degenerating neurites accumulating tau

protein [26].



1.2.1. The role of amyloid-B

The basis of the amyloid cascade hypothesis [43], which forms the backbone of the current
understanding of the pathogenesis of AD, is that accumulation of AB is an early event leading
to neurodegeneration. AB peptides are composed of various amino-acids and generated
through proteolytic cleavage of APP by several enzyme complexes (i.e., secretases; Fig. 7).
Cleavage by a-secretase and subsequently by the y-secretase complex forms non-
amyloidogenic products of APP. An alternative amyloidogenic pathway, with cleavage of APP
first by the B-secretase — or B8-secretase cleavage enzyme 1 (BACE1) —, and subsequently by
the y-secretase complex, leads to an accumulation of insoluble! AB proteins in the brain. APP
cleavage through B-secretase and y-secretase can produce several isoforms of AB, of which
the 40 and 42 amino-acid forms are the most prominent [8]. ABao is considerably less prone
to oligomerization (i.e., the process of aggregating into oligomers from which larger, insoluble

fibrils are formed) compared to APy, and is regarded as less neurotoxic [44].

Crucially, the exact mechanism of AB toxicity remains elusive. Once released, AR undergoes
complex conformational changes, transitioning from small soluble fragments and oligomers
into large fibrils, which in turn form amyloid plaques (Fig. 7). The toxicity of amyloid plaques
has been confirmed and have been found to cause microglial activation within few days of
formation [45]. Furthermore, in recent years evidence has accumulated pointing to significant
neurotoxicity of AB oligomers, which have much larger surface-to-volume ratio and diffusivity
compared to other assembly forms of AB [46]. Moreover, oligomeric forms of AR have been
implicated as the critical pathological species in AD [9]. AB can be produced intracellularly [9,
47, 48] or taken up from extracellular compartments through receptor binding and
subsequent internalization, which leads to accumulation within lysosomes, endosomes,
multivesicular bodies, mitochondria, the endoplasmic reticulum and trans-Golgi network, and
the cytosol [9]. AB oligomerization may occur intracellularly, possibly through membrane
interactions, and these AP oligomers may cause damage inside cells or spill into the

extracellular space [9].

1 When proteins become misfolded, they usually expose hydrophobic regions that form insoluble aggregates.
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Figure 7. Neuropathological hallmarks in Alzheimer’s disease. Predominantly on the cellular membrane: APP has the
characteristic of a cell surface receptor and is expressed in many tissues, in particular in synapses, as a part of normal
metabolic processes. Although its primary function remains unclear, APP is believed to be implicated in synaptic formation
and repair, signaling, and cell adhesion [8]. As depicted in this figure, the AB region of APP spans the cell membrane. APP is
cleaved by a-secretase and B-secretase, both of which release a soluble extracellular fragment (a-sAPP and B-sAPP). Cleavage
by B-secretase leaves the A region attached to the C-terminus fragment (B-CTF), while a-secretase cleavage takes place
within the A region, thereby preventing release of the full-length AB peptide. The a-CTF and B-CTF are subsequently cleaved
by y-secretase in the transmembrane region releasing, respectively, either a harmless p3 fragment or the AB peptide [8]. The
physiological roles of the AB converting enzyme 1 (BACE1) and of its homologue BACE2, both of which have B-secretase
activity, are less clear, but several non-APP substrates have been identified and BACE1-knockout mice display behavioral and
metabolic abnormalities [11, 12]. Notably, several recent studies have demonstrated decreased a-secretase activity and
increased B-secretase activity in sporadic AD [12, 13]. In addition to its role in APP processing, the y-secretase complex is
important in the cleavage of Notch, a widely expressed transmembrane protein involved in cell communication [16].
Predominantly inside axons: tau is a microtubule-associated protein, whose normal physiological function involves binding
tubulin subunits and thereby promoting assembly and stability of microtubules, which is crucial for axonal function and
transport of molecular cargo. Tau mutations or dysregulation of kinases/phosphatases leads to tau hyperphosphorylation,
and tau translocates from axons to the somatodendritic compartments where it becomes misfolded and aggregated. When
hyperphosphorylated, tau becomes less able to bind to tubulin subunits. It has been postulated that the failed interaction of
tau with microtubules leads to the latter becoming unstable and consequently disassembling, leading to a collapse in the
neuronal transport system [18]. Moreover, in AD, tau aggregates occur intracellularly and may thus trap functional proteins
(including tau itself), adding to microtubule destabilization, cellular dysfunction and ultimately neuronal death [18].
Abbreviations; APP: amyloid precursor protein; AICD: amyloid precursor protein intracellular domain; AB: amyloid-B; sAPP:
soluble APP; p-tau: phosphorylated tau. © Christiana Bjgrkli, figure created in Biorender.com.

Intraneuronal AB accumulation has been identified in AD patients, transgenic mice, and
cultured cells [49-55], has been found to appear prior to extracellular amyloid plaque
formation and results in synaptic dysfunction [49, 54, 56-63]. It is still unclear whether
intraneuronal A builds up because of pre-existing A that remains within the neuron and is
not secreted, or whether secreted AP is returned to the neuron by reuptake to form

intraneuronal AB pools [64-67]. The release of AB from neurons could potentially occur



wherever APP and the - and y-secretases are localized [68]. These results provide direct

evidence that neurons can take up extracellular AB, possibly via endocytic processes [69].

In patients with mild cognitive impairment (MCl), intraneuronal AB immunoreactivity has
been reported in brain regions that are more prone to the development of early AD
pathology, such as the hippocampus and the entorhinal cortex (EC) [50]. Because the
accumulation of intraneuronal AR has been shown to precede extracellular amyloid plaque
formation [51], and intraneuronal AR levels decrease once amyloid plaques accumulate [59],
it has been suggested that the build-up of intraneuronal AB is an early event in the progression
of AD. These conclusions are not only limited to patients [51, 59] but are also consistent with
results from transgenic mouse models [61, 70-75]. For instance, in a well-utilized model of AD
— the 3xTg AD mouse —, which overexpresses the Swedish APP gene mutation (APPswe), and
the P301L microtubule associated protein tau (MAPT) gene mutation (MAPTpe301.), as well as
carrying a knock-in M146V PSEN1 gene mutation (PSENImi46v), intraneuronal AB levels

decrease as amyloid plaques begin to accumulate [76].

1.2.1.1. Amyloid plaques

Amyloid plaques, first described by Alzheimer using Bielschowsky silver staining on brain
sections from patient Auguste, were determined in the early 1980s to be largely composed of
the AB peptide [77, 78]. Neuritic — or ‘dense-core’ —, plaques have a dense center of amyloid
surrounded by a halo of silver-positive neurites. Dense-core plaques frequently include
neuronal — neurites and synaptic terminals — and glial — reactive astrocytes and activated
microglia — cellular elements [31, 79]. After the sequencing of the peptide (to determine the
amino-acids that make up AB) and development of antibodies, it was found that AB also
aggregates in ‘diffuse’ plaques of several different morphologies [80-83]. Diffuse plaques are
much less dense and consist of non-fibrillary forms of AP [84], are only visible with
immunohistochemical techniques, and are hypothesized to represent an early stage in the
formation of amyloid plaques. Another distinguishing feature between dense-core and
diffuse plaques is that the mitochondria within each differs [85]. From cross-sectional studies
of postmortem human brains, it appears that amyloid plaque deposition occurs early in the
disease process and proceeds slowly, beginning in the neocortex and progressing through the

allocortex, then to the diencephalon, striatum, and basal forebrain cholinergic nuclei,



followed by progression to brainstem nuclei and finally to the cerebellum [23]. Amyloid
plaques form within 24 hours, and the effects on surrounding neurites occur within days after
amyloid plaque formation [45]. Observations of amyloid plaques appearing in real-time in the
brains of mice that overexpress AD-associated APP and PSEN1 mutations within
vivo multiphoton imaging surprisingly revealed that individual amyloid plaques come
together from soluble AB remarkably rapidly. However, as mentioned previously,
AB oligomers have emerged as the most toxic species of AB [86, 87], and this most likely
explains why memory impairment or cellular dysfunction cannot be attributed to amyloid

plaque formation.

1.2.1.2. Amyloid-B oligomers

How, then, can the relationship between AB and cognitive alterations be understood? The
association of amyloid pathology with local synapse loss was largely pioneered in animal and
cell culture models. Due to the degeneration of neuropil surrounding dense-core plaques,
fibrillar AB was long assumed to be toxic, however studies over the past decade strongly
implicate soluble forms of AP as more toxic than fibrils. Elegant experiments by several groups
over the late 1990s and 2000s demonstrated that soluble forms of AB cause loss of dendritic
spines in cultured neurons, while fibrils and monomers are comparatively innocuous [88, 89].
A series of studies demonstrated that oligomeric AB produced by cultured cells or extracted
from human AD brains were toxic to synaptic function, including disrupting long-term
potentiation (LTP) in brain slices and impairing cognition when injected into healthy rodents
in vivo [90-94]. There have also been reports of an association of AR dimers with dementia in
human brains [87]. In vivo imaging studies of amyloid plaque-bearing mice have revealed a
loss of dendritic spines around amyloid plaques due to altered structural plasticity [62, 95,
96]. Removal of soluble AR with topical application of an antibody was shown to result in
increased formation of dendritic spines in vivo and long-lasting increases in synaptic markers
[97, 98], supporting the idea that soluble forms of AP are toxic to synapses. Crucially, AR
oligomers instigate tau hyperphosphorylation, which eventually leads to the formation of

NFTs [99].

1.2.2. Therole of tau

Co-occurring with extracellular AB accumulation, the intracellular build-up of twisted

filaments (pre-tangles) — mainly consisting of abnormally phosphorylated tau protein —, leads



to accumulations of abnormal tau in dendrites (i.e., neuropil threads) [100] and cell somata
of selected neuronal populations (NFTs) [101, 102]. NFTs take a flame-shaped appearance in
pyramidal neurons and a globose shape in basket and stellate cells (Fig. 3). Tau is a
microtubule-binding protein found largely in axons where it serves to stabilize microtubules
[103]. During the course of AD, tau is hyperphosphorylated, becomes detached from
microtubules, and accumulates in the somatodendritic compartment as paired helical
filaments and straight filaments [104-106] (Fig. 7). The deposition of NFTs occur in a
hierarchical fashion beginning in the superficial lateral EC (LEC) and progressing through the
hippocampus, association cortices, and only affecting primary sensory areas in late stages of
the disease [22, 107]. The brain density of NFTs directly correlates with the degree of

dementia in patients [108].

Abnormal hyperphosphorylation of tau precedes and promotes its self-assembly into paired-
helical filaments [109, 110]. As much as ~40% of the abnormally hyperphosphorylated tau is
recovered as oligomeric, non-filamentous protein in cytosol of AD brains [109, 111]. Paired-
helical filament tau disrupts intracellular compartments that are essential for normal
metabolism. Overexpression of tau affects morphology, retards cell growth, and dramatically
alters the distribution of various organelles transported by microtubule-dependent motor
proteins [112, 113]. Concomitant with the hyperphosphorylation of tau, the axonal transport
of the cells is prominently damaged, the outgrowth of axon-like cell processes is inhibited,
and typical degenerative profiles of the cells can be observed [114]. Moreover, transgenic
mice that overexpress the 4-repeats (R) of human tau protein, — the R contains microtubule-
binding modules — develop axonal degeneration in specific neurons of the brain [115]. These

studies suggest that tau hyperphosphorylation blocks intraneuronal transport.

1.3. Neuroanatomy and Alzheimer’s disease

The structures of the medial temporal lobe (MTL) in the mammalian brain are critical for
memory functions that record experience, acquire new facts, and preserve information about
life events. Anatomically, these structures include the hippocampus (dentate gyrus [DG],
the cornu ammonis fields 1-3 [CA1-3], and the subiculum), and the parahippocampal region
(EC, the pre- and parasubiculum, the perirhinal cortex, and the postrhinal cortex). This system

undergoes changes during aging in circuits that are highly susceptible to neurodegeneration



in AD [116, 117]. It has been evident through years of research that by the time of AD
diagnosis, marked neuronal loss has already occurred in the EC, the brain’s interface between
the hippocampus and neocortex. In their classic study, Gomez-Isla and colleagues [118]
reported that brains from mild AD patients exhibited more than 50% loss of LEC layer I
neurons, while this neuronal population was maintained in healthy-aged brains. Following
these findings, stereological investigations have revealed that the number of neurons is
largely preserved in the MTL system in humans and other species during healthy aging [119]
while significant neuronal loss in EC is evident in the earliest stages of clinically diagnosed AD

[120-122].

The EC functions as the nodal point between the cortex and hippocampus [123]. The EC can
be subdivided into two distinct functional regions, namely the medial EC (MEC) and LEC. Most
neurons in MEC are spatially modulated, and guide egocentric navigation, or — self-location
relative to the geometry of the environment, and include to date grid cells [124], head-
direction cells [125], border cells [126], speed cells [127], aperiodic cells [128], and object-
vector cells [129]. Such spatial modulation is absent in LEC, and instead neurons code for

odors or objects in context [130-132] or the temporal progression of an event [133, 134].

Like other cortical regions, the EC has six distinguishing layers, of which layers | and IV are
relatively free of neurons [135-137]. The principal neurons of the EC, —i.e., the neurons that
are among the main recipients of incoming axons and constitute the major source of
entorhinal output —, are generally pyramidal neurons, or modified versions, such as the so-
called fan cells in LEC [135-137]. These neurons mainly utilize glutamate as an excitatory
neurotransmitter [136]. The EC projects to the hippocampus with a striking topographical
organization, such that projections from the parts of EC closest to the rhinal fissure terminate
in the dorsal (posterior in primates) hippocampus, and projections from EC further away from
the rhinal fissure terminate in more ventral (anterior in primates) parts of the hippocampus

[135, 138].

Principal neurons in superficial layers of EC project to DG, CA1/3 and subiculum of the

hippocampus, and this connectivity circuit constitutes the perforant pathway (Fig. 8). The

specific neurons that give rise to the perforant path are closely tied to the pathophysiology
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observed in AD [22, 121, 139, 140]. Moreover, in vivo diffusion tensor imaging of
the perforant path has revealed decreased integrity in older as compared to young adults
[141], suggesting a circuit-specific basis for signaling abnormality. Traditionally, the LEC and
MEC convey nonspatial 'what' and spatial 'where' information, respectively, into CA1, via both
the indirect (or trisynaptic) EC layer Il > DG - CA3 - CA1l and the direct (or temporo-
ammonic) EC layer lll > CA1 > subiculum pathways — but see Doan et al. [142] for evidence

of LEC as the main parahippocampal multimodal integrative structure.
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Figure 8. The perforant pathway in mice. This pathway provides a connectional loop
from the EC to all fields of the hippocampus, including the DG, all CA fields, and the
subiculum [4]. Projections from EC layer Il neurons terminate in the granular cell layer
of the DG, and from here projections via mossy fibers terminate in CA3, and
projections via Schaffer collaterals terminate in CA1 [10]. These projections form a
trisynaptic (or indirect) path with the hippocampus, distinguished from the temporo-
ammonic (or direct) path from EC layer Il to CA1 and subiculum [10]. Fibers originating
from LEC and MEC layer Il terminate on DG in a topographical manner and target the
outer or middle one-third of the molecular layer of DG, respectively [14, 15].
Hippocampal information is transmitted to the neocortex from CA1 and subiculum to
EC layer V [17]. Abbreviations; EC: entorhinal cortex; L: layer; DG: dentate gyrus; LEC:
lateral entorhinal cortex; MEC: medial entorhinal cortex; CA: cornu ammonis. ©
Christiana Bjgrkli, figure created in Biorender.com.

early in AD patients, one
would expect AD
neuropathology to begin
in regions mediating this
form of memory. The
studies of patient H. M. —
or Henry Molaison —, who
suffered retrograde amnesia following his complete bilateral hippocampal resection [143],
established the hippocampus as vital for declarative memory [144], encompassing both
episodic and semantic forms. Declarative memory is composed of long-term memory of
temporally dated episodes or events — or episodic memory —, as well as concepts and facts —
or semantic memory — that are accessible for conscious recollection [145, 146]. Several
behaviors are disrupted when the parahippocampal region is disconnected from the
hippocampus [147], such as the association between objects and places and spatial memory
[148] The main hypothesized function of the hippocampus is to bind together multi-modal

cortical signals representing a current event into a memory engram, such that a cue presented

11



at a later stage can trigger the reactivation of the corresponding engram and thereby the

episodic memory recall [149].

Different subsets of hippocampal neurons are assigned to encode memories experienced in
different contexts [150, 151]. More specifically, DG neurons encoding various memories in
one context are not only sparse and distributed but also independent from those encoding
memories in a different context [152, 153], and the DG involves a local inhibitory circuit for
context-based retrieval [152]. Importantly, animal research has revealed the input from EC
layer Il to DG and CA3 (part of the perforant path) is considered critical for encoding distinct
representations of experiences that share overlapping elements with existing memories,
commonly referred to as pattern separation [152, 154, 155]. Moreover, impaired pattern
separation has been shown to correlate with changes in memory performance coupled to
altered function in the DG-CA3 network in older individuals and animal models [156-159].
Aged rats that do not suffer from overt neurodegeneration in the hippocampal region
nonetheless have decreased synaptic input from EC layer Il onto the hippocampus, with
accompanying spatial memory impairments [160]. In line with this, degradation
of perforant path connections from EC layer Il has been shown in mouse models of AD

without accompanying neuronal death [161].

1.5. Biomarkers in Alzheimer’s disease

Biomarkers can be objectively measured and evaluated as an indicator of disease state,
prognosis, stage, risk, and treatment response. Biomarkers should be reproducible stable and
widely available [162]. Magnetic resonance imaging (MRI) and positron emission
tomography (PET) can be used to measure amyloid plaque and NFT deposition, brain
metabolism and volume. Amyloid PET uses a labeled amyloid tracer, and the cortical
standardized uptake ratio is calculated as an index for AB deposits. Certain regions of interest
in the brain are determined, and the uptake is compared to a cerebellar reference. This allows
objective measurement, with higher sensitivity and specificity than visual inspections of
scans. Studies have confirmed the ability of amyloid PET to separate AD patients from control
subjects. APa4; in cerebrospinal fluid (CSF) and amyloid plaque deposition in the brain are

inversely correlated. Low AB4; and high total tau (t-tau) and phosphorylated tau (p-tau) in CSF
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[163, 164] and/or high retention of amyloid tracer measured with amyloid PET in connection

with AD are required as pathophysiological markers according to the latest research criteria.

In the clinic, AD is currently diagnosed using the NIA-AA 2018 criteria, and the disease is
defined by underlying pathophysiological processes assessed by biomarkers or by
postmortem analyses. Biomarkers are often grouped using the ATN system, where A covers
amyloid plaques, low CSF ABaz (or low CSF ABa2/ABao ratio [165]), amyloid PET [166] and
plasma. The CSF concentrations of APa, are reduced in patients with AD with respect to
controls, probably as a result of increased sequestration into insoluble deposits [167, 168].
This particular biomarker can provide sensitivity and specificity of the disease in 85% of cases
[168, 169]. CSF APa4; levels becomes abnormal in the earliest stages of AD, before amyloid PET
and before neurodegeneration starts [170]. The T covers aggregated tau, high levels of CSF p-
tau [165], tau PET [171] and plasma. The total concentration of tau protein in the CSF is
significantly increased in patients with AD with respect to controls already in early stages of
the disease [167, 168, 172-174]. However, while it can distinguish patients and controls with
sensitivity and specificity above 80%, its role in differential diagnosis is very limited because
t-tau is elevated in a wide spectrum of disorders including stroke, multiple sclerosis, and some
tumors, in addition to other dementias. On the contrary, high levels of CSF p-tau appears to

be a more specific marker of AD [167, 168, 172-175].

The N covers neuronal injury and neurodegeneration, measured by structural MRI, PET, high
CSF t-tau levels and neurofilament-light (NfL) levels [176]. Autopsy studies have revealed that
loss of neurons led to cognitive decline in AD, but also that hippocampal neuronal loss far
exceeded hippocampal volume loss [122]. Therefore, in vivo assessment of neuronal loss in
the hippocampus may serve as a more effective biomarker for disease progression than
measures of atrophy. More recently, authors have reported that changes in EC may be a good
biomarker to discriminate individuals with MCI from normal control subjects. For instance,
studies have shown that a larger degree of atrophy in EC predicts increased disease severity
in AD, and that the EC seems to have an obvious advantage of the hippocampus as a

biomarker when predicting future conversion to AD in individuals with MClI [177].
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1.6. Approaches to attenuate Alzheimer’s disease pathophysiology

The mutations leading to familial AD were first discovered in 1991, and subsequently in
Auguste’s brain material [178]. In the early 2000s, the first drugs aimed at reducing AR came
on the market, and a theory of what leads to developing AD was formulated [178].
Subsequently, in 2012, an AB lowering mutation was discovered that dramatically protects
against AD, and the first prevention trial against AB was launched [178]. More recently in
2020, tau drug trials have been launched, as well as combination therapy and primary
intervention programs [179]. Despite comprehensive research and an immense number of
therapeutic trials, there is still no curative treatment for AD. Disease modifying treatments
available today are designed to delay symptoms and cognitive decline in symptomatic
patients. Acetylcholinesterase inhibitors for mild to moderate AD, and memantine, an N-
methyl-D-aspartate (NMDA) receptor antagonist for moderate and severe AD, aim to slow
progression and control symptoms by replacing altered neurotransmitters. Meta-analyses

show a short-term effect on cognitive function, but no effect on progression of disease [180].

1.6.1. Current treatment of Alzheimer’s disease

Therapeutic drugs currently used for AD only bring some degree of symptomatic relief, but
no drug has been identified that can effectively block or reverse the process of AD
progression, highlighting an urgent need for new therapies. During the last decade all phase
1l clinical trials focusing on a single target have failed because of adverse effects and the lack
of cognitive improvement. Previous research suggests that inhibiting NMDA receptors is
beneficial to AD patients [181]. One such NMDA receptor inhibitor is memantine [182, 183].
Prescribed in moderate-to-severe AD and combining acetylcholine inhibitors and memantine
led to better cognitive outcomes in patients [184, 185]. Several fluorinated derivatives of
memantine have been tested as PET radiotracers for the in vivo labelling of NMDA receptors,
with 8F-FENM showing promising in vitro- and in vivo-binding in mice and monkeys, with

good brain accumulation [186, 187].

However, the blood-brain barrier (BBB) remains a major challenge for engaging
pharmaceutical drug targets in the brain [188]. Some researchers have developed

technologies to shuttle monoclonal antibodies across the barrier [189], and the most recent
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drug therapy on the market, Aducanumab?, has been found to cross the BBB, as well as

binding amyloid plaques, attracting microglia and stimulating phagocytosis of AB4, [190].

1.6.2. Cholinergic enhancers

The contribution from dysfunction of the cholinergic system to the cognitive symptoms of AD
became clear in the early 1980s, soon after the publication of Katzman’s editorial, and
cholinergic enhancement was among the first treatment options to be explored. As opposed
to other approaches such as the administration of acetylcholine precursors
and muscarinergic agonists, inhibition of acetylcholine degradation was soon found to be a
viable route [25, 191-193]. At the time of writing, 3 inhibitors of cholinesterase are available
for treatment of AD, namely galantamine, donepezil, and rivastigmine. Galantamine and
donepezil selectively inhibit acetylcholinesterase, which is the prominent mechanism of
acetylcholine hydrolysis in the brain, while rivastigmine also inhibits butyrylcholinesterase
[194-196]. In addition to its effect on acetylcholinesterase, galantamine also acts as an
allosterically potentiating ligand of nicotinic receptors, increasing the strength of the
residual acetylcholinergic synapses [197]. For cholinesterase inhibitors, there is currently no

evidence that they alter AR or tau pathology.

1.6.3. Reduction of amyloid-p

In recent years, the main focus of research on novel pharmacotherapies was based on the
amyloid cascade hypothesis of AD, which posits that the AB peptide is chiefly responsible for
cognitive impairment and neuronal death. The goal of such treatments is (i) to reduce AB
production through the inhibition of B- and y-secretase enzymes and (ii) to promote
dissolution of existing cerebral amyloid plaques [198]. Despite some success in amyloid
plague removal, no therapeutics have succeeded in phase Il trials because no cognitive
improvement has been demonstrated. One explanation for this may be that the intervention
came too late in the disease continuum, often in the early dementia phase, when brain
pathology has evolved too far, and the neuronal damage is too great. Patient selection has
also often been based on a clinical diagnosis alone, so it has been unclear whether the

participants have amyloid pathology or not. Optimizing selection of participants and better

2 Aducanumab is not yet authorized for use in the EU at the time of submitting this doctoral thesis.
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understanding of the pathophysiological processes of AD are essential to develop novel

disease-modifying drugs.

The first immunotherapy approach to be used was active vaccination. Initial findings showed
a drastic reduction in the density of amyloid plaques in APP transgenic mice [199]. After an
uneventful phase | trial, a phase Il trial was started on 300 patients with mild AD. Although no
major cognitive improvements were found, there was a trend toward slower cognitive
decline, especially in patients with a robust antibody response. Unfortunately, the trial had to
be interrupted because about 6% of patients developed aseptic meningoencephalitis [200].
Refined forms of active vaccination are still considered potentially viable, and phase | trials
are underway [201]. The majority of efforts have, however, been directed toward passive
vaccination. Monoclonal antibodies have been shown to decrease amyloid plaque pathology
and to reduce behavioral impairments in transgenic mice [199, 202-204]. At the time of
writing, a phase lll clinical trial is under way for an antibody, bapineuzumab, which has been

shown to bind to both soluble and insoluble AB.

The Wnt —a portmanteau created from the names of two genes, the Drosophila wingless gene
and the murine homologue integration site 1 gene — signaling pathway influences many
aspects of neural development and function. For instance, Wnts are required from neural
induction and axis formation to axon guidance and synapse development, and even help
modulate synapse activity. There are two Wnt signaling pathways: the canonical pathway —
or Wnt-catenin —, which promotes synapse and neuronal maintenance, and the non-canonical
pathway — or Wnt-PCP —, which promotes synaptic disassembly and degradation. Canonical
Wnt signaling has been found to be involved in AD development, including synaptic
dysfunction, amyloidosis and tauopathy [205, 206]. In APP knock-in AD mouse models, a
dysregulation of Wnt signaling has been observed, and this down-regulation may be at very
early stages of AD (i.e., before the accumulation of amyloid plaques) [207]. This down-
regulation effect was more significant in older transgenic mice, and the signaling regulation
presented gender differences, where female mice showed more significant down-regulation
compared to male mice. Therefore, inhibiting parts of the Wnt signaling pathway may
attenuate AD pathology. For instance, Fasudil targets a protein called Rho-associated protein

kinase (ROCK) in the Wnt-planar cell polarity (PCP) signaling pathway, effectively derailing the
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synaptotoxic cascade of AB production. Previous research has demonstrated that ROCK
kinases can induce the processing of APP to the toxic ABa, peptide and that this can be
prevented by ROCK inhibition [208]. Wnt-PCP synaptic signaling is triggered from the
increased presence of AP protein, and increased expression of Dickkopf-1 (Dkk1) has been

shown in postmortem AD brains [209] and in animal models [210] of AB pathology.

1.6.4. Reduction of tau

The importance of characterizing the early stages of neurodegenerative processes is
increasingly clear as decline in brain function and alteration of tau proteins occur prior to
major cell loss, suggesting that early stages may be more targetable for therapeutic
intervention. There are multiple therapeutic approaches to lower tau levels, including
aggregation inhibitors, tau expression inhibitors, modulation of autophagy and proteasomal
digestion, and active/passive immunization [211]. There is now consensus that there are early
and prolonged cellular changes in tauopathies, including mitochondria function, immune
response, intracellular activity, cytoskeletal stability and ribonucleic acid (RNA) metabolism
[212]. Mouse models of tauopathy have recapitulated many of these changes, highlighting
the potential for screening new therapeutic targets. Many studies that experimentally alter
the expression of a single protein have revealed that these pathways are amenable to single-
target manipulation for cognitive rescue. However, selective drugs targeting these pathways
have not been developed, necessitating the use of broad or semi-selective drugs to narrow

potential targets.

1.6.5. Increase in cellular clearance

Autophagy or macroautophagy [213] refers to an evolutionarily conserved process in which
intracellular membrane structures sequester proteins and organelles for lysosomal
degradation [214]. Autophagy has been found to be impaired in the AD brain [215].
Interestingly, microglia can act as a macrophage-like phagocytic cell in the autophagic
pathway and clear away AP [216, 217]. Moreover, AP proteins can cause a blockage in the
autophagy-lysosomal pathway [218]. NFTs have also been observed to be degraded by
the endo-lysosomal and autophagic pathways [219]. There is a complex interplay between AD
and autophagy, as AB may also be generated in the autophagosomes which can then affect

its extracellular secretion [220]. PICALM, a genetic risk factor for AD, is a clathrin-adaptor
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protein that affects autophagy at multiple levels, and PSEN1 (another genetic risk factor for

AD) similarly plays a role in this pathway [220].

The two major pathways involved in tau metabolism under physiological and pathological
conditions are autophagy-lysosomal and ubiquitin-proteasome systems (UPS) [221, 222]. For
a long time, UPS was considered as a critical route for degradation of proteins such as tau,
but recently it has been well-established that tau can be cleared by autophagy [223]. Thereby,
autophagy but not the UPS can degrade protein aggregates [222]. However, impairment of
both pathways has been described in AD [224, 225]. Hyperphosphorylated tau has been found
to co-localize with microtubule associated protein 1 light-chain 3 (LC3)-positive vesicles and
with p62 (an autophagic receptor) in neurodegenerative diseases. LC3 is a central protein
in macroautophagy [217, 226]. Strong evidence shows that in AD, p62 immunoreactivity is
associated with NFTs and is involved in tau degradation. The Ras family of oncoproteins all
undergo a posttranslational modification called farnesylation, where a farnesyl transferase
takes their C-terminal end with a branched 15-carbon group, then the hydrophobic tail
anchors the proteins to intracellular membranes. Without this anchor, Ras protein gets
degraded, and this is the result of farnesyl transferase inhibition. One such inhibitor is
Lonafarnib, previously approved as a drug for cancer therapy, and such inhibition activates
autophagy. This drug is promising for AD research as autophagy directs abnormal tau protein

into lysosomes, which degrades tau before it can form NFTs [227].

1.7. Mouse models of Alzheimer’s disease

Several mouse models of AD have been generated to better understand the cause and
progression of the disease. The amyloid cascade hypothesis of AD argued for AP aggregates
being the main culprit for developing the disease in the 1990s. It was therefore of great
interest to remove these deposits, but the field was lacking animal models in which such
experiments could be performed. This is because researchers could find no evidence of the
condition in other organisms besides humans. However, in 1995, a breakthrough occurred,
and the creation of transgenic mice carrying a single gene mutation associated with familial
AD happened. These PD-APP mice expressed high levels of mutant human APP in their brains
and developed amyloid plaques and cognitive deficits [228]. Mouse models like this have

provided important insights into AD, such as showing that mutations associated with familial
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AD favor the production of ABaz [229]. They have also been invaluable in preclinical testing of
drugs, such as in 1999 when an experimental vaccine was able to clear A from the brains of
PD-APP mice [199]. Immunization trials have failed to benefit AD patients, and even in cases
where amyloid plaques were cleared from the brain, subjects did not show improved
cognitive function. One reason for this could be that mice modelling amyloid pathology do
not reflect the entire biology of the disease. In this thesis work, we have used the most
complete transgenic mouse model for AD to date, the 3xTg AD model which is characterized
by the age-dependent build-up of both amyloid plaques and NFTs [61, 230], and which
expresses three human transgenes, namely APPswe, PS1m146v, and MAPTp3011, expressed under

the transcriptional control of the Thy1.2 cassette [231].
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2. Thesis aims and objectives

Fundamental goals in AD research include detailed characterization of how the disease
progresses and its comparability between experimental models and patients, understanding
how the disease initiates, and whether any intervention can halt the wave of toxic protein
aggregates before neuronal loss and cognitive impairments occur. Progress has been made
within the field using biomarkers to assess pathological hallmarks at various stages of the
disease. There has also been an abundance of research on the development of therapies
aimed at delaying or halting the progression of AD. Despite this research, all clinical drugs to
date (including the recently approved drug Aducanumab) have repeatedly failed to prevent
cognitive decline in patients. The poor translational value of experimental models within the
field, the relative lack of research focus on the synergy between AB or tau pathology, and
challenges in bypassing the BBB, could all be major reasons for the inefficacy of current

treatments.

Researchers are also beginning to pinpoint the origin of biochemical events that lead to AD.
Yet, the underlying factors for aggregated protein spread in the brain throughout the disease
has remained unclear. For instance, there is an inverse spread of amyloid plaques and NFTs
in the brain of patients; while amyloid plagques accumulate in the neocortex before appearing
in the hippocampus and the parahippocampal region, the appearance of NFTs in the brain
follows the opposite sequence. However, recent evidence suggests that unlike extracellular
amyloid plaques, intraneuronal AB may emerge early in LEC layer Il and may affect
intraneuronal AR in downstream hippocampus. The hierarchical pattern of anatomical
involvement of AR and tau pathology suggests that AD-related pathology is transmitted from

one area of the brain to other regions via anatomical connections.

Thus, the aims and objectives of this thesis have been to:
1) Characterize the 3xTg AD mouse model in terms of neuropathology and CSF
biomarkers along the disease continuum. We further aimed to provide
recommendations for standardized procedures during repeated, longitudinal CSF

sample collections to enhance translational validity of preclinical AD models.
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2)

3)

4)

Repurpose already-approved drugs to attenuate AD pathology and to improve
cognitive decline.

Determine the underlying factors that affect neuropathological spread throughout the
brain.

Understand where and how in the brain the disease is initiated.
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3. Synopsis of main methods

3.1. Paper Il | In Vivo Microdialysis in Mice Captures Changes in Alzheimer’s
Disease Cerebrospinal Fluid Biomarkers Consistent with Developing
Pathology

In the first paper, | used 28 awake and freely moving 3xTg AD mice (and two B6129 mice as

age-matched controls; Supplementary Table 1) to sample AB and tau from CSF using a push-
pull microdialysis method modified by our lab. First, the relative recovery — or concentration
of the analyte in the dialysate divided by the concentration in the bulk sample, multiplied by
100 — was calculated to examine the extraction efficiency of the true analyte concentration
in extracellular fluid. For in vitro experiments, three CSF samples collected by lumbar puncture
from healthy human participants was used. Next, four 3xTg AD mice were used to refine
microdialysis probe implantation surgery. Implantation surgery was performed to insert
microdialysis guide cannulas into the lateral ventricle of mice. After levelling the skull, the
stereotaxic coordinates were derived to target the lateral ventricle (A/P -0.1 mm, M/L +1.2
mm, D/V -2.75 mm). Then, using a protocol developed from previous work, intracerebral
microdialysis sampling was done once per month, for 10-12 months. We simultaneously
sampled AR and tau from the same microdialysis probe in a much larger microdialyte volume
than previous in vivo collections in mice. Artificial CSF that consisted of NaCl (147 mmol/I), KCl
(2.7 mmol/l), CaCl2 (1.2 mmol/l), and MgCI2 (0.85 mmol/l) was used to replace the collected
CSF from mice. This artificial CSF was mixed with 4 % BSA to increase osmotic pressure of the
perfusate to allow for better recovery of AB and tau, and to minimize the chance of
microdialyte fluid loss. Following, the MILLIPLEX® MAP human AB and tau magnetic bead
panel 4-plex ELISA kit and the Bio-Plex 200 System were used to simultaneously assess the
concentrations of ABao, ABaz, t-tau, and p-tau in CSF samples. Then, immunohistochemical
processing was conducted on tissue from implanted and non-implanted transgenic mice.
Sections were then scanned using a Mirax-midi scanner, using either reflected fluorescence
(for sections stained with a fluorophore) or transmitted white light (for sections stained with

Nissl; cresyl violet) as the light source.
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3.2. Paper lll | Combined Targeting of Pathways Regulating Synaptic Formation
and Autophagy Attenuates Alzheimer’s Disease Pathology in Mice

In the second paper, thirty 3xTg AD mice and two control B6129 mice (Supplementary Table
1) were used to first validate he 3xTg AD mouse for modelling AD neuropathology, then to
assess the efficacy of two repurposed drugs on attenuating AD pathology. First, implantation
surgery was performed to insert microdialysis guide cannulas into the lateral ventricle of mice.
Stereotaxic injections of P301L tau into LEC layer Il was done to overexpress tau in this region.
Then, push-pull microdialysis was performed for simultaneous infusions of drugs
(Supplementary Table 1) and CSF sampling from animals for a length of 1-2 weeks. The first
drug, Fasudil (a Wnt-PCP inhibitor) in powder form (10 mM) was diluted in sterile saline for a
final concentration of 50 mg/kg. The second drug, Lonafarnib (and autophagic inducer) in
powder form was dissolved in sterile saline at 60°C to a final concentration of 80 mg/kg. All
dosages in ml were calculated using; dosage (mg) / concentration (mg/ml) = dose x ml) and
were infused at a volume of 60 pl at a rate of 1 pl/min using saline as a control vehicle. In one
group of animals (n = 3), 0.6 ml of 80 mg/kg Lonafarnib and 50 mg/kg Fasudil were mixed into
baby porridge for oral delivery. Next, the MILLIPLEX® MAP human AP and tau magnetic bead
panel 4-plex ELISA kit and the Bio-Plex 200 System were used to simultaneously assess the
concentrations of ABao, ABa2, t-tau, and p-tau in CSF samples. Next, animals were tested in a
context-dependent spatial memory task. In this paradigm, mice were initially taught to
associate a specific reward location in a square and a circle context. The reward was
embedded in one of four cups with ginger-scented bedding. A trial was assessed as correct if
the mice dug in the reward location associated with each chamber. If the animals passed the
training phase (66.6% correct digging), their contextual memory performance was tested in
morph chambers: decagon (circle morph 1), octagon (circle morph 2), hexagon (square morph
1), and a pentagon (square morph 2). If they were able to complete the morph testing, they
were tested in a Squircle chamber on the fifth day. Then, immunohistochemical processing
was conducted on tissue, and sections were scanned using a Mirax-midi scanner. Lastly, the
number of cells containing intraneuronal AB, tau, and amyloid plaques, in dorsal subiculum
and LEC of vehicle- and drug-infused 3xTg AD mice (and between infused/non-infused
hemispheres of each mouse) was estimated with llastik using the Density cell counting
workflow. Dorsal subiculum and LEC was delineated using cytoarchitectonic features in

sections stained with Nissl, based on The Paxinos & Franklin mouse atlas [232]. Effect size
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(Cohen’s D) was calculated based on initial experiments between an experimental group
infused with Fasudil and a control group infused with a vehicle and the resulting effects on

intraneuronal AB-positive neurons in dorsal subiculum.

3.3. Paper IV | Overexpression of Human Tau in Lateral Entorhinal Cortex Layer I
of 3xTg AD Mice Leads to Tau Deposition and a Shift in Perforant Path
Terminals in the Dentate Gyrus

A total of twenty-four 3xTg AD mice, nine APP/PS1 mice (Supplementary Table 1), and eight
B6129 mice were used to determine whether age or endogenous presence of human tau
affected tau spread from LEC to DG. After levelling the skull, the stereotaxic coordinates were
derived to target LEC layer Il (+0.5 mm to lambda, ~+4 mm lateral [dependent on animal
weight] and ~-3.6 mm ventral from the surface of the brain [dependent on animal weight]),
and the hilar region of the DG (A/P: -2 mm, M/L: +1.6 mm, D/V: -2 mm). We used 300-1500
nl of the following adeno-associated viruses (AAVs) for injections into LEC layer Il and the
hilus: AAV8 green fluorescent protein (GFP)-2a-P301Ltau and AAV8 GFP (Supplementary
Table 1). The short 2a peptide of the viral vector causes a cleavage that separates GFP and
human tau during translation at the ribosome [233]. This results in neurons transduced with
the virus (GFP+/MC1+) being able to produce GFP and human tau as individual proteins.
Conversely, neurons that receive human tau from cross-neuronal spread express human tau,
but no GFP (GFP-/MC1+). The microsyringe was kept in place for 5 minutes prior and after the
injection, to minimize potential upward leakage of the viral solution. Metacam was given
within 24 hours post-surgery. Animals were sacrificed two months following injections. Then,
immunohistochemical processing was conducted on tissue, and sections were scanned using
a Mirax-midi scanner. Lastly, the number of cells containing MC1 and GFP in LEC and DG were
estimated with llastik (Supplementary Table 1) using the Density cell counting workflow.
LEC and DG were delineated using cytoarchitectonic features in sections stained with Nissl,

based on the Paxinos & Franklin mouse atlas [232].

3.4. PaperV | Manipulation of Neuronal Activity in the Entorhinal-Hippocampal
Circuit Affects Intraneuronal Amyloid-f Levels

A total of twenty-seven 3xTg AD mice and seventeen B6129 mice (Supplementary Table 1)
were used to understand where and how intraneuronal AB builds up in the brain. After

levelling the skull, the stereotaxic coordinates were derived to target LEC layer I, and we used
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500-1000 nl of the following AAVs for injections using a microinjector: AAV8 human M4
muscarinic receptor (hM4) inhibitory DREADD (Di)-mCherry and AAV8 mCherry
(Supplementary Table 1). The hM4D; is an engineered inhibitory G protein-coupled receptor
based on hM4 that causes hyperpolarization in neurons through the G; pathway. The
microsyringe was kept in place for 10 minutes prior and after the injection, to minimize
potential upward leakage of the viral solution. Metacam was given within 24 hours post-
surgery. Animals were implanted with osmotic minipumps 6-7 days following injections. Mice
were implanted with Alzet® osmotic minipumps subcutaneously on the flank, slightly
posterior to the scapulae. The minipump was primed with DCZ (100 pg/kg), or sterile saline,
at 38°C in sterile saline for 48 hours prior to implantation. The intracranial cannula attached
to the minipump was implanted into the lateral ventricle, and it was attached to the skull
using superglue and dental cement, while the catheter and minipump was secured under the
skin with sutures. Analgesics were repeated within 24 hours post-surgery. Animals were
implanted with minipumps for 2-3 weeks. Next, animals were tested in a context-dependent
spatial memory paradigm. Then, immunohistochemical processing was conducted on tissue,
and sections were scanned using a Mirax-midi scanner. Lastly, the number of cells containing
intraneuronal AB and in LEC and hippocampus (DG, dorsal/ventral subiculum and CA1) were
estimated with llastik (Supplementary Table 1). LEC and hippocampus were delineated
using cytoarchitectonic features in sections stained with Nissl, based on the Paxinos &

Franklin mouse atlas [232], described in more detail below.

In the rostro-caudal axis of the mouse brain, the first appearance of the hippocampus is CA3
and DG and moving more caudal the CA1 and CA2 appear. CA1 has smaller and more densely
packed cells compared to CA2 and CA3, and the pyramidal cell layer of CA2 is thicker than in
CA1 and CA3. Moving more caudal, the first part of the dorsal subiculum appears, and can be
delineated by a wider pyramidal cell layer compared to the bordering CA1. More caudal again,
the ventral subiculum appears, and as this region merges, the stratum radiatum cell layer of
the CA1 disappears and cells from the pyramidal cell layer merge and overlap with those of
ventral subiculum. The rostral beginning of LEC is considered to appear at approximately the
same level as the ventral hippocampus. The dorsal regions of LEC borders with perirhinal
cortex at rostral levels, and can be differentiated based on its much larger, and partially ‘out

of place’ layer Il cells. More caudal, LEC can be separated from postrhinal cortex using the
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same criterion. The ventral regions of LEC borders the piriform cortex and is easily separated
since the latter only has three layers. More caudo-medial, the LEC borders the
amygdaloentorhinal transition area, and since the latter is a nucleus, it is easily differentiated
based on its circular formation of neurons. More caudal the LEC generally occupies more of
the dorsoventral extent of the hemisphere, and eventually comes to border MEC roughly as
the cortical amygdaloid nucleus disappears. At the caudal end of the hemisphere, LEC

disappears and MEC emerges.
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4. Synopsis of results

4.1. Paper ll | In Vivo Microdialysis in Mice Captures Changes in Alzheimer’s
Disease Cerebrospinal Fluid Biomarkers Consistent with Developing
Pathology

Our modified push-pull microdialysis method enabled novel longitudinal, simultaneous

sampling of two large proteins, namely AR and tau, and their phosphorylated forms. Here we
showed that AB and tau concentrations change with age and pathological deposition in 3xTg
AD mice. We demonstrated that not only could we successfully follow the pathophysiological
alterations in relevant CSF biomarkers along the AD disease cascade in a preclinical model,
but also that these changes reflected ones observed in AD patients. Compared to cut-off
levels of CSF biomarkers in patients, the highest mean A4, levels were observed in mice that
were 10 months-old (940 pg/ml) and are comparable to the cut-off level at 1026 pg/ml in
patients. The highest mean t-tau levels were observed in 9 month-old mice (1199 pg/ml), and
were much higher than the cut-off level at 238 pg/ml in patients, and the highest mean p-tau
levels at 9 months-of-age (14 pg/ml) was lower than the cut-off level at 22 pg/ml in patients.
In line with previous research, we found that a slower flow rate resulted in better recovery of
analytes within the microdialyte. Although our method allowed for the recovery of ABao, APaz,
p-tau, and t-tau, the recovery rates for AB were low, with slightly higher recovery for tau

proteins.

4.2. Paper lll | Combined Targeting of Pathways Regulating Synaptic Formation
and Autophagy Attenuates Alzheimer’s Disease Pathology in Mice

Here we repurposed two FDA-approved drugs, Fasudil and Lonafarnib, both targeting
independent biochemical cascades that halted the development of AD pathology. Treatment
with Fasudil reduced early intraneuronal AB, the number and size of amyloid plaques in dorsal
subiculum, and CSF ABao-22 and p-tau levels. Lonafarnib infusions, on the other hand, did not
affect intraneuronal AR but rather reduced early non-fibrillar forms of tau after AAV-tau
injections into LEC layer II. Treatment with Lonafarnib also reduced the number of amyloid
plaques, but unexpectedly increased their size in dorsal subiculum, and only effectively
decreased CSF ABsoand t-tau levels. Both drugs affected dense-core amyloid plaques that are
associated with microglial activation, and subsequent neurodegeneration and cognitive

decline in patients. We found that novel combinatorial administration of these drugs
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effectively reduced early intraneuronal AB in younger mice, led to reduced CSF AB4o and p-
and t-tau levels, and improved context-dependent spatial memory. This type of pattern
completion dependent behavior is thought to depend on the normal function of the

hippocampus, a region that is compromised during early phases of the disease.

4.3. Paper IV | Overexpression of Human Tau in Lateral Entorhinal Cortex Layer Il
of 3xTg AD Mice Leads to Tau Deposition and a Shift in Perforant Path
Terminals in the Dentate Gyrus

After overexpression of human tau in LEC layer Il of 3xTg AD mice, tau recipient neurons were
unexpectedly observed in hilar mossy cells, and not in granule cells which receive
unidirectional projections from LEC layer Il. Our AAV-tau injections into LEC layer Il of young
mice induced tau pathology which is otherwise absent in 3xTg AD mice. Moreover, we
observed an apparent shift of perforant path terminals in the molecular layer of DG following
AAV-tau injections. After overexpressing tau in LEC layer Il of young 3xTg AD mice, we
observed GFP-positive fibers from donor neurons in the outer molecular layer of DG, whereas
in older 3xTg AD mice (18-months-old), we observed these fibers in the inner molecular layer
of DG. In line with previous findings, we found an age-associated increase in tau recipient
neurons in the hilar region of DG, and further show that endogenous tau load affected the
transfer of tau from LEC to DG, as AAV-tau injections in LEC layer Il in mice without a human
tau mutation (APP/PS1 and B6129) did not result in spreading. This is in line with findings of

intracellular tau seeds causing aggregation of native tau proteins and eventually spread.

4.4. PaperV | Manipulation of Neuronal Activity in the Entorhinal-Hippocampal
Circuit Affects Intraneuronal Amyloid-f Levels

Here we successfully silenced LEC layer Il neuronal activity in mice after targeted hM4D;-
injections followed by intraventricular DCZ infusions. Successful silencing was verified by the
expression of mCherry and hM4 and subsequent reduction of cFos in LEC layer Il neurons. We
also verified LEC layer Il neuronal silencing by observing context-dependent spatial memory
deficits in mice, indicating a functional role of LEC layer Il neurons in cognitive functions
known to be impaired in human AD. Moreover, chronic inhibition of LEC layer Il caused a
reduction of early intraneuronal AB within LEC neurons. Critically, chronic LEC layer Il neuronal
silencing also caused a reduction of intraneuronal AB deposition in hippocampal subregions

CA1l and subiculum, suggesting that activity levels in LEC affect intraneuronal AB in
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downstream HPC. The first subregion of the HPC that displayed reduced intraneuronal AB
levels after LEC layer Il silencing was the subiculum. Together, these results suggest that
intraneuronal AP build-up in LEC layer Il and its perforant path terminals is regulated by

neuronal activity.
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5. Methodological considerations

5.1. Invivo microdialysis

Microdialysis sampling relies on diffusion of analytes across a semi-permeable dialysis
membrane [234]. Molecules have kinetic energy which leads to motion, and this motion is the
basis of diffusion of molecules along concentration gradients. Diffusion is a passive process
that occurs without the need for specific reactions with other molecules. Moreover, the
diffusion rate across the microdialysis membrane is dependent upon several factors, including
concentration gradient, molecular size, membrane surface area and temperature. Larger
molecules that can pass through the semi-permeable membrane pores have a low rate of
migration across the microdialysis membrane. This lower recovery is due to larger molecules
moving with a slower velocity; the larger molecules do not collide or meet with the membrane
as frequently as smaller molecules. The microdialysis perfusate needs to be similar in its
tonicity to the fluid surrounding the probe to prevent significant shifts of water across the

microdialysis membrane.

The recovery of proteins reflects the concentration in the dialysate of the substance or
molecules of interest in relation to the true concentration surrounding the microdialysis
probe. A high recovery means that the concentration in the dialysate is close to the true
concentration in the interstitial fluid of the brain (Fig. 9). Recovery in microdialysis is
dependent upon many factors, such as perfusion flow rate, diffusion rate, and the probe used
(molecular weight cut-off, diameter, and length of the membrane). To establish high recovery,
a long membrane, with an optimal pore size and a low perfusion rate needs to be used. Also,
there might be some trauma caused to the tissue after microdialysis guide cannula
implantation and probe insertion, which may potentially influence analyses of CSF samples.
Therefore, an equilibrium period is needed prior to CSF sample collection. Histochemical
analyses have revealed that severe gliosis around implanted devices such as microdialysis
cannulas takes place at about 4 days after the surgery [235-237]. Reports suggest that a
complete recovery of physiological functions occurs at the earliest at 5-7 days after the
implantation surgery [238]. Therefore, we always waited one week after surgeries before

starting sampling procedures.
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This method is advantageous over other CSF sampling techniques as it enables serial sampling
that follows the dynamic, temporal alterations of a target molecule without necessitating the
collection of biopsy samples or animal sacrifice [239-242]. Importantly, each subject can serve
as their own intrinsic control to reduce inter-animal variability and the number of animals
used in experiments. One limitation of this method, however, is detection of large molecules
due to adsorption in tubing and the dialysis membrane, as well as low concentration of
analytes in the target tissue [243]. Despite this, the method serves as a valuable tool for
measuring CSF AD biomarkers. Validated biomarkers in CSF include reduction in the level of
ABa, increased t-tau and p-tauisi. A combination of these three biomarkers increases the
diagnostic validity for sporadic AD compared to healthy controls with a combined sensitivity
e Interstitial fluid (ISF): Extracellular of >95%, and specificity of >85%.
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cross the BBB are able to cross the blood-CSF barrier and enter CSF at a rate inversely related
to molecular weight [244]. Moreover, the volume of the CSF ranges from 35 pl in the mouse
to over 100 ml in humans, and the rate of production of CSF ranges from 0.32 pl/min in mice
to 350 ul/min in humans (Table 1). Consequently, CSF turnover across species is fairly
constant. The CSF flows from the ventricles over the surface of the brain parenchyma and is
absorbed into the superior sagittal sinus of the systemic venous circulation via passage across
valves in the arachnoid villi [245]. Brain pulsation resulting from cardiac beats can favor

dissemination of CSF between parenchymal arterial and venous perivascular spaces [246].

Table 1. CSF volume and turnover in mice, monkeys, and humans.
Species CSF production (ul/min) | CSF volume CSF turnover

Percent/min | Turnover time

Mouse 0.32 35 ul 0.89 1.8 hours
Monkey 41 13 ul 0.22 5.2 hours
Human 350 100 ml 0.38 4.8 hours

Turnover time = (CSF volume)/(CSF production). Table adapted from [3].

Diffusion is constant in small or large animals, but the brain size varies widely. The brain
volume in mice, monkeys, and humans is approximately 0.5 ml, 100 ml, and 1400 ml,
respectively [3]. The diffusion distances thus increase proportionately, as illustrated in
representative coronal sections of the brain of the mouse, monkey, and human shown in Fig.

10. The diameter of the brain is 10 mm, 40 mm, and 140 mm in the mouse, monkey, and
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compartment was static without flow. However, this compartment is not static and turns over
the entire volume every 2 hours in the mouse brain, and every 5 hours in the human brain

(Table 1).

Despite the tremendous research efforts that have been put into the development of BBB-
penetrating drugs, the success rate in this field is still disappointing. There is contrary evidence
in the literature regarding CSF as a conduit to the brain parenchyma, and whether a drug
injected into the CSF distributes into deep brain tissue. Some research suggests that drugs
injected into CSF have been found to preferentially distribute to the blood rather than the
brain [3]. However, researchers [248] have infused horseradish peroxidase — a 40 kDa enzyme
— into the lateral ventricle of mice, and found that there was a distribution of 0.2 and 1 mm
after 10 and 90 min, respectively, in the periaqueductal gray, which connects the third and
fourth ventricles. This is the same distance predicted based on free diffusion and suggests

that drugs infused into the CSF have the potential to reach deep brain tissue.

In our experiments, we targeted two biochemical pathways in the hopes of attenuating AD
pathology. First, we targeted the non-canonical (i.e., Wnt-PCP) pathway, and along with its
canonical (i.e., Wnt-catenin) counterpart, these pathways will provide a balanced
maintenance of synapses in a healthy individual, but in an AD brain the Wnt-PCP pathway is
overactive and leads to synaptic loss, most likely mediated by a protein called Dkk1 [206, 249].
Fasudil (Supplementary Table 1), currently approved as a treatment for cerebral vasospasm,
targets a protein called ROCK in the Wnt-PCP signaling pathway, effectively derailing the
synaptotoxic cascade of AB production. Previous research has demonstrated that ROCK
kinases can induce the processing of APP to the toxic ABs, peptide and that this can be
prevented by ROCK inhibition [250]. Wnt-PCP synaptic signaling is triggered from the
increased presence of AB protein, and increased expression of Dkk1l has been shown in

postmortem AD brains and in animal models of AB pathology [210, 249].

Second, we targeted the autophagic pathway with the aim of attenuating AD pathology. One
way of activating the autophagic pathway is to inhibit the posttranslational modification of
proteins by the addition of a farnesyl group (i.e., farnesylation). The Ras family of

oncoproteins (i.e., cell proliferation proteins) all undergo farnesylation, and therefore this
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pathway is being investigated as a potential target for anti-cancer drugs. One farnesylation
inhibitor is Lonafarnib (Supplementary Table 1), which is currently approved for cancer
therapy. The autophagic system is of special interest in the field since it directs abnormal tau
protein into lysosomes, which then degrades tau before it can form NFTs [251]. While an
excess of autophagosomes and other autophagic vacuoles is frequently observed in the
neocortex of AD brains [252], it is unclear whether autophagy impairment is a contributor or
consequence of tauopathy [253, 254]. Activating autophagy is now becoming a prominent
candidate as a potential therapeutic target for AD, with animal and cellular models showing
that autophagy activators can reduce the levels of misfolded and aggregation proteins,

prevent the spread of tau, and reduce neuronal loss [251, 255, 256].

5.3. Viral injections of MAPTp3011

The different AAV serotypes display different affinity and transduction to different subtypes
of neurons, and it is therefore prudent to conduct pilot and titration testing of new viral
vectors. The most used viral serotypes® within the field are 1, 2, 5, 6, 8, and 9 [257]. The
different viral serotypes have also been shown to spread differently in the brain parenchyma.
For instance, serotypes 1-4 display limited spread whereas serotypes 5-9 diffuse more readily
throughout larger brain structures [257]. There are several advantages and limitations to
using viral vector delivery systems for manipulation of cell populations/brain regions.
Advantages include high level of protein expression, the possibility of combining several
fluorophores, the virus filling whole neurons or subcellular compartments, achieving cell-type
specificity, and using it in combination with transgenic mouse lines. Limitations include high
costs, laborious preliminary studies used to establish titer, and cytotoxicity in the long-term.
A limitation that is specific to pressure viral injections is that it is difficult to avoid leakage of

the virus during retraction of the microsyringe.

A recent advancement with AAVs is the possibility of expressing more than one protein in the
same virus by insertion of a cleavage protein, such as 2A [258]. In Paper IV, we used a viral
construct (Fig. 11) that separated GFP and human tau (MAPTe3011) by 2A self-cleavage during

gene translation (Supplementary Table 1). Transduction of GFP allowed us to determine

3 The viral serotype is the capsid that encloses the protein that the virus shall transduce.
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starter cells — or “donor” cells —, that were first transfected after injection. MAPTp301. causes
a dramatic increase in the tendency of 4R versions of tau to aggregate and subsequently form
B-sheets. This aggregation causes the 4R domain that normally binds microtubules to start
binding other tau proteins instead [259]. This mutation does not seem to cause tau proteins
to trigger their own hyperphosphorylation, but rather it makes tau more vulnerable to
becoming phosphorylated by the already-existing ensemble and levels of kinases [260]. This
mutation is considered to be fully penetrant in terms of developing frontotemporal dementia
(FTD). Aside from the frontal lobe, it also leads to neurodegeneration in the lateral temporal
lobe and contrasts with another FTD-causing MAPT-mutation, the N279K gene mutation
[261]. This latter mutation causes neurodegeneration in the medial temporal lobe and is thus

more like tauopathy observed in AD.
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Figure 11. The AAV8 GFP-2a-P301Ltau construct. A) The short 2A peptide causes a cleavage that separates GFP and P301L
tau (human tau) during translation at the ribosome. B) This results in neurons transduced with the virus (GFP+/tau+) being
able to produce GFP and human tau as individual proteins. Conversely, neurons that receive human tau from cross-neuronal
spread have human tau, but no GFP (GFP-/tau+). Abbreviations; GFP: green fluorescent protein; AAV: adeno-associated
virus; LEC: lateral entorhinal cortex. Figure adapted from [7]. © Christiana Bjgrkli, figure made in Adobe Illustrator.

While tau gene delivery supplemented with 2A self-cleaving peptides has emerged as an
attractive tool in differentiating donor and recipient neurons while monitoring intraneuronal
tau transfer, the specificity of the technique is still unclear [262]. In Paper IV, we show that
GFP and human tau was not separated by 2A peptide cleavage as expected [7, 233], although
previous work have also observed cross-neuronal spread of GFP when using this viral tool [7].

Neuronal specificity could have been enhanced in our experiments by using other promoters
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than chicken beta actin (CBA) or the cytomegalovirus (CMV), or by using the Cre/loxP binary
system to drive tau expression in for instance reelin-expressing LEC layer Il neurons.
Moreover, for successful modelling of tau pathology by viral overexpression, small and
precise injections volumes of tau that is truly restricted to the target area needs to be done.
Pressure injections of a large volume in the brain parenchyma can be problematic since it may
cause off-targeting of neurons that are irrelevant to the circuit of interest. Co-injection of
neuronal tracers could be advantageous when monitoring tau spread from one anatomical

region to another.

5.4. Designer receptors exclusively activated by designer drugs (DREADDs)

Chemogenetics take advantage of chemical ligands to modulate genetically engineered
receptors. DREADDs are based on engineered muscarinic acetylcholine receptors that have
lost their affinity to the endogenous ligand acetylcholine and gained affinity to a designer
ligand, most commonly clozapine-n-oxide (CNO). However, one major limitation of CNO is
that it does not cross the BBB in mice to any large extent, and maybe even more troubling,
are the findings of CNO metabolizing into Clozapine — a potent antipsychotic drug used to
treat schizophrenia —, which crosses the BBB with high efficiency [263]. This complicates the

use of CNO to activate DREADDs, since it could lead to

Acetylcholine

l numerous off-target effects and dubious readouts of
Human M4 H¥H H H
sGaE M) cellular activity and behavior. In our experiments we
il circumvented all of these limitations by using the
Cell membrane
novel DREADD ligand deschloroclozapine (DCZ; Fig.
l 12; Supplementary Table 1) [264]. DCZ represents the

) most potent, selective, metabolically stable, and fast-
Decreased neuronal firing rate

Acetylcholine Deschloroclozapine Figure 12. Mechanism of action for inhibitory DREADDs. Human M4
(oC2) muscarinic (hM4) receptor normally has affinity to the endogenous

ligand acetylcholine. hM4 inhibitory DREADDs (hM4D;) is an

engineered hM4 receptor that has lost its affinity to acetylcholine

and has instead gained affinity to a designer ligand (such as DCZ). DCZ

hMA4Di binding to the hM4D; decreases cAMP signaling, increases MAPK

signaling, and activates G-protein inwardly-rectifying potassium
channels. This leads to potassium efflux and hyperpolarization.
Abbreviations; DREADDs: designer receptors exclusively activated by
designer drugs; DCZ: deschloroclozapine; cAMP: cyclic adenosine

1 monophosphate; MAPK: mitogen-activated protein kinase. ©
Christiana Bjgrkli, figure created in Biorender.com.

Cell membrane
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acting DREADD agonist with utility in mice and non-human primates to date.

There are several different approaches to targeting DREADD expression to a specific cell
population using a viral vector delivery system. First, the physical targeting of the viral infusion
into the brain gives spatial specificity but low cell-type specificity. However, cell-type
specificity can be increased by tailoring the plasmid constructs delivered to the cell via AAVs,
for instance by using a CaMKIl protomer (like we did in Paper V; Supplementary Table 1), to
drive expression of the chemogenetic receptor in excitatory cells only. However, promoter-
driven systems may not always be tight, and leakiness to undesired cell populations may be
an issue [257]. Researchers have induced behavioral deficits by intramuscular injections of
DCZ in hM4Di-expressing monkeys [264]. hM4D; and KORD — a modified form of the human
kappa opioid receptor (KOR) —, appear to silence neuronal activity via two mechanisms: (i)
induction of hyperphosphorylation of GB/y-mediated activation of G protein inwardly
rectifying potassium channels [265, 266] and (ii) inhibition of the presynaptic release of
neurotransmitters [266, 267]. Early pilot experiments using AAV hM4D;-mCherry with the
serotype 2/1 resulted in transfected fibers rather than somata. Although hM4D; is fused to a
fluorescent tag in this virus, the fusion may undergo lysis, and this could explain a diffused
expression of mCherry. Based on the aforementioned challenge and that silencing by hM4D;
occurs presynaptically — and we wanted intraneuronal hM4 receptor expression akin to

previous studies [268] —, we changed the viral serotype of the virus from 1/2 to 8.

There are various strategies for longitudinally “activating” chemogenetic receptors, and most
commonly this includes intraperitoneal (IP) injections of CNO or compound 21 [269]. Osmotic
minipumps that can be implanted on the flank of the animal offer a way of longitudinally and
continuously infusing a DREADD agonist [270], without inoculation. These minipumps can
steadily release a systemic dose of chemicals for up to 6 weeks, whereas more traditional
methods like IP injections usually activate chemogenetic receptors for 60 minutes [271].
Osmotic minipumps rely on osmotic pressure which displaces the chemical from the pump at
a controlled, predetermined rate. These minipumps can also be attached to a catheter for
intracerebral infusion as we did in Paper V, rather than relying on diffuse osmotic spread from

the implantation site. However, by longitudinally inhibiting LEC layer Il, the multitude of
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physiological functions performed by this brain region was impaired, and this needs to be

considered when interpreting our results from Paper V.

5.5. Context-dependent spatial memory task

Lesion and observational studies have demonstrated that the hippocampus and EC are
necessary for contextual memory formation [272, 273]. Studies have recently emerged that
show context-specific signals in the hippocampal-entorhinal network during the execution of
spatial memory tasks [274]. Spatial context might be represented in the hippocampus through
the activity of place cells that fire whenever a navigator occupies particular environmental
locations [275]. When context is altered, place cells undergo a process known as re-mapping,
in which all place cells shift their relative firing fields to new locations or stop firing altogether
[276, 277]. Re-mapping might be driven by entorhinal inputs to the hippocampus [278, 279].
The EC contains several types of place-modulated neurons, including grid cells that fire
whenever a navigator occupies a hexagonal lattice of environmental locations [280].
Coincident with place cells re-mapping across different contexts, grid cells coherently shift

and rotate their firing fields, a process known as grid re-alignment [279, 281].

Memory functions of the hippocampus include the process of pattern separation and pattern
completion. Pattern separation performed by the DG of the hippocampus [282-284] is
thought to support our ability to avoid confusion between similar episodic memories by
transforming interchangeable cortical input patterns of neural activity into dissimilar output
patterns before their long-term storage in other parts of the hippocampus [285]. Pattern
completion by the CA3 region of the hippocampus enables episodic memories to be formed
and stored in the same region, as well as retrieval of a whole representation to be initiated
by a recall cue [286]. Attractor dynamics can explain both why hippocampal neurons react
coherently following sufficiently large changes to the environment (i.e., discrete attractors)
and how hippocampal firing patterns move more smoothly from one representation to the
next as an animal travels through space (i.e., continuous attractors) [287]. Evidence in favor
of such attractor dynamic processes in the hippocampus come from experiments using
progressive morphs of environmental geometry between two different spatial contexts [288,
289]. In Papers Il and V we used a context-dependent spatial memory task in which boundary

geometry was morphed between two familiar contexts and found improved performance in
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the morphed settings after drug treatment, suggestive of improved attractor-like

performance.

In this context-dependent spatial memory task, mice were first trained to associate a specific
reward location, out of four, in a square and circle context. If they passed the training phase,
mice were tested in probe trials (i.e., without rewards) in progressive morphs of
environmental geometry: a decagon (circle morph 1), an octagon (circle morph 2), a hexagon
(square morph 1), and a pentagon (square morph 2). If mice were able to associate the
progressive morphs with the previously learned reward location of the square and the circle,
they were tested in an ambiguous half-square half-circle context — the “Squircle” — on the fifth
day. Since the Squircle equally resembles the square and a circle context, a trial was
considered correct if mice were digging in either the circle- or square-related reward location.
Thus, to remember the reward location in each context, mice needed to learn the appropriate
location-context associations throughout training. These contexts were made in-house using
Lego to get the correct geometrical proportions of each context as well as simplifying

disinfection between trials.

A question remains regarding which steps of this behavioral paradigm taps into the retrieval,
encoding, or the consolidation stage of contextual memory. Simply translating the steps of
this experiment conducted in humans [274] would suggest that the training phase acts as the
retrieval, the morph stage act as the encoding, and the context-dependent spatial memory
task acts as the consolidation of contextual memory. Another widely used behavioral
paradigm that assesses the integrity of the LEC is the novel object recognition (NOR) task
[290]. However, the NOR task fails to assess the relationship between objects and context
and is therefore not an appropriate paradigm to assess the role of the hippocampal-

entorhinal circuit in contextual memory.

5.6. Tissue processing

In these experiments a variety of histological and immunohistochemical staining procedures
have been conducted. See Supplementary Table 1 for key resources used in Papers II-V. For
visualization of cytoarchitecture (and RNA), Nissl staining has been used. The NeuN antibody

was used to identify neurons, whereas DAPI was used as a counterstain for general DNA
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labelling. For labelling fan cells in LEC layer Il (and verifying viral injection location), we used
an antibody against reelin. We labelled for activation of immediate-early genes (IEGs) to
observe general protein translation and activation of neurons by our behavioral task [291,
292].; an antibody against cFos has been used for observing somatic markers, whereas an
antibody against Arc has been used as an indicator for dendritic markers. However, a potential
constraint of IEG expression is that we cannot infer a causal relationship between behavior
and the neural activity detected by this method [293]. Another limitation of IEGs in terms of
our experiments is that research suggests decreased expression of for instance cFos in the
hippocampus of AD mouse models [294]. Therefore, we also used an antibody against
phosphorylated extra cellular signal-regulated kinase (pERK) as a measure of increased neural

activity in these experiments.

In these experiments, we used specialized antibodies for visualization of developing tau
pathology. First, we used the HT7 antibody for visualization of endogenous human MAPT
[295] in the 3xTg AD mouse model. This antibody recognizes human tau between residues
159 and 163 and does not cross-react with murine tau. We used this antibody to differentiate
between endogenous and injected human tau in mice in Paper IV. Tau pathology in AD first
involves the somatodendritic accumulation of conformationally altered, non-fibrillar tau,
which is recognized by the MC1 antibody [296, 297]. The MC1 antibody was developed and
donated to us by the late Peter Davies. It has also been shown that the conformational change
recognized by MC1 may precede the aggregation of tau into filaments and the resultant
neurofibrillary degeneration seen in AD [296]. The AT8 antibody recognizes phosphorylated
paired helical filament tau [298] at serine 202 and threonine 205 and displays no cross-
reactivity with unphosphorylated tau. However, many publications within the field equate tau
phosphorylation with aggregation, and this is probably not correct [299]. A staining procedure
that is specific to NFTs is Gallyas-silver staining [300, 301], which dye NFTs and associated glial

inclusions.

Despite numerous publications in a range of animal models indicating that AR may
accumulate intracellularly, the acceptance of this concept has been slow and controversial,
mainly due to technical issues [9]. One of these technical issues relate to antibody cross-

reactivity, as it is possible that AB-specific antibodies may also recognize full-length APP or its
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other derivatives [9]. Another issue relates to pre-treatment steps in immunohistochemical
protocols. For instance, two groups have demonstrated that the heating protocol (microwave
antigen retrieval or hydrated autoclaving) markedly enhanced intraneuronal AP
immunoreactivity, whereas formic acid exposure, a common pre-treatment step in AB
immunostaining, is not optimal for visualization [302, 303]. Because of the above-mentioned
technical issues, we have used conformation-specific A antibodies and heat-induced antigen
retrieval on all tissue. The anti-oligomer A1l antibody recognizes AP oligomers but not pre-
fibrillar oligomers or monomers [304]. This antibody also reacts with soluble ABao.42 oligomers
but does not react with soluble low molecular weight or fibrillar ABs. We also used an
antibody specific to ABa42 in our experiments. Cytosolic labeling of the McSA1 antibody, which

recognizes ABss-42 [304], was used as a generic marker for the presence of intraneuronal AB.

To visualize amyloid plaques, we used the above-mentioned McSA1 antibody as well as the
anti-amyloid fibrils OC antibody which recognizes epitopes common to many amyloid fibrils
and fibrillar oligomers, but not pre-fibrillar oligomers or monomers [304]. Thereby, our
antibodies provided good coverage of the pre-plaque aggregation steps of AB, including pre-
oligomeric ABay, AP pre-fibrils (anti-oligomer A11) and AB protofibrils (anti-amyloid fibrils OC).
To verify surrounding neuroinflammation we stained with the microglial-specific antibodies;
ionized calcium-binding adapter molecule 1 (lbal) and TREM2. To verify lysosomal activation
after infusions of Lonafarnib in Paper /Il we used a lysosomal-associated membrane protein 1
(LAMP1) antibody and observed its co-localization with amyloid plaques visualized by the anti-
amyloid fibrils OC antibody. To distinguish dense-core from diffuse amyloid plaques in Paper
Il we used an antibody against microtubule-associated protein 2 (MAP2) [305] with 3, 3'-

diaminobenzidine (DAB) as a chromogen.

The proteins transduced by viral vectors in Papers IV and V were visualized by GFP or mCherry.
To enhance visualization of infected cells, antibodies against these two fluorescent tags were
used. We encountered some issues when staining against mCherry, and endogenous
expression of this fluorescent tag was very poor. Tissue fixation-time might play a significant
role in the expression of red fluorophores, as we have observed strong mCherry expression

in live cells but poor expression after fixation in both cell cultures and mouse brain tissue in
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our group (data not shown). In future studies we opt to fix brain tissue in the matter of hours

rather than 24 hours to enhance mCherry expression.

5.7.  Animal models of Alzheimer’s disease

Although they are not always the best species for mimicking human disease, transgenic mice
are still undoubtedly the most popular and extensively used animal models for studying AD.
The studies carried out in animal models have yielded invaluable information on the
pathogenesis and pathophysiology of AD including, for instance, novel insights into the
molecular mechanisms underlying the pathological aggregation of pivotal proteins, the
underlying pathways that lead to neuronal damage, the contribution of genetic risk factors
and the role of neuroinflammation in neurodegeneration. Yet, these models appear to have
only partially contributed to shed light on the actual mechanisms triggering the disease, thus
preventing true translation into new therapies, diagnosis, and prevention. Although an
impressive amount of knowledge has been gained from the use of animal models, it has to

date only marginally enriched research into therapeutic avenues.

One of the main reasons for the lack of true translation between animal models and the clinic
is the number of confounding factors that needs to be kept in mind when trying to model AD.
These complex elements include genetics — such as mutations, risk-associated common
variants of sporadic AD, and epigenetics —, environmental factors — such as toxins, diet, stress,
social interactions, and infections —, and aging factors — such as metabolic changes, hormones,
genomic instability, and accumulation of damaging insults. Most of the currently used models
are not able to recreate the complexity of the human disease since they usually address these
elements individually. Also, current models most commonly only address familial versions of
AD. In our experiments, we have addressed the first element of genetics in a comparable
manner to human disease. The 3xTg AD mouse model harbors three human gene mutations,
in the APP, PSEN1 and MAPT genes, which result in amyloid plaques and NFTs like that seen
in patients. However, it’s important to note that these gene mutations often result in a much
higher expression of aggregated proteins than that seen in the human brain. Likewise, AD
patients do not overexpress APP or PSEN1 [306], and the overexpression of these mutant
genes may cause problems unrelated to AD in mice, such as displaying cognitive deficits

before amyloid pathology starts. Also, the MAPT mutation in this mouse model results in FTD
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and not AD in patients. Moreover, there are only 4R tau in mice, whereas in humans 6R tau is
expressed. The spatiotemporal spread of AB is similar in the mouse model to that seen in
patients, with depositions in neocortex before appearance and hippocampus. On the other
hand, the spatiotemporal spread of tau pathology mimics that of FTD patients, and therefore
human tau was overexpressed in the brain region of emergence in our mouse model in Paper
IV. Overall, however, this mouse model allowed us to investigate what is hypothesized to be

the core of AD pathology; the interplay between aggregated AP and tau.

Addressing the second element for the complex interplay of factors leading to AD, the role of
environment has been attempted to be modeled in the current experiments. For instance,
the value of environmental enrichment has played a major role here [307]. This includes mice
housed in groups without being isolated for long periods of time, as well as enrichment toys
in their cages during experiments. We have also adopted the principle of the 3Rs, by reducing
the number of animals in experiments due to statistical power estimations [308] and reusing

animals in experiments, where possible.

Addressing the third complex element on ageing, AD mice may be a better model of the early
preclinical stages of the disease than the later dementia stages [309]. This is because the
lifespan of a mouse ranges between 2 to 2.5 years, whereas the age of onset of sporadic AD
usually occurs after 60 years of age. This difference could explain why drugs that are
successful in treating mice do not work in patients, seeing as they are being administered too
late in the disease continuum. However, this short lifespan is advantageous to researchers as
they can study most of the disease process during this short timeframe instead of a lifetime
in patients. Studying most of the disease process poses a major limitation of current mouse
models of the disease, as they do not display neurodegeneration, the suspected sole culprit
for the manifestation of clinical symptoms in patients. This limitation in disease modelling
could be due to more resilient neurons in mouse models, but the more likely scenario is that
due to their short lifespan they are unable to completely mimic the disease. Many of these
mouse models, including the 3xTg AD model used here, display cognitive decline prior to
pathological development, which suggests that early pre-aggregates of proteins play a major

role in the behavioral expression of this disease.
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6. General discussion

In Paper I, we reviewed the urgent need for progress within the AD biomarker field to be able
to translate markers across animal models and clinical populations. We found that not all
pathological hallmarks seen in patients can be translated to preclinical models, and therefore
one needs to be aware of pertinent differences when comparing AD research across species
and bridging findings into the clinic. In Paper Il we show that our modified push-pull
microdialysis method enables longitudinal, simultaneous sampling of AB and tau and their
phosphorylated forms. Moreover, we show that the concentrations of AB and tau change with
age and pathological deposition in the brains of 3xTg AD mice, and that these levels are
comparable to those observed in human AD patients. In Paper /Il we found that Fasudil — a
Wnt-PCP inhibitor — reduced intraneuronal AB as well as the number and size of amyloid
plaques in hippocampus. Lonafarnib — an autophagic inductor —, on the other hand, reduced
conformation-specific tau in LEC following human tau overexpression, and the number of
amyloid plaques in hippocampus. Lastly, we found that combinatorial treatment of both drugs
effectively reduced intraneuronal AR in hippocampus and improved cognitive performance in
mice. In Paper IV we show that tau injections in LEC layer Il results in tau spread to the hilus
in DG and the manifestation of tau pathology which is otherwise absent in 3xTg AD mice.
Moreover, we found an age-associated increase in tau spread, and that the presence of
endogenous human tau was necessary this spread. In Paper V, we successfully silenced LEC
layer Il neuronal activity in 3xTg AD mice, verified by reduced cFos expression and context-
dependent spatial memory deficits. Neuronal silencing of LEC layer Il reduced early
intraneuronal AB within LEC neurons, suggesting that AB may originate in this brain region
and affect AB levels in downstream hippocampus. The first hippocampal subregion to show

reduced levels of intraneuronal A after LEC layer Il neuronal silencing was the subiculum.

6.1. Translational validity of mouse models of Alzheimer’s disease

Despite the rise in incidence of AD, it has been over a decade since a new drug treatment has
been introduced to the market. One reason is that researchers have struggled with the lack
of translatability of preclinical studies to the clinic. One aspect that has come under heavy
scrutiny is whether the mouse is an appropriate model for a complex human disease such as

AD. There are approximately 160 AD-related mouse models described on Alzforum, including
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APP, PSEN1-2 mice and APP knock-ins to model amyloid plaque pathology, and mice with FTD
mutations and human tau mice to model tau pathology. Current mouse models of AD have
incorporated well-known early onset AD mutations on a single genetic background — C57BL/6J
—, which does not model human genetic diversity. Moreover, transgenic mice have been
invaluable but generally offer aggressive phenotypes or are missing key consequences of
tauopathy, such as neuronal loss [310]. Studies suggest that mice are resistant to developing
NFTs even with heavy amyloid plaque load due to the lack of TREM2 loss-of-function variants

[311, 312].

Since AD transgenic mice mostly model early onset familial mechanisms of the disease, their
relevance to biomarkers observed in sporadic AD patients has been debatable. In forms of
FTD caused by MAPT mutations in patients (and which causes tau pathology in 3xTg AD mice),
CSF tau levels usually do not increase [313]. In Paper Il, however, we provided evidence of
similarities between the temporal span of CSF biomarkers between the 3xTg AD mouse model
and AD patients. Not only did we find that CSF tau increased during the span of AD, but also
that the highest CSF tau levels coincided with the highest CSF AB levels, giving support to
findings of these two proteins working in concert in AD pathophysiology. In Paper Iil, we
characterized our own 3xTg AD mouse colony to select timepoints for treatment with Fasudil
and Lonafarnib. We found that genetic drift with phenotypic effects occurred in our mouse
colony, but that this mouse model presents as a valid translational tool for studying AD-
related neuropathology. Of note, experimental models of disease do not necessarily have to
recapitulate the entire disease process since the main point is to reduce complexity to better

understand the underpinning mechanisms of the disease.

6.2. Pharmacologically attenuating amyloid-f and tau pathology

Although the pathogenesis of AD is now partially understood, effective treatment strategies
for delay or prevention of AD remain to be developed. However, the recent positive results
of the antibody Aducanumab have re-energized the field. Despite removing amyloid plaques,
treatment with the antibody does not improve cognitive decline, and therefore there is a
great need to identify treatments that can improve this facet of AD symptoms. One such
possible intervention is ROCK, a serine/threonine kinase regulated by the small GTPase RhoA,

which was pharmacologically regulated in experiments in Paper Ill. The ROCK signaling
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pathway is involved in regulating cell migration, proliferation, and survival, and has been
found to be related to developing AD [314]. Moreover, ROCK induction can promote a
neuroinflammatory response by activating microglia and astrocytes. In line with this, ROCK
activation increases AP production, and Fasudil, a ROCK inhibitor, has been shown to reduce
AP [315-317] by reducing AB-induced neuronal damage [249, 317] and neuroinflammation
[315, 316]. Our results following Fasudil infusions in Paper Ill are in line with these previous

reports of its efficacy in reducing AB levels.

Activating biological clean-up systems has recently gained attraction as a method for
attenuating AD pathophysiology and was therefore another pathway we pharmacologically
regulated in Paper lil. 1t has been demonstrated that a dysfunctional autophagic system
contributes to AD progression [318]. Our results following Lonafarnib infusions in Paper Il are
in line with previous results of its efficacy to reduce AD-related neuropathology. However,
combinatorial treatment of both drugs in Paper /Il attenuated AD-related pathology at the
functional, as well as at the molecular level. In line with this, pharmacological inhibition of
ROCK2 has been shown to promote translocation of APP and BACE1 to lysosomes [319], and
several studies indicate that inhibition of ROCKs can induce autophagy [320, 321]. Based on
the beneficial effect of Fasudil on neuronal plasticity and survival, it is currently being used in
clinical trials for the treatment of amyotrophic lateral sclerosis (ALS) [322]. A regulator of
autophagy, mechanistic target of rapamycin (mTOR) phosphorylation, has been found to be
increased in MCl and AD patients [323]. It has also been shown that an increase in mTOR
signaling activity could suppress autophagic processes, leading to a failure to clear tau
aggregates in vulnerable neurons [324]. Lonafarnib, a farnesyltransferase and mTOR signaling
inhibitor [325], can induce autophagy through activation of lysosomes, prevent the formation

of tau aggregation, and attenuate behavioral dysfunction in FTD mice [251].

6.3. The origin and spread of pathology in Alzheimer’s disease

The prion-like propagation hypothesis [326] argues that aggregates of misfolded AB and tau
proteins can propagate similarly to infectious, misfolded prions. This implies that pathological
seeds — i.e., misfolded proteins — are secreted into the extracellular space by an infected
neuron and subsequently absorbed by a nearby, recipient neuron [327, 328]. Once the

pathological seed is taken up by a neuron, it can infect healthy, intraneuronal A and tau
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monomers, thus facilitating pathological aggregation and the progression of the disease
[329]. This idea has been supported by findings demonstrating that both AB and tau pathology
can be induced in vitro and in vivo by injecting pathological seeds from postmortem AD brains
into healthy rodent brains or rat neuronal cultures [330-334]. However, although prions, Ap
and tau proteins share similarities in their propagation mechanisms, prion-like mechanisms
cannot account for all aspects of the spread of the disease as neither AB nor tau proteins are
contagious like prions [335, 336]. Instead, emerging evidence suggests that aggregated
proteins may be transmitted in a cell-to-cell manner, — or transsynaptically —, whereby tau

propagates via the synapse in an anterograde fashion.

The transsynaptic hypothesis was initially proposed based on studies using bigenic neuropsin-
tTA*tau mice [37, 38], generated by crossing a tTA-EC line and the Tg(tetO-taupso11)4510
responder line. Aggregated tau in this mouse model was expressed predominantly in the
superficial MEC and the pre/parasubiculum, and it took several months for somatodendritic
tau — ie., where hyperphosphorylated tau accumulates after detaching from axonal
microtubules —, to transfer along the direct projection pathway to the granular cell layer of
DG. Interestingly, removal of endogenous murine tau in these mice did not affect tau transfer
from MEC to granule cells [337], suggesting that late-onset tau pathology in DG was a
consequence of transsynaptic propagation of tau and not due to prion-like mechanisms. This
is in line with our findings in Paper IV of murine tau present in APP/PS1 and B6129 mice not

affecting tau spread from LEC to DG.

A contemporary hypothesis states that tau spreads transsynaptically [36, 338-340] (Fig. 13),
however, whether this extends to AB in vivo has remained unresolved. If the spread of AB and
tau is dependent on synaptic connectivity, this may help explain the spatiotemporal
progression commonly seen in AD patients. For instance, data from in vivo studies in humans
and rodents have provided evidence that pathological tau can spread through neuronal
projection pathways that resemble functional brain networks [37, 38, 341-343], and that tau
spread depends on synaptic connections rather than spatial proximity [344]. These results

have further been supported by in vitro studies showing that enhanced synaptic connectivity

4 Tetracycline-controlled transcriptional activation — or tTa —, is a method of inducible gene expression by
turning transcription on or off in the presence of a tetracycline antibiotic, such as doxycycline.
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facilitates the spread of pathogenic tau [345]. Importantly, pathological tau accumulation
takes place predominantly in principal neurons [346], and therefore most likely spreads along

excitatory projection pathways.

Accumulating evidence now strongly suggests that the spread of AB also depends on
excitatory projections across principal cells. Previous in vitro data have shown that soluble
oligomeric AB can spread transsynaptically [347, 348], thus suggesting that the spread of early
intraneuronal AP also depends on cellular projection pathways. Interestingly, the process of
tau spread through neuronal projection pathways has been found to be accelerated by the
presence of AB in AD patients [341, 349]. This is in line with our findings in Paper V, showing

that early intraneuronal AR

\ builds-up in LEC layer Il and
A M \\
=0~ Earlyeventof N\ affects downstream connected
misfolding/aggregation
- hi mpal regions.
Transsynaptic 2\ \ ppocampa sub egions
transfer Y
— XX {
B \e~ \ Subregions of EC and the
e \
Seeding . .
~ hippocampus form a critical
p =/ \ functional circuitry that collects
e 3 N\ . . . .
C \e \ AL cortical information together into

cohesive representations [123].

Neither human imaging nor

Figure 13. Pathological spreading in a neuron-to-neuron manner. A) autopsy studies have pointed toa
Intracellular proteins (such as AR and tau) become misfolded and

subsequently aggregate. B) The aggregated proteins are transferred precise regional origin where AB
from somata or axons across the synapse to dendrites of a nearby

neuron. C) Pathological seeds, or aggregated proteins, travel from the deposition begins' and it has been
dendrites to soma and axons of the second neuron. © Christiana Bjgrkli,

figure created in Biorender.com. suggested that this pathology
appears multifocally and then encompasses the majority of association cortex —i.e., parts of
the cortex that receives information from primary sensory cortices [22, 23, 350, 351].
Moreover, it has been shown that APP can be transported anterogradely via perforant path
projections from EC to DG in rats [352], and mice expressing transgene-derived APP in
superficial layers of EC and pre- and parasubiculum have high levels of soluble AR and amyloid

plaque deposits in perforant path terminal fields in DG [353]. Based on our findings in Paper

V, the perforant path appears to be highly involved in the origin of intraneuronal AB build-up.
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We found that when LEC layer |l projection neurons were inhibited over longer periods of
time in Paper V, the amount of intraneuronal AB-positive neurons in hippocampal subregions
was reduced. This is in line with previous research indicating that reelin-positive neurons in
LEC layer Il of rodents were the first to accumulate intraneuronal AB, a pattern that was
reflected in postmortem AD brains as well [354]. Crucially, early seeding activity of A and tau
are present prior to histopathological markers in rodents and AD patients [331, 355]. In Paper
V we show more reelin- and intraneuronal AB-positive cells in the portion of LEC located

closest to the rhinal sulcus/fissure, akin to the first traces of NFT deposition in patients [22].

Despite the contemporary hypothesis of transsynaptic spreading of tau pathology, several
recent findings have begun to question whether tau spreads throughout the brain in this
manner [356-359]. For instance, a comprehensive histopathological study of postmortem AD
brains showed that dendritic tau pathology in the temporal allocortex — i.e., cerebral cortex
that is not part of the neocortex —, spread in a direction opposite to currently known
anterograde hippocampal connectivity [360]. Findings from this study align well with our
findings in Paper IV, where endogenous human tau load in CA1 of 3xTg AD mice appeared to
spread retrogradely to CA3 and the hilar mossy cells of DG and most likely influenced our tau
injections in LEC layer Il. Like our findings from Paper IV, other inoculation studies that have
overexpressed tau suggest that transfected tau is taken up by axons and that tau seeding can

occur in distant brain regions, rather than tau transsynaptic spread [262].

Tau pathology is usually found in the EC of older adults, including those without simultaneous
ApB pathology [361, 362]. Therefore, the mechanisms that cause tau to spread from EC and to
the hippocampus may be key to understanding, and ultimately preventing the development
of AD. Based on our findings in Paper IV, tau deposition in the 3xTg AD mouse after
overexpression in LEC layer Il causes tau to transfer from LEC to DG in an expected
anterograde sequence®, as well as transferring in an unexpected reverse (or retrograde)
sequence, from brain regions with already-present tau pathology in 3xTg AD mice — such as

CA1 —, and thereby causing tau deposition in DG.

5 However, tau recipient neurons were unexpectedly observed in hilar mossy cells, and not in granule cells
which receive unidirectional projections from LEC layer II.
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6.4. Future directions

There has been a considerable amount of research on potential blood-based biomarkers in
AD that identify the intricacy of the pathophysiology of the disease [363-365], but none yet
fulfil the diagnostic accuracy of CSF/PET core biomarkers. However, it has been found that
plasma biomarkers (i.e., blood exosome protein profiles) could predict conversion from MCI
to dementia [366]. Other promising results include plasma AB biomarkers using
immunoprecipitation coupled with mass spectrometry [367]. Other findings indicate that
plasma AP and p-tauisiz17 show an association to AP and tau load in the brain and
comparable accuracy to their CSF and PET counterparts [368-372]. Moreover, plasma NfL
levels have been found to correlate with brain atrophy on structural MRI [373, 374].
Interestingly, plasma NfL, p-tauis; and AP ratio measures are significantly altered in AD [375],
and the association between plasma p-tau levels and NfL correlated most strongly with AD.
The ideal screening method, however, would be a blood-based biomarker that separates AD
from other dementias, while it monitors disease progression and effects of therapeutic

interventions.

Future targets for AD treatment include simultaneous blood and brain microdialysis to assess
BBB permeability of chemicals [376]. Methods for drug delivery that bypasses the BBB include
focused ultrasound with combined intravenous injections of microbubbles® in order to widen
endothelial clefts and tight-junctions [377]. These microbubbles can also be used as a drug
delivery tool by itself, by for instance attaching molecules to the shell [378]. There are other
novel ways to administer drugs that bypass the BBB, and nanocarriers appear promising as an
alternative route of administration to intranasal and intra-carotid drug delivery [379].
Moreover, nanovesicles derived from exosomes are a potential new lipid nanocarrier of
genes, proteins, and drugs [380-382]. However, only exosomes isolated from brain
endothelial cells were able to cross the BBB and deliver cargo into the brain [383]. Viral vector
delivery systems are currently widely used for gene modification in experimental models
[384], and can provide long-term expression of the transgene, especially with AAVs [385].
However, bypassing the BBB for genetic modification is currently limited to intracerebral

injections, and in the future, circuit- and cell-type specific tools, — such as enhancer-driven

6 The most common type of ultrasound contrast agents are encapsulated microbubbles.
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gene expression (EDGE) [386] — could be combined with novel methods to deliver therapies

across the barrier.

There appears to be a long road to restoring neural circuits for the treatment of AD. For
instance, neural stem cell transplants have been shown to improve cognition in mice models
of AD, but no neural replacement was observed, and the grafted cells instead differentiated
into astrocytes [387]. On the other hand, directly targeting the activity of brain networks
might help restore memory in patients. Clinical trials that used deep brain stimulation (DBS)
techniques to directly manipulate network activity in AD patients reported positive memory
outcomes [388, 389]. In animals, optogenetic techniques that excite cells in the hippocampus
led to an increased number of dendritic spines, which restored memory and learning [390].
This latter study is particularly interesting since despite considerable memory impairment
following neuronal degeneration, the restoration of synapses could restore recall
performance. This follows research that suggests that synapse protection is necessary for
halting AD pathophysiology [391, 392], and suggests that memories in AD might be
inaccessible rather than lost. Taken together, the experiments described above demonstrate
that interventions at both the network and circuit levels have the potential to restore cellular
health and circuit integrity and could thus provide new directions for restoring impaired

memory in AD patients.
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7. Concluding remarks

In summary, the mouse appears to successfully model several important aspects of the
complex aetiology of AD in patients. The 3xTg AD mouse models AB and tau neuropathology,
the two defining neuropathological hallmarks of the disease, as well as similarity in fluid
biomarkers to patients across the disease continuum. Moreover, we have yielded original
insights into the function of two repurposed drugs and their effect in attenuating A and tau
pathology. We would strongly argue that to develop an effective treatment for AD, the
models need to be kept simple to understand the complexity of biochemical pathways that
each intervention may affect. We also show that vulnerable cell-types are involved in the
spread of neuropathology in AD, and that this transfer appears to be between highly
interconnected regions of the brain. According to our findings, the entorhinal-hippocampal
neurocircuitry appears to be strongly involved in the regulation of intraneuronal AB and in
the propagation of tau proteins. We have demonstrated original results in terms of origin and
spread of intraneuronal AB in the brain, prior to the formation of amyloid plaques and NFTs.
Based on our findings, early intervention strategies that can promote synaptic growth and
harness cellular clearance mechanisms for removal of protein aggregates could lead to an

effective treatment in AD.
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Supplementary Table 1: Key resources

Reagent type Designation Information Identifiers/referen
(species) or ce
resource
Strain, strain 3xTg AD B6;129- MMRRC Strain
background Psen1tmMpmTo(APPSwe,ta | #034830-JAX; RRID:
(Mus musculus) uP301L)1Lfa/Mmjax MMRRC_034830-
MU; PMID:
12895417
Strain, strain APP/PS1 B6.Cg-Tg(Thy1- MGI, Cat#
background APPSw,Thy1- 5313530; RRID:
(Mus musculus) PSEN1*L166P)21Jckr MGI:5313530;
PMID: 16906128
Strain, strain B6129 B6129SF2/) Strain #:101045;

background

(Mus musculus)

RRID:
IMSR_JAX:101045

Genetic reagent

(virus)

AAV-CBA-GFP-2A-
P301L-Tau

(serotype 8)

Viral Vector Core at Kavli
Institute for Systems

Neuroscience; contact Dr

Gifted by Bradley
Hyman’s lab,

Harvard Medical

Nair, School; PMID:
rajeevkumar.r.nair@ntnu | 31249873
.no

Genetic reagent AAV-CMV-GFP Viral Vector Core at Kavli | Agilent

(virus) (serotype 8) Institute for Systems Technologies Cat#
Neuroscience; contact 240071
see above

Genetic reagent AAV-CaMKII- Viral Vector Core at Kavli | RRID:

(virus)

hMA4Di-mCherry

(serotypes 1/2

Institute for Systems

Neuroscience; contact

Addgene_114469;
RRID:

and 8) see above Addgene_161576
Genetic reagent AAV-CaMKII- Viral Vector Core at Kavli | RRID:
(virus) mCherry Institute for Systems Addgene_114469
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(serotypes 1/2

Neuroscience; contact

and 8) see above
Antibody Mouse anti-AB Targets the N-terminal MediMabs Cat#
(McSA1)* amino acids 1-12 of MM-0015-1P,
human AR RRID: AB_1807985
Antibody Anti-ABa; (rabbit ABa; (pre-oligomers) Tecan (IBL) Cat#
polyclonal)* JP28051, RRID:
AB_2341462
Antibody Anti-lbal (mouse | lonized calcium binding Abcam Cat#
monoclonal) adaptor molecule 1 (Ibal) | ab15690, RRID:
AB_2224403
Antibody Anti-oligomer Soluble ABso/oligomeric Thermo Fisher
Al1 (rabbit ABa; (pre-fibrils) Scientific Cat#
polyclonal) AHBO0052, RRID:
AB_2536236
Antibody Anti-amyloid Amyloid fibrils/fibrillar Millipore Cat#
fibrils OC (rabbit oligomers (protofibrils) AB2286, RRID:
polyclonal)* AB_1977024
Antibody Anti-mCherry mCherry fluorescent Clontech Cat#
(mouse protein 632543
monoclonal)
Antibody Anti-RFP (rat Red fluorescent protein Fitzgerald
monoclonal) Industries
International Cat#
10R-6753, RRID:
AB_11200675
Antibody Anti-cFos (mouse | Immediate-early gene Abcam Cat#
monoclonal) cFos ab208942, RRID:
AB_2747772
Antibody Anti- Phospho-p44/42 MAPK Cell Signaling
p44/42 MAP (Erk1/2) Technology Cat#
kinase (rabbit 9101, RRID:
polyclonal) AB_331646
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Antibody Anti-reelin 164-496 mReelin, clone Millipore Cat#
(mouse G10 MAB5364, RRID:
monoclonal) AB_2179313

Antibody Anti-phospho-tau | Tau phosphorylated at Thermo Fisher
AT8 (mouse serine 202 and threonine | Scientific Cat#
monoclonal) 205 MN1020, RRID:

AB_223647

Antibody Anti-tau HT7 Recognized tauise.i6zand | Thermo Fisher
(mouse does not cross-react with | Scientific Cat#
monoclonal) murine tau MN1000, RRID:

AB_2314654;
PMID: 1729400

Antibody Anti-tau MC1 Conformation specific, Gifted by Peter
(mouse detects misfolded tau Davies,
monoclonal) relevant to tauopathy Department of

Pathology, Albert
Einstein College of
Medicine

Antibody Anti-GFP (chicken | Green fluorescent protein | Abcam Cat#

polyclonal) ab13970, RRID:
AB_300798

Antibody Anti-TREM2 TREM2 receptor Thermo Fisher
(rabbit Scientific Cat#
monoclonal) MA5-30971, RRID:

AB_2786636

Antibody Anti-MAP2 Microtubule-associated Abcam Cat#
(rabbit protein 2 ab183830, RRID:
monoclonal) AB_2895301;

PMID: 12083391

Antibody Anti-LAMP1 Lysosomal associated Sigma-Aldrich Cat#
(rabbit membrane protein 1 L1418, RRID:
polyclonal) AB_477157

73




Antibody

Anti-NeuN (rabbit

Neuronal labelling

Abcam Cat#

monoclonal) ab177487, RRID:
AB_2532109
Antibody Goat anti-mouse | Secondary antibody Thermo Fisher
IgG (AF 657) Scientific Cat# A-
21235, RRID:
AB_2535804
Antibody Goat anti-mouse | Secondary antibody Thermo Fisher
IgG (AF 546) Scientific Cat# A-
11030, RRID:
AB_2534089
Antibody Goat anti-mouse | Secondary antibody Thermo Fisher
IgG (AF 488) Scientific Cat#
A28175, RRID:
AB_2536161
Antibody Goat anti-chicken | Secondary antibody Thermo Fisher
IgY (AF 488) Scientific Cat# A-
11039, RRID:
AB_2534096
Antibody Goat anti-rabbit Secondary antibody Molecular Probes
IgG (AF 488) Cat# A-11008,
RRID: AB_143165
Antibody Goat anti-rabbit Secondary antibody Thermo Fisher
IgG (AF 546) Scientific Cat# A-
11035, RRID:
AB_2534093
Antibody Goat anti-rabbit Secondary antibody Thermo Fisher
I8G (H+L) (AF 635) Scientific Cat# A-
31577, RRID:
AB_2536187
Chemical Fasudil Rho kinase inhibitor Selleck Chemicals

compound, drug
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Cat# S1573; PMID:
29055813



Chemical

compound, drug

Lonafarnib

Farnesyltransferase

inhibitor with antitumor

Cayman Chemical

Cat# CAY11746-1

activity mg; PMID:
30918111
Chemical Deschloroclozapi | Muscarinic DREADDs MedChemExpress
compound, drug ne agonist Cat# HY-42110;
PMID: 32632286
Chemical DAPI (4',6- Nuclear and chromosome | Thermo Fisher
compound, drug Diamidino-2- counterstain Scientific Cat#

Phenylindole,
Dihydrochloride)

D1306, RRID:
AB_2629482

Chemical

compound, drug

Nissl (cresyl

violet)

RNA labelling

See Bjorkli et al.
(2019)7 for
chemicals and

protocol

Chemical

Gallyas-silver

Modified silver

See Bjorkli &

compound, drug staining impregnation of NFTs Lagartos-Donate
(2022)2 for
chemicals and
protocol
Chemical DAB Chromogen for detecting | See Bjorkli (2022)°
compound, drug antibodies for chemicals and
protocol
Software GraphPad Prism, Statistics and data
version 9 visualization software
Software Zeiss ZEN lite Microscope software
Software Ilastik Cell counting software PMID: 31570887
Software ANY-maze — Video tracking software
Stoelting Co.

*Labels amyloid plaques

7393.
8394,
9395.
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Alzheimer’s disease (AD) is a debilitating neurodegenerative disease characterized by
the accumulation of two proteins in fibrillar form: amyloid-g (Ap) and tau. Despite
decades of intensive research, we cannot yet pinpoint the exact cause of the disease
or unequivocally determine the exact mechanism(s) underlying its progression. This
confounds early diagnosis and treatment of the disease. Cerebrospinal fluid (CSF)
biomarkers, which can reveal ongoing biochemical changes in the brain, can help
monitor developing AD pathology prior to clinical diagnosis. Here we review preclinical
and clinical investigations of commonly used biomarkers in animals and patients with
AD, which can bridge translation from model systems into the clinic. The core AD
biomarkers have been found to translate well across species, whereas biomarkers
of neuroinflammation translate to a lesser extent. Nevertheless, there is no absolute
equivalence between biomarkers in human AD patients and those examined in
preclinical models in terms of revealing key pathological hallmarks of the disease. In
this review, we provide an overview of current but also novel AD biomarkers and how
they relate to key constituents of the pathological cascade, highlighting confounding
factors and pitfalls in interpretation, and also provide recommendations for standardized
procedures during sample collection to enhance the translational validity of preclinical
AD models.

Keywords: Alzheimer’s disease, translational research, biomarkers, cerebrospinal fluid, screening tools

INTRODUCTION

Due to an increasingly elderly population, patients with Alzheimer’s disease (AD) constitute a
growing public health problem, thus developing methods for early diagnosis of the disease will
become pertinent as there of yet exists no cure. The disease typically manifests through a progressive
decline in cognitive and behavioral functions that severely impact the ability of AD patients to
independently perform daily tasks. As a result, the associated socioeconomic cost and burden to the
healthcare system are very high, with annual healthcare expenditure exceeding billions of dollars.
Based on the early findings by Alzheimer et al. (1995), we now know that the neuropathological
hallmarks of AD include intracellular neurofibrillary tangles (NFTs) composed of misfolded tau
protein, and extracellular amyloid plaques comprising aggregated amyloid-p (Af). The pathological
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protein accumulation in AD follows a predictable spatiotemporal
pattern where certain areas become affected before others,
including the entorhinal cortex (EC) and the hippocampus
(Serrano-Pozo et al., 2011). In late stage AD, up to 90% of cells
are lost in EC layer II (Gomez-Isla et al., 1996). The initial A
deposits present as plaques in the temporal neocortex, before
progressing to the EC and the hippocampus (Box 1; Thal et al.,
2002). Meanwhile, initial tangle formation begins in the most
lateral portions of EC layer II, followed by the hippocampus,
before appearing in areas of the neocortex (Box 1; Braak and
Braak, 1991). The anatomical and temporal progression of AP
and tau pathology, and subsequently neurodegeneration, has led
to the postulation that A acts as an initiator of the disease
progression that results in tau-mediated neurodegeneration
(Freudenberg-Hua et al., 2018).

Many variants of the amyloid cascade hypothesis have
been proposed over the years; and this hypothesis argues
that the deposition of AP is the initial and causative step
for developing AD (Hardy and Higgins, 1992). According to
this hypothesis, Ap deposition causes disruption of calcium
homeostasis in cells, resulting in molecular lesions, NFTs,
oxidative stress, inflammation, excitotoxicity, and eventually cell
death. The main counter argument for this hypothesis has been
that amyloid plaque burden has a low correlation with the
severity of clinical symptoms of AD, unlike that of NFTs and
neurodegeneration (Terry et al., 1991; Arriagada et al.,, 1992).
In line with this, amyloid plaque deposition commonly plateaus
with time, despite declining cognition in AD (Engler et al., 2006).
Therefore, the majority in the AD research field now focus on
soluble, intracellular AP oligomers as a possible initiator of the
development of the disease (Figure 1).

Amyloid-p can exist in multiple assembly forms, ranging from
monomeric to oligomeric and fibrillar forms (Figure 1). As a
monomer, AP does not seem to be toxic, whereas oligomeric or
fibrillar forms have been found to be potent blockers of long-
term potentiation (LaFerla et al., 2007). Research suggests that
levels of soluble AP oligomers are better correlated with disease
severity than amyloid plaques mainly consisting of insoluble
AP fibrillar species (Arriagada et al, 1992; Lue et al,, 1999;
McLean et al., 1999; Naslund et al., 2000; Haass and Selkoe,
2007). When produced intracellularly, AB oligomers expose
flexible hydrophobic surfaces that might contribute to trapping
vital proteins and, in this way, they can subtly damage and
predispose vulnerable neurons to the formation of intracellular
tau aggregates (Campioni et al., 2010). Thus, tau pathology
in AD appears to be a downstream, effect of the presence
of AP oligomers (Figure 1). In line with this, a link has
been made between increased amounts of intracellular AP
and neurodegeneration, while clearing of intracellular AB has
been shown to revert AD-related memory deficits in animals
modeling AD (Billings et al., 2005). An explanation for the weak
correlation between cognitive decline and plaque load could
be that insoluble fibrillar AP species might serve as reservoirs
for smaller oligomeric AP, thus sequestering these away from
neurons (Mucke and Selkoe, 2012; Figure 1).

The manner in which pathology progresses in model
systems and human patients with AD has mostly been

investigated separately resulting in little or poor translational
value. As such, the translational aspect of staging the AD
molecular disease cascade between preclinical models and
human AD patients has remained inadequate. Despite
intense investigation into disease cause and mechanisms of
neurodegeneration, there is currently no cure or unequivocal
evidence as to the exact nature of its underlying cause.
Still, there seems to be consensus as to the fact that the
success of treatments is primarily contingent on whether
they can target disease-related pathology at early onset. This
suggests that we are urgently in need of better tools for
early onset diagnosis, before evolving pathology severely
affects brain function, as well as better tools for monitoring
pathological progression.

This effectively means, to translate discoveries made in
preclinical models to the clinic, we must bridge the gap
between model systems and patients with AD by improving
the robustness and predictive validity of screening tools. For
instance, the current dominant view is that AB42 accumulates
extracellularly first, and thereby leads to the formation of
amyloid plaques. However, several studies of brain tissue from
animal models and human patients have begun to challenge
this notion. In this paper, we explore potential early screening
tools for the diagnosis of AD and also provide links between the
extensive research done in preclinical models to human clinical
applications. Specifically, we review how screening in AD patients
can become more precise by the use of novel cerebrospinal
fluid (CSF) biomarkers and by following recommendations for
standardized procedures during CSF sample collections. We also
focus on how intracellular events of AP and tau aggregation
eventually lead to extracellular deposition and the presence of
neuropathological hallmarks, and how current tools can predict,
diagnose and potentially treat models and patients at various
timepoints of the disease.

AD BIOMARKERS - TYPE AND
DEFINITION

When defining an AD biomarker, many agree that it is a
measurable indicator within a patient that can help to test and
monitor the progress of pathology (Hane et al., 2017). The ideal
fluid biomarker for AD would be consistent, reproducible, non-
invasive, simple to measure, inexpensive, and easy to implement
into the clinic and the primary care setting (Davies et al., 1998;
Wang et al., 2012; Bjerke and Engelborghs, 2018; Molinuevo et al.,
2018). Such biomarkers should be able to identify the clinical
disease stage of the patient and also monitor treatment effects.
Conventionally, patients with overt dementia are diagnosed with
around 85% specificity (but at much lower rates in patients
with early stage AD), but the ideal biomarker should exceed
this rate (Davies et al., 1998). There is thus an urgent need for
a specific marker for early detection in these patients. Various
biomarkers that can detect early AD in both preclinical models
and patients have been proposed. For instance, it would be
preferable to have a biomarker that can detect intracellular events
prior to the deposition of amyloid plaques and NFTs. In line
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BOX 1 | Spatiotemporal pattern of AB and NFT deposition during the AD disease cascade in the human and mouse brain. Stages of AB deposition in the AD brain
(Gomez-Isla et al., 1996). Stage | is characterized by exclusively neocortical AB deposits (neocortex: green) (Gomez-Isla et al., 1996). This includes A deposits in
frontal, temporal, parietal, and occipital cortices (Gomez-Isla et al., 1996). Stage Il shows additional allocortical AR deposits (green) in entorhinal cortex, CA1,
cingulate cortex, amygdala, presubiculum, and the fascia dentata (Gomez-Isla et al., 1996). In stage Ill, there are additional AB deposits in diencephalic nuclei and
striatum (green) including thalamus, hypothalamus, the basal forebrain, caudate nucleus, putamen, claustrum, the lateral habenular nucleus, and white matter
(Gomez-Isla et al., 1996). In stage IV there are AB deposits in distinct brainstem nuclei (substantia nigra, superior and inferior colliculi, inferior olivary nucleus,
intermediate reticular zone, central gray of the midbrain, CA4, and the red nucleus; green) (Gomez-Isla et al., 1996). In stage V there are AB deposits in the
cerebellum and additional brainstem nuclei (pons, locus coeruleus, reticular formation, raphe nuclei, parabrachial nuclei, and the dorsal tegmental nucleus; green)
(Gomez-Isla et al., 1996). Stages of NFT deposition in the AD brain (Thal et al., 2002). Stages I-Il show alterations which are confined to the superficial entorhinal
cellular layer (pre-a; layer Il/layer lla) (Thal et al., 2002; Freudenberg-Hua et al., 2018).The next stage is an aggravation of stage | (Thal et al., 2002). Stages IlI-IV lead
to severe involvement of the entorhinal and transentorhinal layer pre-a (pink) (Thal et al., 2002). Stage IV is characterized by layer pre-a, pri-a (layer V)
(Freudenberg-Hua et al., 2018), and pre-B (layer Ill; layer llb) (Thal et al., 2002; Freudenberg-Hua et al., 2018) involvement. CA1, the basolateral nuclei of the
amygdala, the reuniens nucleus, the antero-dorsal thalamic nucleus, putamen, and nucleus accumbens are densely filled with NFTs (Thal et al., 2002). Stages V-VI
are marked by isocortical destruction (pink) (Thal et al., 2002). In stage V, the deep layer pri-a is severely involved. Layers pre-p and pre-y (layer lll) (Freudenberg-Hua
et al., 2018) are also affected (Thal et al., 2002). Virtually all components of the hippocampal formation are involved, and the isocortex is severely affected (Thal et al.,
2002). By stage VI, the subcortical nuclei show a much more pronounced involvement (Thal et al., 2002), and considerable nerve cell loss is seen in layers pre-a and
pri-a (Thal et al., 2002).Grayscale represents the recency of involved regions for each stage of neuropathology. Human brain regions adapted from Jirgen et al.
(2016); mouse brain regions adapted from Allen brain atlas (Sunkin et al., 2013).
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FIGURE 1 | Early and late timepoints of neuropathological development in
AD. (A) Early molecular abnormalities leading to the development of
neuropathological hallmarks in AD. First, disruption of endocytic and
autophagic systems may lead to, or simultaneously become disrupted, as
monomeric AB aggregates. Following, monomeric AB aggregates into
oligomeric and protofibrillar forms. At the same time, diffuse amyloid plaques
may be present extracellularly and begin to sequester AB from synapses,
leading to microglial activation (and other inflammatory responses). Next, tau
proteins become hyperphosphorylated and move from the axon to the
somatodendritic compartment of the neuron. (B) Late molecular abnormalities
in AD. While diffuse plaques are present extracellularly and may become
neuritic by sequestering AB peptides from the synapse, a lysis event of the
neuron occurs, and intracellular protofibrillar AB is deposited into the
extracellular space leading to the development of neuritic plaques (composed
of fibrillar Ag). Other amyloid plaques in close vicinity may sequester A
peptides between each other, leading to the increased accumulation of
neuritic plagues. Next, hyperphosphorylated tau from paired helical filaments
form NFTs which results in excitotoxicity and oxidative stress. Ultimately
neurodegeneration of the neuron occurs, primarily by necrosis, but apoptosis
may also occur from some intracellular processes. AB, amyloid-g; NFT,
neurofibrillary tangle.

with this, when diagnosing patients based on physical symptoms,
reduced memory recall manifests in many diseases other than
AD (Hane et al, 2017), highlighting the need for preclinical
markers specific to AD.

Furthermore, AD has a long preclinical phase (Figure 2)
consisting of three stages. In the first stage, monomeric and
oligomeric AP aggregates inside neurons and subsequently onto
neuronal surfaces and synapses as the concentration in the
CSF reservoir diminishes. At this stage, current methods cannot
detect the changes caused by AP aggregation in neurons and
synapses (Hane et al., 2017). During the second stage, certain
CSF biomarkers such as increased CSF tau, hypometabolism in
the posterior cingulate, and cortical thinning become detectable
(Hane et al., 2017). In the third stage, the patient experiences
subtle symptoms while CSF AP decreases and CSF tau increases
(Hane et al., 2017). Therefore, biomarker trajectories may differ
as a function of the stage to which patients belong along the
neuropathological cascade.

Neuroimaging Biomarkers in AD

Imaging Amyloid and Tau Burden

Substantial advances have been made in the detection AD
biomarkers using neuroimaging. In terms of imaging amyloid
burden, positron emission tomography (PET) scans with
radiolabeled tracers specific to Ap have become fairly common
in AD research. PET amyloid ligands allows for quantification
of amyloid deposition in patients, and binding of these ligands
predates the development of clinical symptoms of AD by 7-
15 years (Jack et al, 2013; Roe et al, 2013). [;;C]Pittsburgh
Compound-B (PiB), a derivative of the fluorescent benzothiazole
dye thioflavin T, enables for non-invasive imaging of fibrillar AR
deposits (Klunk et al., 2004; Johnson et al., 2009). Importantly,
this imaging tool is only able to detect extracellular AR deposition,
and not intracellular Af accumulation. The Alzheimer’s Disease
Neuroimaging Initiative (ADNI) suggests that PiB can predict
cognitive decline and brain atrophy in patients with mild
cognitive impairment (MCI; represents a transition toward
diagnosable dementia) (Weiner et al., 2010). Amyloid imaging
is now usually performed by the use of fluorine-based tracers
(18F or FDG) and points to the parietal cortices as the earliest
sites of amyloid deposition (Figure 2; Dickerson et al., 2009). The
specific brain regions (posterior cingulate, retrosplenial cortex,
and precuneus) are heavily connected with the medial temporal
lobes (MTLs) (Ranganath and Ritchey, 2012), which are sites
of early AD-related neuropathology. Tau imaging, by the use
of selective PET tracers, is able to detect tau depositions that
follow Braak staging of NFT pathology (Figure 2; Scholl et al.,
2015; Cho et al,, 2016; Maass et al., 2017). PET ligands have
also been developed that are specific for paired-helical filament
tau (Leuzy et al., 2019; Scholl et al., 2019). Post-mortem studies
of AD patients indicate that, unlike amyloid plaque deposition,
NFT density correlates with neurodegeneration and cognitive
impairment (Duyckaerts et al., 1987; Braak and Braak, 1997).
However, disentangling primary age-related tauopathy (PART)
and AD may be a great challenge as there is considerable
overlap in the MTL.
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Biomarker abnormality

/

Presymptomatic

—— Astrocyte dysfunction

Early MCI

Clinical disease stage

= MRI hippocampal volume

—— CSFAB42 ~— CSF t-tau or p-tau

—— PETAB ~— MRI brain structure
Microglial activation —— Cognition
FDG-PET Clinical function

FIGURE 2 | Chronobiological biomarkers to Alzheimer’s disease clinical stage. This disease model displays that biomarkers become abnormal in a temporally
ordered manner as the disease progresses (Jack et al., 2010). Amyloid plaque biomarkers are dynamic early in the disease, prior to the appearance of clinical
symptoms, and have largely reached a plateau by the time clinical symptoms appear (Jack et al., 2010). Biomarkers of neuronal injury, dysfunction, and

Late MCI Dementia

degeneration are dynamic later in the disease and correlate with clinical symptom severity. MRI is the last biomarker to become aberrant. None of the biomarkers are
static, and rates of change in each biomarker vary over time and follow a non-linear time-course, which is hypothesized to be sigmoid shaped (Jack et al., 2010).
A sigmoid shape as a function of time implies that the maximum effect of each biomarker varies over the course of disease progression (Jack et al., 2010). Figure

adapted with permission from Leclerc and Abulrob (2013). MCI, mild cognitive impairment; CSF, cerebrospinal fluid; A, amyloid-p; PET, positron emission
tomography; FDG, fluorine-based tracers; MRI, magnetic resonance imaging; t-tau, total tau; p-tau, phosphorylated tau.

FDG-PET - Cerebral Glucose Hypometabolism

Positron emission tomography imaging has been used to examine
brain glucose abnormalities in aging, MCI and AD (de Leon et al,,
1983). FDG can be used as a metabolic marker and reduced
hippocampal metabolism has been observed in patients with
MCI and AD (Mosconi et al., 2005; Figure 2). FDG-PET is
a sensitive biomarker for neuronal and synaptic degeneration
(Zimmer et al., 2017), and in line with this, research indicates
that cerebral glucose hypometabolism is a downstream marker
of neurodegeneration. Thus, this imaging method is able to
detect patients at a later timepoint in the course of AD. Studies
(Kuhl et al., 1982) have demonstrated that in older ages cerebral
glucose metabolism decreases, and that the MTLs, the posterior
cingulate cortex and the precuneus show the least age-dependent
change. These regions express significant hypometabolism in AD
(Marquez and Yassa, 2019), and Mosconi et al. (2008) showed
that FDG-PET could be used to differentiate healthy subjects
from AD patients with 98 to 99% specificity. Recent work by
ADNI 2 PET Core has examined how FDG-PET and amyloid
PET can be combined to track progression of AD. For instance,
they demonstrated that amyloid PET is negatively associated with

temporoparietal metabolism (Landau et al., 2012). Amyloid PET
is associated with cognitive change in healthy subjects, whereas
FDG-PET imaging is able to demonstrate cognitive change in
MCI patients (Jagust et al., 2015). This is consistent with the
spatiotemporal progression model of AD (Figure 2), where
amyloid progression precedes neurodegeneration.

Imaging Connectivity - Resting-State Functional
Magnetic Resonance Imaging

Functional magnetic resonance imaging (fMRI) techniques
use blood-oxygenation-level-dependent (BOLD) contrast, which
is associated with neuronal population activity. Resting-state
fMRI studies examine the correlation of the BOLD signal and
anatomical regions of interest at a temporal scale by analyzing
spontaneous fluctuations in brain connectivity (Biswal et al.,
1995; Fox and Raichle, 2007). In preclinical stages of AD,
resting-state fMRI signals have been linked to metabolic changes
(indexed by PET) and found to precede neurodegeneration
(Sheline and Raichle, 2013). Therefore, this imaging tool is able
to detect patients at some point immediately before or after
amyloid plaque deposition, prior to the development of NFTs
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and associated neurodegeneration. Most of these analyses have
focused on the default mode network (Gusnard et al., 2001;
Raichle et al.,, 2001), a network consisting of the MTL, the medial
prefrontal cortex, posterior cingulate cortex, anterior cingulate
cortex, parietal cortex, and precuneus (Greicius and Menon,
2004; Buckner et al., 2008). These regions overlap with the spatial
pattern of amyloid and tau pathology (Buckner et al., 2008). In
addition to changes in the default mode network, some studies
have suggested that connectivity within the MTL may also be
disrupted in AD (Yassa et al., 2011), such as the connectivity
between EC and hippocampus [dentate gyrus (DG) and cornu
ammonis field 3 (CA3)].

Cortical Thinning and Volume Loss - Structural MRI
Compared with functional imaging modalities, structural MRI
provides an overview of anatomical changes in high resolution.
Research has shown that in AD patients there is a decrease in
brain volume associated with cortical thinning and gyral loss
(Figure 2; Uylings and de Brabander, 2002), especially in the
prefrontal cortex and hippocampus (Jack et al., 2000; Raz et al.,
2005). Thus, this imaging tool can detect patients in which
neurodegeneration has begun to occur. Studies in aged rodents
and monkeys have demonstrated that hippocampal cells do not
undergo frank cell loss with healthy aging (Rapp and Gallagher,
1996; Rasmussen et al., 1996; Rapp et al., 2002); in contrast, this is
observed in the prefrontal cortex (Peters et al., 1994; Smith et al.,
2004; Stranahan et al., 2012). Recently, cortical thinning of the EC
has been shown to be a sensitive marker for structural alterations
in both patients with MCI and AD (Holland et al, 2012a).
EC thickness has been found to diminish prior to, and thereby
predict, hippocampal atrophy (Desikan et al., 2010, 2011, 2012;
Eskildsen et al., 2013). Several recent studies using the ADNI data
have shown that older adults with CSF A and phosphorylated-
tau (p-tau) present with volume loss in EC (Desikan et al., 2012;
Holland et al., 2012b).

White Matter Integrity — Diffusion Tensor Imaging

Studies using diffusion tensor imaging (DTI) in MCI and AD
patients show a decrease in brain white matter integrity but with
most prominent changes in MTLs (Bozzali et al., 2002; Naggara
et al,, 2006; Xie et al, 2006; Huang et al.,, 2007; Chua et al,,
2008). DTI studies have focused primarily on the fornix as this
region links the limbic system with the rest of the brain. Fornix
lesions have been found to reproduce memory and learning
deficits linked to hippocampal damage in rats (Sutherland et al.,
1982; McDonald and White, 1993) and monkeys (Gaffan et al.,
1984; Gaffan, 1992, 1994). The perforant path connects EC layer
II neurons to the hippocampal DG and CA3 (Witter, 2007)
and is critical for normal hippocampal function (Hyman et al.,
1986). The integrity of this pathway is reduced in aged rats
with memory loss (Geinisman et al., 1992; Smith et al., 2000).
Perforant path lesions also result in EC layer II neuronal loss
(Peterson et al., 1994), i.e., at the site where neurodegeneration
is first observed in AD patients. Thus, similarly to structural
MR, this imaging tool can detect AD patients at the timepoint
at which neurodegeneration has occurred. In vivo biomarkers,
such as those derived from brain imaging, are crucial for

accurate diagnosis of AD, but does not support diagnosis during
preclinical stages. Additionally, molecular imaging is expensive
and not easily accessible to the clinical population.

CSF Biomarkers in AD

The current approach to diagnosing AD patients involves
assessing patient history, clinical examinations, and detection
of underlying pathology using biomarkers during stages of
the disease (Ramesh et al., 2018b), with the latter having a
diagnostic accuracy between 82 and 84% (Engelborghs et al.,
2008). The clinical staging of AD usually lasts about 9-10 years
(Heyman et al., 1996), however, researchers have found that the
neuropathology of AD starts 20-30 years before the onset of
clinical symptoms (Selkoe, 2001; Sperling et al., 2011). Thus,
it is likely that, with current means, clinical diagnosis is only
feasible at a late stage of the disease. Imaging tools are invaluable
methods to diagnose AD patients, but additional methods are
needed to detect AD pathology at an earlier stage of the disease
cascade, where intervention may be able to delay, even, halt
disease progression. By developing better screening and detection
tools, early interventions at the preclinical stages of the disease
should be possible.

Clearance of abnormal proteins by drainage into the CSF is an
endogenous neuroprotective function of the brain. Clinical AD
diagnosis is conducted by sampling CSF and analyzing aberrant
protein levels within the sample. CSF fills the ventricular system
in the brain and spinal cord (Barten et al., 2017) and research
evidence suggests that the composition of CSF at any given time
reflects true biochemical changes that occur in the brain (Lee
et al., 2019). Most of the CSF is generated by the choroid plexus
but a significant fraction derives from the interstitial fluid (ISF)
in the brain and spinal cord parenchyma. ISF is the circulating
CSF that bathes brain tissue (Barten et al., 2017), whereas the
choroid plexus connects to nearby permeable capillaries with
tight junctions and produces CSF using the aquaporin-1 water
channel as well as directional ionic transporters (Speake et al.,
2001; Brinker et al.,, 2014). In terms of CSF production and
volume, studies have shown that it can change with age, disease,
and time of day. For instance, CSF production increases from 0.4
to 1.4 pL/min between 8 and 12 weeks of age in the rat (Karimy
etal., 2015). Interestingly, CSF volume has been found to increase
during neurodegeneration (Barten et al.,, 2017), which may be
related to the increase in atrophy and substance loss of the brain.
It is therefore vital to keep these changes in CSF production in
mind when comparing healthy subjects to AD patients, and when
comparing preclinical with clinical findings.

Temporal Course of AD Biomarkers

Amyloid-B level changes is the first biomarker abnormality seen
in AD patients, which can either be in the form of an upregulation
in plasma and CSF in cognitively normal individuals (Figure 2).
The increased levels seen in CSF AP40 and AP42 in AD
patients is thought to reflect extracellular AP deposits prior
to the accumulation of amyloid plaques (Murphy and LeVine,
2010). However, it is important to note that A oligomers
can form intracellularly before being deposited extracellularly,
and currently this cannot be detected with existing biomarkers.

Frontiers in Aging Neuroscience | www.frontiersin.org

September 2020 | Volume 12 | Article 272


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Bjorkli et al.

Comparative Fluid Biomarkers Alzheimer’s Disease

Moreover, AB deposition detected by PET ligands can be seen
as early as 15 years prior to onset of AD symptoms (Figure 2;
Shen et al,, 2018). The next stage of biomarker alteration include
neuronal injury, shown by increased levels of CSF total tau
protein (t-tau) and tau phosphorylated at threonine 181 (p-
taul81/p-tau), and brain atrophy revealed by structural MRI,
and synaptic loss and neurodegeneration detected by DTI or
FDG-PET (Figures 2, 3; Shen et al., 2018).

Core CSF Biomarkers for Diagnosis

Currently, CSF biomarkers are the only variety of fluid markers
used for diagnosis of early AD, however, they have proven
difficult to implement in the clinic due to their limited
accessibility and the invasive nature of CSF collection (Lee et al.,
2019). There are three core CSF biomarkers for AD diagnosis;
AB42, t-tau, and p-tau (Shen et al., 2018). Using a combination of
the core AD biomarkers is a better approach compared to using
the biomarkers individually, especially for differential diagnosis
(Engelborghs et al., 2008). Lower concentrations of CSF AB42
and higher concentrations of t-tau have been used to distinguish
AD patients from healthy age-matched controls and to predict
the conversion of MCI to AD (Frélich et al., 2017). To develop
a non-invasive and effective measure of preclinical stages in AD,
early abnormal AD biomarkers in preclinical models and patients
need to be translated and assessed, followed by methodological
developments of screening tools that are successful in system
models that mirror the disease progression seen in patients.

CLASSIFICATION OF AD BIOMARKERS

Alzheimer’s disease biomarkers may be open to different
interpretations, however, there is an international classification
system proposed by the National Institute of Aging (NIH) and
the Alzheimer’s Association (NIA-AA) that can aid in grouping
them. In 2018, CSF biomarkers could be used in conjunction
with neuroimaging for the first time to diagnose AD patients
(Lee et al., 2019). The A/T/N system (Table 1) is a suggested
grouping by Jack et al. (2016) based on the framework from
the NIH and NIA-AA, where the A refers to the AB pathology
measured either by PET or CSF AP42, the T represents tangle
pathology and is assessed by either PET or CSF p-tau, and the
N stands for neurodegeneration or neuronal injury detected
by either FDG-PET, structural MRI, or CSF t-tau (Jack et al,
2016). Imaging techniques have found amyloid PET to be most
reliable, whereas MRI and FDG-PET scans often are unable to
distinguish AD more from other neurodegenerative disorders
(Johnson etal., 2012). It is important to note that fluid biomarkers
are more available and affordable compared to MRI and PET
(Lee et al., 2019).

AB as a Biomarker for AD

Amyloid-p production occurs at the C-terminal fragment of
amyloid precursor protein (APP) by cleavage of APP by
B-secretase (BACE1) to form C99, followed by cleavage of C99
by presenilin (PSEN) 1 or PSEN2, two enzymatic components
of y-secretase (Haass and De Strooper, 1999). Following

TABLE 1 | AT(N) biomarker grouping of the NIA-AA framework.

Biomarker class CSF marker Imaging marker
Amyloid (A) CSF Ap42 or Amyloid PET
AB42:AB40 ratio
Tau (T) CSF p-tau Tau PET
Neurodegeneration (N) CSF t-tau Anatomic MRI;
FDG-PET

Adapted from Jack et al. (2016). NIH, National Institute on Aging, NIA-
AA, Alzheimer's Association; CSF, cerebrospinal fluid; AB, amyloid-B; p-tau,
phosphorylated tau; t-tau, total tau; PET, positron emission tomography; MRI,
magnetic resonance imaging; FDG, fluorine-based tracers.

production, AP42 aggregates and accumulates intracellularly
and/or extracellularly until a critical threshold is reached, where
CSF AP42 decreases as the peptide sequesters in amyloid plaques
in the brain parenchyma (Cirrito et al., 2003; Hong et al., 2011).
The long delay in the emergence of plaque deposits even in
the presence of increased AB42, suggests an initial slow process
where monomeric AP forms small aggregates, followed by further
AP polymerization (Harper and Lansbury, 1997). The AD field
cannot yet explain exactly how AP pathology initiates, but
further research on the generation of intracellular AR monomers,
their recycling, and their aggregation into oligomeric Ap may
yield some answers.

One of the most widely used biomarkers in AD diagnostic
research is the measurement of AB42 and AB40 in CSF (Figure 3;
Rogeberg et al., 2015). Although AB40 is present at about 10-
20 times higher concentration in CSE AB42 is more prone to
aggregate and shown to correlate better with AD neuropathology
(Mehta et al., 2001; Hellstrand et al., 2010; Murphy and LeVine,
2010; Savage et al., 2014). It has been found that cognitively
normal older adults that developed dementia in older ages had
low CSF AB42 but not AP40 levels (Blennow et al., 2015). These
findings can be explained in part by how AP aggregates to form
soluble oligomers, which can exist in multiple forms and are
neurotoxic (Haass and Selkoe, 2007), and which finally conform
to diffuse and dense plaques. Recent studies support the notion
that accumulation of the AP peptide arises from an imbalance
in the production and clearance of Af and that the ability
to clear AP diminishes with age (Wildsmith et al., 2013). An
attractive early biomarker for AD is CSF AB42, given that both
CSF t-tau and p-tau changes occur at a later time point in the
disease process closer to clinically detectable dementia (Buchhave
et al., 2012). Furthermore, measurement of the CSF AB42:AB40
ratio is superior to AP42 alone when distinguishing between
MCI patients who progress and those that do not progress to
AD dementia (Hansson et al., 2007; Lee et al, 2019). When
comparing AP fluid biomarkers and imaging biomarkers, studies
have shown that CSF AB42 can detect amyloid pathology earlier
than amyloid PET imaging (Figure 3; Palmqvist et al., 2016).

There appears to be a lack of consensus regarding CSF Af
concentrations in AD patients. For instance, researchers have
found that CSF AB42 concentrations increase (Nakamura et al.,
1994; Bouwman et al., 2007), decrease (Kanai et al., 1998; Tapiola
et al., 2000; Wahlund and Blennow, 2003; Mollenhauer et al.,
2005; de Leon et al.,, 2006; Beckett et al., 2010), or experience
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FIGURE 3 | AD molecular processes that can be detected by biomarkers. Amyloid plaques: a widely used biomarker for diagnosis in AD is the concentration of CSF
AB42 and AB40 (Rogeberg et al., 2015). Studies have shown that CSF AB42 can detect amyloid pathology earlier than amyloid PET imaging (Palmaqvist et al., 2016).
Some research shows that serum AB42 levels do not correlate with CSF levels (Liu et al., 2004), whereas others have found that plasma AB can be measured with
good sensitivity (Lee et al., 2019). Several S100 proteins (S100B, S100A1, S100A6, S100A8, S100A9, and S100A12) are found within amyloid plagues and in
astrocytes and/or microglia near amyloid deposits (Boom et al., 2004; Shepherd et al., 2006; Walker et al., 2006; Ha et al., 2010; Afanador et al., 2014; Lodeiro
etal., 2017). NFTs: increased CSF tau is a sensitive biomarker for neurodegeneration, but CSF p-tau is more specific to neurodegeneration linked to AD (Lewczuk
et al., 2004; Blennow et al., 2015). P-tau is secreted via exosomal release, and reaches the CSF (Saman et al., 2012). Increased levels of CSF t-tau and p-tau can
predict the progression of cognitive symptoms better than CSF AB42 (El Kadmiri et al., 2018), but the diagnostic utility of CSF t-tau and p-tau are improved when
measured in combination with AB42 (Dubois et al., 2014). Increased plasma tau observed in AD patients compared to MCI patients and healthy controls (Mattsson
etal., 2016; Pase et al., 2019). S100B and S100A9 are found within NFTs (Sheng et al., 1994, 1997; Shepherd et al., 2006). Autophagy: late stages of autophagy is
disrupted in AD patients, as an accumulation of autophagic vesicles can be observed in dystrophic neurites (Komatsu et al., 2006), and are observed prior to
extracellular AB deposition (Mehrpour et al., 2010; Nixon and Yang, 2011). Microglia: YKL-40 is expressed by microglia. CSF TREM2 is associated with higher CSF
t-tau and p-tau levels, probably reflecting a corresponding change in microglia activation in response to neurodegeneration (Suarez-Calvet et al., 2016). It has been
shown that AD patients have higher levels of interleukin-6, 12, and 18, TNF-a and TGF-B, in blood, and higher levels of TGF-g in CSF, compared to healthy controls
(Swardfager et al., 2010). Decreases in CSF neuronal CX3CL1 is found in AD patients (Perea et al., 2018). Astrocytes: YKL-40 is expressed in astrocytes near A
plaques (Craig-Schapiro et al., 2010) and correlates positively with tau pathology (Querol-Vilaseca et al., 2017; Janelidze et al., 2018). Axon terminals: CSF levels of
SNAP-25 (Brinkmalm et al., 2014; Sutphen et al., 2018) and synaptotagmin (Ohrfelt et al., 2016) have been found at elevated levels in patients with AD or MCI
compared with control subjects. Synaptic neurodegeneration can be detected by DTl or FDG-PET (Shen et al., 2018). Dendrites: increased CSF neurogranin is
found in MCI and AD patients as compared with healthy controls (Thorsell et al., 2010; De Vos et al., 2015). Axon: increased neurofilament light is observed in
response to axonal damage, which occurs in AD. The core CSF biomarkers (AB42, t-tau, and p-tau) and CSF neurofilament light levels strongly correlated with AD
(Olsson et al., 2016). Blood levels of this protein strongly correlate with its CSF levels (Gisslen et al., 2016; Kuhle et al., 2016; Rojas et al., 2016). Mitochondria:
studies have shown that TDP-43 contributes to neuroinflammation and may have a role in mitochondrial and neuronal dysfunction (James et al., 2016). NAD+ levels
can be detected in CSF and plasma in early AD. Extracellular: miRNAs released from exosomes appear to be associated with neurodegenerative aspects in AD
(Wang et al., 2008, 2012; Chen et al., 2017). Studies have reported that changes in levels of blood miRNA distinguished AD patients from healthy controls with 93%
accuracy (Leidinger et al., 2013; Swarbrick et al., 2019). AD, Alzheimer’s disease; CSF, cerebrospinal fluid; AB, amyloid-B; PET, positron emission tomography; NFTs,
neurofibrillary tangles; p-tau, phosphorylated tau; t-tau, total tau; MCI, mild cognitive impairment; TREM2, triggering receptor expressed on myeloid cells 2; TNF-a,
tumor necrosis factor-a; TGF-B, transforming growth factor-g; CX3CL1, CX3 chemokine ligand 1; SNAP-25, synaptosomal-associated protein 25; TDP-43,
transactive response element (TAR) deoxyribonucleic acid (DNA)-binding protein 43; NAD+, oxidized nicotinamide adenine dinucleotide; miRNA, microRNA.

no significant change (Andreasen et al., 1998, 1999a; Hoglund  plaques in the brain, which effectively means that less AP can
et al,, 2005; Andersson et al., 2008; Brys et al., 2009; Stomrud  diffuse from the brain to the CSF. Another explanation may be
et al.,, 2010) during the disease. The prevailing explanation for that Ap first accumulates intracellularly, and neurodegeneration
a reduced amount of Af in later stages of AD is that as the releases AP in the extracellular compartment, increasing CSF AB
pathology progresses, more AP, especially AB42, aggregates into  levels, and subsequently accumulates onto neuronal surfaces and
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in synapses as it clears away from the CSF. As neurodegeneration
occurs, less AP is produced and therefore smaller amounts will
accumulate in the CSF and subsequently in the brain, where
AP will reach plateau levels. Alternatively, reduced CSF AP42
might follow neuronal dysfunction, which results in decreased
metabolism of APP and AB. It is important to note that this is
unlikely in transgenic mice, as Ap42 levels in the CSF decline,
while its levels in the brain keep rising. Also, when above a certain
level, parts of CSF AP42 may aggregate into a large assembly
that antibodies of currently used enzyme-linked immunosorbent
assay (ELISA) kits cannot capture (Pitschke et al, 1998; Liu
et al., 2004). These seemingly disparate findings regarding CSF
AP concentrations may therefore reflect different timepoints of
the disease progression.

With regard to studies using AP as a fluid biomarker for AD,
studies have shown that concentrations of CSF AfB42 increased
between 5 and 7 months of age, but not between 8 and 13 months
of age in an APP/PS1 mouse model (Liu et al., 2004). This was
despite a rapid increase in brain levels of AB42 (Liu et al., 2004).
However, between 6 and 9 months of age in another APP/PS1
mouse model with a more aggressive AD phenotype a decline
in CSF AP42 levels was reported (Liu et al., 2004). Based on
these findings, it appears that CSF AB42 may initially reflect
the rate of AB42 production (most likely in the synaptic cleft),
but after reaching a critical threshold, CSF AP42 levels stay in
equilibrium until plaque formation leads to their decrease (Liu
et al., 2004). Consistent with this notion, CSF AB42 levels have a
strong link with the deposition of amyloid plaques, whereby an
inverse correlation between AP42 levels, plaques (Strozyk et al.,
2003) and amyloid PET is observed (Toledo et al., 2015; Leuzy
et al., 2016; Niemantsverdriet et al., 2017). This implies that as
AP aggregates and forms plaques in the brain, lower levels of the
protein diffuse into the CSF (Lee et al., 2019).

Compared to tau as a fluid biomarker, the drop in CSF
APB42 should precede the increase in CSF tau proteins. This
notion is supported by biomarker studies in sporadic AD patients
demonstrating that a decrease in CSF AB42 was the earliest
change reported (Skoog et al., 2003; Gustafson et al., 2007),
while in patients with familial AD reductions in CSF Ap42 and
elevations in tau occur around 10-15 years prior to symptom
development (Bateman et al, 2012; Ringman et al, 2012).
Similar to AP, tau can also change its conformation to prion-
like oligomers and there is evidence for misfolded A initiating
tau misfolding (Pulawski et al., 2012; Nussbaum et al., 2013).
Therefore, AR appears to be an initiator of tau pathology and
subsequent neurodegeneration.

Tau as a Biomarker for AD

Tau is a microtubule-associated protein comprising six human
isoforms and is located in neuronal axons (Barten et al., 2011;
Khan and Bloom, 2016). A characteristic of many neurons
in AD is that tau is hyperphosphorylated and translocated
from axons to the somatodendritic compartment, where it
becomes misfolded and aggregates. Tau aggregates develop
intracellularly and may thus trap functional proteins adding to
microtubule destabilization, cellular dysfunction and eventually
neurodegeneration (Benilova etal., 2012). Intracellular trafficking

is dependent on the phosphorylation of tau in order to
separate tau from microtubules, allowing transport, followed
by dephosphorylation in order to return tau into microtubules
(Avila et al., 2004). It has been proposed that AP pathology
drives the abnormal phosphorylation of tau in AD (Bakota and
Brandt, 2016; Khan and Bloom, 2016). However, transgenic
mice modeling AP pathology alone do not develop NFTs
endogenously (Lee and Trojanowski, 2001), while intracerebral
injections of human mutated and/or aggregated tau are necessary
to observe this neuropathological hallmark (Clavaguera et al.,
2013; Ahmed et al, 2014; Kaufman et al, 2017; Lewczuk
et al, 2017; Mudher et al, 2017; Narasimhan et al., 2017;
He et al, 2018). Tau aggregates and NFTs are produced
in the cytoplasm under pathological conditions, when tau
changes its conformation from a highly soluble state to
one with a high B-sheet content and is hyperphosphorylated
(Yamada et al,, 2015). Studies have shown that the elevation
in CSF tau in AD is due to axonal loss and neuronal death,
leading to the release of the intracellular protein (Blennow
and Hampel, 2003; Hampel et al., 2010). However, despite
significant neurodegeneration and tau pathology, CSF tau is
not elevated in other pure tauopathies (Grossman et al., 2005;
Bian et al., 2008). This suggests that cell death may not be
the only mechanism responsible for CSF tau elevations in AD
(Jack et al., 2010).

When using tau as a fluid biomarker for AD, increased CSF
concentrations of the protein constitutes a sensitive marker
for neurodegeneration, but an entirely unspecific one for AD
(Figure 3). However, the increased concentration of p-tau
molecules seems much more AD specific (Figure 3; Lewczuk
et al., 2004; Blennow et al., 2015). P-tau is secreted via exosomal
release, and reaches the CSF (Saman et al., 2012; Figure 3).
CSF p-tau levels are usually stable in other dementias, whereas
both CSF p-tau and t-tau levels can be used to distinguish
AD patients from healthy controls, suggesting that CSF tau
is an important biomarker for differential dementia diagnosis
(Blennow et al., 2015). In addition, high CSF t-tau and p-tau
can predict the progression of cognitive symptoms better than
CSF AP42 (El Kadmiri et al., 2018; Figure 3). Researchers have
found correlations between p-tau in CSF and NFTs in the brain
(Clark et al., 2003; Buerger et al., 2006; Tapiola et al., 2009; de
Souza et al., 2012), and CSF t-tau has been found to correlate with
neurodegeneration (Lee et al., 2019). Importantly, the utility of
CSF p-tau and t-tau for AD diagnosis is markedly improved when
measured together with CSF AB42 (Figure 3; Dubois et al., 2014).

To examine CSF tau levels in rodents, researchers have used
P301S human tau transgenic mice and found that ISF tau was at
fivefold higher levels compared to endogenous tau, in line with its
elevated levels of expression (Yamada et al., 2011). It is important
to keep this in mind when comparing CSF tau between rodents
and patients, as the CSF tau from rodents might be contaminated
by ISF tau levels, and the CSF levels may not reflect the actual tau
levels expressed in the brain. Studies have found that tau in brain
tissue is approximately 50,000-fold more abundant than its levels
in the CSF (Barten et al., 2011). In humans, patients with sporadic
AD display longitudinal increases in tau when low levels of tau
were detectable early in the disease course, but no differences (or
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increases) have been observed in tau in patients with high levels
of tau at baseline (Kanai et al., 1998; Sunderland et al., 1999).

Compared to AP, which aggregates broadly in the brain
parenchyma and the perivascular space, tau readily drains into
CSF. In contrast to AB, tau levels increase in the CSF with the
progression of AD (Olsson et al., 2016). Changes in CSF Ap42
precede changes in CSF tau, consistent with the proposition
that AP affects and drives CSF tau levels (Jack et al., 2010).
However, further research is needed to explain whether AB and
tau pathology represent early initiators of neurodegeneration and
cognitive decline, or merely downstream effects of other early
pathophysiological events in AD.

Neuroinflammatory Biomarkers

Inflammation is now considered another core feature of AD as
it relates to the pathogenesis of the disease and also serves as a
link between amyloid plaques and NFTs (Akama and Van Eldik,
2000; Akiyama et al., 2000). Inflammatory response has now
been reported in post-mortem tissues of AD patients (Gomez-
Nicola and Boche, 2015) and is routinely observed in preclinical
models. The presence of inflammation in the brain of AD patients
was initially thought to be a consequence of the accumulating
neurodegeneration present at late stages of the disease. However,
a substantial body of research now demonstrates that a persistent
immune response in the brain not only is associated with
neurodegeneration, but it also exacerbates AB and tau pathology
(Figure 1). Inflammatory markers may be able to give evidence
to intracellular abnormalities early in the course of AD, prior
to extracellular AR deposition (marked by an increase in CSF
AB40/AB42 and amyloid PET) as evidence points to a dysfunction
in autophagic processes in AD patients (Figure 1; Menzies
et al., 2015). Moreover, there have been reports of immune-
related proteins and cells opposed to amyloid plaques (Figure 1;
Griffin et al., 1989). In line with this, it has been suggested
that inflammation may provide a link between the initial A
pathology and subsequent development of NFTs (Kitazawa et al.,
2004; Rhein et al., 2009; Garwood et al., 2011; Nisbet et al., 2015).

Autophagic Markers

One way for intracellular accumulation of A peptides to occur is
through a disruption in the autophagic and lysosomal clearance
systems. In this way, autophagic markers could ultimately serve
as the earliest biomarker to diagnose AD patients, as this
process may likely initiate the aggregation of monomeric Af into
oligomeric AB intracellularly (Figure 1). Autophagy is a complex
process, in which a vesicle known as the phagophore elongates
around the cytoplasmic components selected for degradation.
The recognition of these components are dependent on the
lipidated form of the microtubule-associated protein light chain
3 (LC3) (Milisav et al., 2015). The late stage of autophagy depends
on the successful fusion of the autophagosome with the lysosome,
which then degrades and recycles the autophagosome cargo.
There is evidence supporting that the late stage of autophagy
is disrupted in AD, as accumulation of autophagic vesicles
can be observed in dystrophic neurites (components of dense
plaques) (Komatsu et al., 2006), and these are observed prior

to extracellular AP deposition in model systems and patients
(Figure 3; Mehrpour et al,, 2010; Nixon and Yang, 2011).

The above findings suggest that autophagy dysfunction leads
to the accumulation of intracellular A by avoiding proper
degradation and/or recycling. In line with this, researchers
have found that LC3-associated endocytosis is used to clear
and recycle AP surface receptors (Heckmann et al., 2019). In
model systems with LC3-associated endocytosis disrupted, an
increase in extracellular AB deposition, NFTs, neurodegeneration
and behavioral deficits was observed. Another line of research
found that autophagic markers were significantly increased in
AD patients compared with control subjects (Cho et al., 2019).
Furthermore, other studies suggest that metabolism of Ap and
tau is crucially influenced by autophagy (Uddin et al., 2018).
Recent evidence suggests that AP monomers and oligomers
modulate autophagy differently in neurons. Monomers have
been found to stimulate autophagy, increasing autophagosome
rates and elevation of LC3 protein levels, while simultaneously
impairing the lysosomal pathway affecting the autophagy efflux,
leading to autophagosome accumulation (Menzies et al., 2015).
By contrast, AB oligomers do not cause a significant increase
in LC3 protein levels nor affect efflux of autophagic vacuoles
(Menzies et al, 2015), which suggests that an increase in
intracellular AR monomers may be the result of a defective
autophagic system. This fits the proposition that autophagic
disruption and accumulation of AR monomers constitute some
of the earliest events in the AD cascade (Figure 1). The exact
cascade by which autophagy can degrade amyloid plaques is
still not known, however, microglial autophagy appears to play
and important role.

Glial Cells and Markers

Neuroinflammation involving astrocytes, microglia, and
secreted compounds like reactive oxygen species, cytokines,
and chemokines are key pathophysiological processes assessed
when diagnosing AD (Ramesh et al, 2018a). Microglia and
astrocytes are the two types of glial cells primarily affected
(McGeer et al., 1987; Rogers et al., 1988; Bronzuoli et al., 2016),
which in turn affect the clearance and production of Af42
(Hickman et al., 2008; Liu et al., 2017). Glial cells also affect the
development and propagation of tau pathology (Asai et al., 2015)
and thus influence disease progression and severity (Block et al.,
2007; Calsolaro and Edison, 2016). Importantly, if glial cells
are activated for too long, they can become pro-inflammatory
(Bronzuoli et al., 2016). Chitinase-3-like protein 1 (or YKL-40) is
an inflammatory marker expressed by microglia and astrocytes
(Figure 3). In AD, YKL-40 is expressed in astrocytes near AP
plaques (Craig-Schapiro et al., 2010) and correlates positively
with tau pathology (Figure 3; Querol-Vilaseca et al., 2017;
Janelidze et al., 2018).

Another glial marker is triggering receptor expressed on
myeloid cells 2 (TREM2), which is an inflammatory cell-surface
receptor. Loss-of-function mutations of TREM2 are associated
with an increased risk of developing AD (Suarez-Calvet et al.,
2016). Researchers have found that TREM2 phagocytose A in
early AD stages (Jay et al., 2017). A rare mutation in the TREM2
gene affects the phagocytic activity of microglia and consequently
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contributes to accumulation of AP (Kleinberger et al, 2014;
Ramesh et al., 2018b). With regard to TREM2 measured in CSE,
studies have shown increased levels to be associated with higher
CSF t-tau and p-tau levels, probably reflecting a corresponding
change in microglia activation in response to neurodegeneration
(Figure 3; Suarez-Calvet et al., 2016). Relevant research findings
imply that neuroinflammation is a robust biomarker even at
pre-symptomatic stages (Janelidze et al, 2018). In line with
this, high levels of inflammatory biomarkers are associated with
increased CSF levels of t-tau (Janelidze et al., 2018). Interestingly,
PET studies have revealed increased microglial activation in the
precuneus (Hamelin et al., 2016; Fan et al., 2017), a region in
the default mode network that displays early AB deposits in AD
(Palmqvist et al., 2017).

Cytokines

With regard to cytokines, it has been shown that AD patients
have higher levels of interleukin-6, 12, and 18, tumor necrosis
factor-a (TNF-a), and transforming growth factor-p (TGF-p), in
blood, and higher levels of TGF-f in CSE, compared to healthy
controls (Figure 3; Swardfager et al., 2010). Endothelial growth
factor receptor 1 (also known as Flt-1), has been found to be
upregulated in entorhinal cortical sections from human AD
brains and in human microglia following treatment of AB42 (Ryu
et al., 2009). Following neuroinflammation, oxidative stress in
the intracellular environment occurs. Oxidative stress plays an
important role in the early stages of AD (Oh et al., 2010) and its
associated signaling cascades are being investigated and explored
for biomarkers. For instance, higher reactive oxygen species levels
lead to post-translational modification of proteins, toxic cell
damage, fragmentation and aggregation of Ap (Brinkmalm et al.,
2014). One type of reactive oxygen species are sulfatides, which
have been found to be depleted in both gray and white matter of
AD patients, and results in decreased hippocampal volume and
cognitive decline (Ramesh et al., 2018b).

Since neuroinflammation occurs in AD brains, the levels of
several S100 proteins are increased and some of the proteins
play roles related to the processing of APP, regulation of AP
levels and tau phosphorylation. S100A1, S100A6, and S100B have
been found to be involved in the disassembly of microtubules
and tau protein release (Zimmer et al,, 2005; Roltsch et al,
2010; Wruck et al., 2016; Sidoryk-Wegrzynowicz et al., 2017),
while S100B and S100A9 are found within NFTs (Figure 3;
Sheng et al., 1994, 1997; Shepherd et al, 2006). Traumatic
brain injury (TBI) has been found to predispose people to
developing AD (Johnson et al., 2010). Interestingly, TBI results
in an increase in S100A1 and S100B levels in plasma and CSF
in patients (de Boussard et al., 2005). Research has shown
that levels of S100B originating from necrotic tissue might
enhance or amplify neurodegeneration by apoptosis (Sedaghat
and Notopoulos, 2008). Thus, various S100 proteins could be
a link between neurodegenerative diseases induced by brain
damage. Comorbidities often accompany a diagnosis of AD,
thus the spectrum of pathological processes that can end in AD
at different degrees of severity and symptomology needs to be
kept in mind in order to accurately diagnose and treat patients.
Additionally, S100 proteins may serve as an early biomarker for

a later AD diagnosis in patients with TBI or other comorbidities
that increase S100 levels.

Moreover, several S100 proteins are implicated in the
amyloidogenic pathway of APP cleavage. S100A9 regulates
y-secretase and BACEI expression and activity (Kummer et al.,
2012; Li et al, 2014), and S100B and S100A1 regulate APP
levels (Zimmer et al., 2005; Anderson et al., 2009; Mori et al.,
2010). SI00A7, S100A8, S100A9, and S100B have been found to
influence AP levels (Qin et al., 2009; Lee et al., 2013; Lodeiro
et al., 2017; Cristovao et al., 2018). Moreover, SI00B and S100A6
have been found to reduce zinc levels and senile plaque load in
preclinical models (Roltsch et al., 2010; Hagmeyer et al.,, 2017;
Tian et al, 2019). S100A1, S1I00A9, and S100B proteins can
interact and alter the aggregated AB and is found to co-aggregate
with Af peptides (Zimmer et al., 2005; Shepherd et al., 2006;
Ha et al, 2010; Mori et al., 2010; Chang et al., 2012; Afanador
et al., 2014; Cristovao et al., 2018). In line with this, several
S100 proteins (S100B, SI00A1, S100A6, S100A8, SI00A9, and
S100A12) are present in amyloid plaques and in astrocytes and/or
microglia near amyloid deposits (Figure 3; Boom et al., 2004;
Shepherd et al., 2006; Walker et al., 2006; Ha et al., 2010; Afanador
et al,, 2014; Lodeiro et al., 2017).

Chemokines

In order to maintain brain homeostasis, microglia establish
continuous communication with neurons and astrocytes,
through the expression and secretion of chemokines (Mennicken
et al, 1999). The CX3 chemokine ligand 1 (CX3CL1; or
fractalkine), is predominantly expressed in neurons (Bazan
et al,, 1997) and interacts with the CX3 chemokine receptor 1
(CX3CR1) exclusively present in microglia (Imai et al., 1997;
Maciejewski-Lenoir et al.,, 1999). The CX3CL1/CX3CR1 tandem
allows for direct communication between neurons and microglia
(Harrison et al., 1998; Sheridan and Murphy, 2013), and it has
been suggested that this axis becomes impaired in AD patients
(Bolos et al., 2017). Consistent with this, neuronal CX3CL1 is
found to be decreased in CSF from AD patients compared to MCI
and control subjects (Figure 3; Perea et al., 2018). Furthermore,
researchers have aimed to regulate neuroinflammation in
tau depositing mouse lines by overexpressing CX3CL1 and
found that it significantly reduced tau pathology, ameliorated
neuronal loss, reduced microgliosis (Nash et al, 2013) as
well as rescuing cognitive function (Finneran et al., 2019). In
another line of research, it has been found that when microglia
are transferred from tau depositing knock-out Cx3crl mice,
hyperphosphorylation of endogenous murine tau is observed
(Maphis et al, 2015). Disruption of CX3CL1 signaling in
amyloid depositing mouse lines has shown reduced pathology
due to increased microglial phagocytosis of amyloid plaques
(Lee et al., 2010).

Synaptic Neurodegeneration Markers

There is of yet no established or reliable biomarker test for
synaptic degeneration, which is considered a crucial feature
for the development of AD-related cognitive decline. The
ability to monitor neurodegeneration as a downstream effect
of synaptic dysfunction would be an important advantage for
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early AD diagnosis and in clinical trials related to drug testing.
Synaptotagmin, a pre-synaptic calcium sensor vesicle protein,
facilitates neurotransmitter release from the synaptic vesicle
by exocytosis and also functions as an essential vesicle cargo
molecule in hippocampal neurons (Leinenbach et al., 2014).
Various studies have shown a decrease in synaptotagmin-1 in AD
patients (Mattsson et al., 2011).

Another marker for synaptic degeneration is synaptosomal-
associated protein 25 (SNAP-25), which is an essential
component of the soluble N-ethylmaleimide-sensitive fusion
protein attachment protein receptors (SNARE) complex that
mediates synaptic communication by initiating fusion of synaptic
vesicles (Olsson et al., 2016). A negative correlation has been
found between SNAP-25 and cognitive decline, suggesting that
this is a promising novel CSF biomarker for AD (Andreasen
et al, 1999b). Overall, CSF levels of SNAP-25 (Brinkmalm
et al., 2014; Sutphen et al., 2018) and synaptotagmin (Ohrfelt
et al., 2016) have been assessed and found at elevated levels
in patients with AD or MCI compared with control subjects
(Figure 3). Another marker for synaptic neurodegeneration is
neurogranin, which plays an important role in synaptic plasticity
and long-term potentiation processes (Geppert et al, 1994;
Sudhof and Rizo, 1996; Thorsell et al., 2010). Neurogranin has
also been found at increased levels in CSF of patients with MCI
and dementia due to developing AD as compared with healthy
controls (Figure 3; Thorsell et al., 2010; De Vos et al., 2015). CSF
neurogranin concentrations have been found at increased levels
in patients that have reached the threshold for AB PET detection
(Palmqvist et al., 2019), and also CSF neurogranin and tau levels
have been found to correlate strongly (Thorsell et al., 2010; De
Vos et al., 2015).

Novel Biomarkers for AD

Many biomarkers are now being investigated as complimentary
to the core AD biomarkers. One such biomarker is neurofilament
light, which is a marker of neuronal integrity reflecting axonal
damage of the subcortical white matter (Petzold, 2005; Jahn
and Fasshauer, 2012; Neselius et al., 2012; Kuhle et al., 2015;
Zetterberg et al., 2016). Neurofilament light is released from
axons into the extracellular space during healthy aging, which
results in increased CSF level concentrations (Figure 3). The
release of neurofilament light is accelerated during axonal
damage, which occurs in AD (Figure 3). A recent meta-analysis
showed that the core CSF biomarkers (AB42, t-tau, and p-tau)
and CSF neurofilament light levels strongly correlated with AD
(Figure 3; Olsson et al.,, 2016). Importantly, CSF neurofilament
light levels have been shown to be higher in AD (Sjogren et al.,
2001; Pijnenburg et al., 2007; Zetterberg et al., 2016; Alcolea
etal, 2017; Lista et al., 2017). Blood neurofilament levels strongly
correlate with CSF levels (Figure 3; Gisslen et al., 2016; Kuhle
et al., 2016; Rojas et al,, 2016), and blood neurofilament light
concentrations have been found at increased levels in many
forms of neurodegenerative disease (Gisslen et al., 2016; Kuhle
et al., 2016; Rohrer et al., 2016; Rojas et al., 2016; Steinacker
et al., 2016, 2017; Weydt et al., 2016; Mattsson et al., 2017a)
and have proven almost as reliant as CSF analysis in monitoring
treatment outcome in patients (Bacioglu et al., 2016; Disanto

etal,, 2017). Another novel biomarker is the transactive response
element (TAR) deoxyribonucleic acid (DNA)-binding protein 43
(TDP-43) protein, which can become pathologic if triggered by
AP peptides. Studies have shown that TDP-43 contributes to
neuroinflammation and may have a role in mitochondrial and
neuronal dysfunction (Figure 3; James et al., 2016). In accordance
with this, TDP-43 pathology has been observed in some AD cases
(Amador-Ortiz et al., 2007; Chang et al., 2015; James et al., 2016).
Another novel biomarker is oxidized nicotinamide adenine
dinucleotide (NAD+; involved in mitochondrial homeostasis),
which has been found to decrease during healthy aging, but even
more rapidly in neurodegenerative diseases (Figure 3; Lautrup
et al., 2019). This could be related to the observed decrease in
neuronal metabolism that occurs during healthy aging, but this
is accelerated in the AD brain. NAD+ levels can be detected
in CSF and plasma early during the disease progression, and
in combination with core biomarkers, it presents as a novel
preclinical biomarker for AD (Figure 3).

Neuropathology is associated with a distinct subset of cells in
specific regions in the brain and this makes the identification
of relevant biomarker molecules a challenge. The transport of
macromolecules from the brain to the CSF and blood, mediated
by extracellular vesicles, presents a promising source of central
nervous system (CNS)-specific biomarkers (Thompson et al.,
2016). One such trafficking macromolecule is exosomes, which
can be picked up in CSF. An increasing body of evidence
suggests that exosomal proteins and microRNAs (miRNAs) may
constitute novel biomarkers for clinical AD diagnosis (Van Giau
and An, 2016). miRNAs released from exosomes appear to be
associated with neurodegenerative aspects in AD (Figure 3;
Wang et al, 2008, 2012; Chen et al, 2017). miRNAs are
a class of small non-coding RNAs which regulate over 50%
of protein-coding genes, and miRNA-107 has been found to
be downregulated in AD brains (Van Giau and An, 2016;
Fransquet and Ryan, 2018; Ramesh et al., 2018b). Accumulating
evidence presents that miRNAs regulate AB production, NFT
formation, and neurodegeneration by targeting different genes
(Wang et al., 2008; Van Giau and An, 2016). Research has also
identified BACE1 as a target of miRNA-107, connecting the
level of miRNA-107 to AP formation and neuronal pathogenesis
(Wang et al., 2008).

CSF AND BLOOD-BASED BIOMARKERS

Although protein content is lower in CSF compared to blood,
CSF holds great value for developing consistent biomarkers for
AD as it reflects biochemical changes in the brain by direct
interaction with the extracellular space (Hampel et al., 2012).
At present, there is no approved blood biomarker for AD
(Stadtman and Levine, 2003). It is important to note, however,
that blood biomarkers have lower sensitivity and specificity than
CSF biomarkers, and this can be attributed to the fact that
the blood-brain barrier (BBB) prevents diffusion of analytes
into the blood via a filtering mechanism (Lee et al., 2019).
Furthermore, one complication of measuring CNS biomarkers
in blood is that many of the analytes are produced in the
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periphery as well as in the brain, and thus the source of
detectable change may be difficult to determine (Barten et al.,
2017). However, there is currently an urgent need within the
field to develop blood-based biomarkers which are inexpensive
and which can detect early neuropathological changes in AD
(Hane et al., 2017). For instance, detection of autophagic markers
in plasma could serve as an early biomarker for AD (Cho
et al., 2019). Blood test sampling is routinely performed in the
clinic, it is minimally invasive, cheap and suitable for recurrent
measurements (Shen et al., 2018).

When comparing AP levels in blood and CSE some
researchers have found that serum AB42 levels do not correlate
with CSF levels (Figure 3; Liu et al., 2004). However, contrary
to this, others have found that plasma AP can be measured
with good sensitivity (Figure 3; Lee et al., 2019). AP can easily
penetrate the BBB and is therefore an attractive blood biomarker
candidate (Lee et al., 2019). Indeed, studies have shown that
cerebral amyloid deposits may be sourced in the periphery,
while other studies suggest that amyloid deposits in cerebral
vessels may originate from circulating Ap peptides (Yankner and
Mesulam, 1991; Chen et al., 1995; DeMattos et al., 2002; Lee et al.,
2019). Plasma AP and AB-approximate peptide concentrations
have been reported to be consistent with amyloid PET results
(Kaneko et al., 2014). Moreover, levels of AB42 and the ratio of
APB42:AB40 in plasma have been shown to correlate with CSF
concentrations and with amyloid PET (Janelidze et al.,, 2016;
Verberk et al., 2018). However, it is important to note that some
researchers have found that reduction of AP in the periphery
does not reduce brain AP levels (Georgievska et al., 2015) [but
see Jin et al. (2017)].

To date, neurofilament light is the only biomarker that is
translatable from plasma to CSE, and therefore holds great
promise as a clinical tool to predict cognitive decline and
neurodegeneration in AD (Figure 3; Zetterberg et al., 2016;
Mattsson et al., 2017a; Lewczuk et al., 2018). Furthermore, it has
been shown that measurements in blood and CSF levels strongly
correlate and that neurofilament light increases coincided with
the onset and progression of corresponding amyloid pathology
in the brain (Figure 3; Bacioglu et al., 2016). Studies have shown
that plasma neurofilament light can be used as a non-invasive
biomarker that strongly correlates with neurodegeneration in
human AD patients (Mattsson et al., 2019). Moreover, plasma
t-tau levels can be used for screening and prognosis of cognitive
decline in patients where CNS injury has been ruled out
(Molinuevo et al., 2018). However, there are decreased amounts
of tau in plasma compared to CSF (Barten et al., 2017; Mattsson
et al,, 2017b), but increases have been found in plasma of AD
patients when compared to MCI patients and healthy controls
(Figure 3; Mattsson et al., 2016; Pase et al., 2019). Studies looking
at circulating RNA biomarkers for AD have reported that changes
in levels of blood miRNA distinguished AD patients from healthy
controls with 93% accuracy (Figure 3; Leidinger et al., 2013;
Swarbrick et al., 2019). Therefore, blood miRNAs could be an
addition to the biomarker toolbox for diagnosing AD patients.
For a more extensive review on comparisons between CSF and
blood biomarkers in AD, and developments in biochemical
analyses of blood, see Ashton et al. (2020).

METHODS FOR CSF SAMPLING

CSF Collection in Human Patients

The most commonly used method for sampling CSF in human
patients is by lumbar puncture. Clinically, lumbar punctures
are routinely performed for diagnosing multiple brain disorders
(e.g., meningitis, encephalitis, multiple sclerosis) and for the
administration of spinal anesthesia and chemotherapy. However,
there are several limitations associated with the use of lumbar
punctures, such as associated pain during and after the sampling
(including post-puncture headache) in patients (Blennow et al.,
2015). Additionally, CSF sampling in patients who cannot
cognitively consent to the procedure is ethically problematic.
One also needs to keep in mind that AP is higher in lumbar
CSF (Brandner et al., 2014), and tau is higher in ventricular
CSF (Tarnaris et al, 2011; Pyykké et al, 2014; Herukka
et al, 2015) when using this method for CSF collections.
However, the timing of intraventricular CSF sampling will likely
affect concentrations of AP and tau, for example whether the
sample is taken immediately after the insertion of a ventricular
catheter. Research suggests that increased ventricular CSF tau
concentrations may be caused by the sampling procedure itself,
whereby neurons affected by the insertion of the needle for
spinal tap increasingly release tau molecules (Brandner et al,
2014). In line with this, CSF samples taken shortly after surgery
often have elevated tau and neurofilament light levels (Barten
et al,, 2017). CSF flow rate is slower in lumbar regions compared
to cephalic regions (Sweetman and Linninger, 2011), and this
may additionally cause the differences in concentrations of
analytes. However, contradictory evidence suggests that p- and
t-tau concentrations are 20-30% lover in intraventricular CSF,
compared to lumbar CSE, and that this initial upregulation post-
surgery is stable in patients irrespective of brain Ap pathology
(Leinonen et al., 2019).

CSF Collection in Animal Models

The most commonly used method for sampling CSF in rodents
is collections from the cisterna magna, however, this sampling
method usually constitutes a terminal procedure. Collections
from the cisterna magna in preclinical models for in vivo
sampling of CSF have proven a valuable technique for studying
treatment outcomes after drug delivery to the CNS. This CSF
sampling method offers the advantage of serial sampling without
the cofound of anesthesia, with the added benefit of using animals
as their intrinsic controls (Amen et al., 2017). Another technique
involves inverting animals during CSF collection in order to drain
spinal CSF into the cisterna magna (DeMattos et al., 2002). An
alternative technique involves collecting CSF by puncturing the
membrane by suction using a pipette (DeMattos et al., 2002;
Barten et al.,, 2011). One major limitation of collections from
the cisterna magna in preclinical models is the small volume
of CSF that can be obtained. In transgenic mice, the average
volume is approximately 5-15 pl for terminal sampling (Liu
and Duff, 2008). For serial sampling, a maximum of 7-8 pl
can be safely taken each time at an interval of 2-3 months
(Liu and Duff, 2008).
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Microdialysis is an alternative CSF sampling technique,
which allows continuous in vivo sampling of molecules within
the extracellular space (Takeda et al, 2011), which may help
circumvent some of the above limitations. Sampling using
this method relies on diffusion of analytes across a semi-
permeable dialysis membrane (Takeda et al., 2011). This method
is advantageous over other CSF sampling techniques as it enables
serial sampling that follows the dynamic temporal alterations of
a target molecule without necessitating the collection of biopsy
samples or sacrifice (Meyding-Lamadé et al., 1996; Trickler and
Miller, 2003; Liu et al., 2004; Liu and Duft, 2008). Importantly,
each preclinical model can serve as their own intrinsic control
in order to reduce inter-animal variability and the number of
animals used in experiments. One limitation of this method,
however, is detection of large molecules due to adsorption in
tubing and the dialysis membrane, as well as low concentration of
analytes in the target tissue (Ao and Stenken, 2006). Furthermore,
histochemical techniques have revealed that severe gliosis around
implanted devices such as microdialysis cannulas takes place at
about 4 days after the surgery (Hamberger et al., 1985; Benveniste
and Diemer, 1987; Benveniste et al., 1987). Reports suggest that a
complete recovery of physiological functions occurs at the earliest
at 5-7 days after the implantation surgery (Drijfhout et al., 1995).

CSF AD BIOMARKERS AND TREATMENT

Studies suggest that the neuropathological events that occur in
AD may disturb physiological functions of the BBB and thereby
distribution of drugs to the brain (Pahnke et al., 2014; Vellonen
et al, 2017). Drug molecules in the peripheral circulation
are controlled and limited from entry into the brain by the
BBB, while dysfunction of the BBB has been associated with
neurodegeneration (Vellonen et al, 2017). Furthermore, AD
drugs may not be transported to their site of action due to a
dysfunctional BBB. This may lead to an increase of the drug
in the brain leading to unwanted effects, or decreased drug
circulation leading to an insufficient response (Vellonen et al.,
2017). Many agents are better dosed directly into the CSF than
peripherally because of limited permeability of the drug through
the BBB (Barten et al., 2017). The presence of A plaques, brain
atrophy and dilated ventricles in the AD brain may affect the
distribution of drugs in brain tissue (Vellonen et al., 2017). CSF
levels of autophagic markers, Ap and tau may help select an
appropriate AD treatment for the timepoint of diagnosis. The
CSF pharmacokinetics of a treatment after administration may
show how well the drug entered the CNS. Therefore, levels of
CSF autophagic markers or AP could be a pharmacodynamic
marker of inhibited Ap production (Dockens et al., 2012; Albright
et al., 2013; Coric et al., 2015), and, in a longer term, CSF tau
decreases could be a downstream functional marker of reduced
neurodegeneration (Rickse et al., 2006).

Assessing Autophagy in CSF Samples

Inductors of autophagy could be used in order to halt or stop the
development and progression of Ap pathology in model systems
and patients with AD. Trehalose, an inductor of autophagy,

was found to significantly improve memory and learning tasks
in APP/PS1 mice (Rami, 2009). Importantly, Ap deposits were
found to be significantly reduced in the hippocampus of these
mice (Rami, 2009). Furthermore, the induction of autophagy
by rapamycin in another model system was found to improve
cognitive performance through the degradation of extracellular
AP depositions (Rami, 2009), and has been found by others to
inhibit tau pathology (Caccamo et al., 2010). In AD, changes
in early endocytosis and autophagy can be detected in CSF
(Armstrong et al, 2014). Moreover, some work within the
AD field has focused on lysosomal proteins, as they can be
found in and around amyloid plaques and is present in CSF
(Cataldo and Nixon, 1990; Schwagerl et al., 1995). It is now
widely believed that the deposition of Af is an early initiator of
neurodegeneration in AD, thus finding methods that can reduce
AB or enhance its clearance could be a strong therapeutic target.
In this sense, autophagy appears to be the first line of defense
against accumulation of AB.

Assessing AB Pathology in CSF Samples
Cerebrospinal fluid AB40 and Ap42 may be useful (in addition
to other biomarkers) in assessing efficacy of drugs such as
BACEI inhibitors, which selectively decrease toxic forms of Ap
(Kennedy et al., 2016). For instance, when CSF levels of AB42 are
still rising during early stages of amyloid pathology, decreased
levels of CSF AB42 measured after treatment would show a
successful outcome, but at a later stage in amyloid pathology
the same finding may indicate accelerated plaque formation
(Liu et al, 2004). Anti-amyloid agents are most likely more
effective during early AD since deposition of the protein begins
many years before diagnosis (Musiek and Holtzman, 2015).
Promoting the elimination of Ap by enzymatic degradation or
by clearance enhancement may halt both the aggregation and the
accumulation of the peptide (Menendez-Gonzalez et al., 2018).
The choroid plexus is known to produce Af (Krzyzanowska and
Carro, 2012), thus the effect of AP synthesis inhibitors on CSF
AP is bound to reflect changes both sourced in the brain and
in the choroid plexus. In addition, evidence suggests that the
choroid plexus can remove substances, such as A, from the CSF
(Matsumoto et al., 2015).

BACET1 Inhibitors

A potent BACEL inhibitor known as Verubecestat has been
shown to reduce plasma, CSF and brain levels of AB40, Ap42,
and soluble APP (a direct product of BACE1 enzymatic activity)
after short- and long-term administration in rats and monkeys
(Kennedy et al., 2016). Recently, a study in healthy elderly
AD subjects who received treatment with a BACE1 inhibitor
showed no alterations in CSF BACEI levels following treatment,
but revealed a strong link between levels of CSF BACE1 and
downstream markers such as CSF AB42 (Timmers et al., 2017).
Genetic deletion of BACEL eliminated AP production and
resolved the amyloid plaques and cognitive deficits observed in
transgenic mice over-expressing human APP with familial AD
mutations (Dominguez et al., 2005; McConlogue et al., 2007;
Ohno et al., 2007). Researchers have demonstrated that long-
term BACE] inhibition diminishes CSF tau levels both in early
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depositing APP transgenic mice and APP transgenic mice with
moderate AP pathology (Schelle et al., 2017). Overall, BACE1L
inhibition appears to not only reduce A generation, but also
downstream AD neuropathology (Schelle et al., 2017).

y-Secretase Inhibitors

y-secretase inhibitors have also proven promising as a therapeutic
approach; APP/PS1 mice treated with this compound displayed
that a modest decrease (~30%) of AP in ISF was enough to
halt amyloid plaque development (Yan et al., 2009). Also, NGP
555 (a y-secretase inhibitor) has been shown to shift amyloid
peptide production to the smaller, non-aggregating forms of
amyloid (Olsson et al., 2014; Kounnas et al.,, 2017). Inhibition
of y-secretase has initially been unsuccessful as a therapeutic
target (Cummings, 2010), but more recent compounds have been
shown to avoid notch-related toxicity and side effects (Basi et al.,
2010; Imbimbo et al., 2010). One failure of slowing Ap production
in patients may be that non-homogenous groups of patients have
been included in the trials, and that the treatment has been
administered too late in the disease course or has been too short
(Bjerke and Engelborghs, 2018). In line with this, some clinical
trials have reported changes in CSF AP42, but no improvement
in clinical endpoints (Ritter and Cummings, 2015).

COMPARATIVE BIOMARKING

Studies aiming to translate findings between AD system
models and patients found that tau derived from AD brains
injected into susceptible mouse models induced prion-like
tau aggregation (Skachokova et al, 2019). CSF from AD
or MCI patients injected into the hippocampus of young
P301S tau transgenic mice increased tau phosphorylation and
NFT formation 4 months following injection. Post-seeding,
the injections accentuated tau pathology in the contralateral
hippocampus of the mice, indicative of spreading (Skachokova
et al., 2019). Other researchers found that peritoneal dialysis
reduced plasma A levels in both chronic kidney disease patients
and APP/PS1 mice. ISF AP levels in APP/PS1 mice immediately
decreased after reducing blood AP by peritoneal dialysis. The
treatment also attenuated other AD-type pathologies, including
inflammation, tau hyperphosphorylation, neurodegeneration,
synaptic dysfunction, and rescued the behavioral deficits of the
mice. Importantly, the AP phagocytic function of microglia was
enhanced in APP/PS1 mice after peritoneal dialysis (Jin et al.,
2017). Current strategies for clearing Ap focus on introducing
agents into the brain (Jin et al, 2017), but this likely causes
adverse effects such as neuroinflammation and tissue scarring
(lijima-Ando et al., 2008; Liu et al., 2012), in addition to increased
endogenous tau levels.

The ABC Scoring System

Well-characterized mouse models hold great translational value
given that identifying patients at preclinical AD stages has
proven difficult (Bacioglu et al., 2016). However, there are
important differences between species, which should be kept in
mind while interpreting results (Barten et al., 2017). The ideal

TABLE 2 | The ABC scoring system developed by NIA-AA.

Assessment NIA-AA scoring

AB plagques A0 (not)
Al (low)
A2 (intermediate)
A3 (high)
BO (not)
B1 (low)
B2 (intermediate)
B3 (high)
CO (not)
C1 (sparse)
C2 (moderate)
C3 (frequent)

NFTs, including pretangles and threads

Neuritic and diffuse plaque density

The scoring system can be used to help assess and validate the neuropathological
features of AD in mouse lines that are potential preclinical models for AD research.
Reproduced with permission from Keene et al. (2016). NIA-AA, Alzheimer’s
Association; AB, amyloid-B; NFT, neurofibrillary tangle.

translational model for AD would require A and tau deposition
in a pathological manner and disease-relevant accumulation of
amyloid plaques and tangles similar to that seen in AD patients
(Keene et al., 2016). The ABC scoring system (Table 2) can be
used to determine the level of AD neuropathological change in
both system models and patients. The ABC score is generated
by a summary of measures of amyloid plaque distribution A0
to A3 (Thal stages), NFT distribution BO to B3 (Braak stages),
and cortical neuritic plaque density CO to C3 [Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD) score]
(Keene et al., 2016). The ideal translational model system of
human AD would display amyloid plaques and NFTs in a
spatial and temporal manner correlating with “no” or “low” AD
pathology at early ages, progressing to “intermediate” and “high”
AD pathology at older ages or in the presence of gene mutations
related to neuropathological development (Keene et al., 2016).
In terms of the specifics of the ABC scoring system (Table 2),
scoring of diffuse AP plaques is based on assessment in the
cerebral cortex, hippocampus, striatum, midbrain, brainstem,
and cerebellum (Box 1) according to staging established by Thal
et al. (2002) resulting in a Thal phase 0-5, which is translated
into the NIA-AA score of A0-A3. Meanwhile, scores for NFTs
are determined in the trans-entorhinal cortex, corpora ammonis,
fronto-parietal cortex, and primary visual cortex (Box 1) to
generate a Braak stage (Braak and Braak, 1991), which is
translated into the NIA-AA score of B0-B3. Since most existing
mouse models do not generate NFTs, the NIH have developed
a modified B score for p-tau pathology, including distribution of
pre-tangles and threads. In addition, most existing mouse models
do not form neuritic plaques (contains fibrillar AB), so a C score
for CERAD (Sperling et al., 2011) neuritic plaque density (none,
sparse, moderate, or frequent) and a modified C score for diffuse
plaque (does not contain fibrillar AB) density are generated from
frontal and parietal cortex. Considering that behavioral data from
mice have replication issues and are challenging to translate to
patients, memory testing per se should not constitute a validation
criterion or a drug testing endpoint (Keene et al., 2016).
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CSF Collection Methods

When translating CSF biomarkers between system models and
patients, an advantage with subcutaneous access systems is that
drugs can be dosed and also samples can be obtained from
unanesthetized animals, as is typical with humans, and without
the confound of anesthesia on CSF production or flow. It has been
shown that anesthesia can cause disturbances in neurotransmitter
density and cell metabolism, and therefore most times, it is
desirable to perform experiments on non-anesthetized animals
(Kehr, 1999). It is important to note that in most rodent
studies, CSF is collected from the cisterna magna above the
spinal column, whereas in humans most CSF is collected from
the lumbar spinal vertebrae, and therefore drainage from this
latter area in preclinical models has a translational advantage
(Barten et al., 2017).

Due to the difficulties in collecting CSF samples from
preclinical models the quality of the sample may be comprised,
and therefore should be tested. The quality of the sample
is most often affected by blood and brain-derived protein
contamination (Barten et al., 2017). It is critical to minimize
blood-contamination when analytes of interest are found in
much higher concentration in the blood compared to the
CSE such as the 1:50,000-fold gradient of tau. Another major
contamination source of CSF is proteins released in the brain
during the collection procedure; this has a higher impact on tau
levels compared to AB (Barten et al., 2005).

Furthermore, biomarker development for clinical utility is
currently being hampered as comparisons of measurements and
techniques between laboratories tend to be unreliable. Factors
that may induce variability include storage in different tube
types, different aliquot volumes, and the number of freeze-thaw
cycles performed, which significantly influences CSF biomarker
concentrations (Clough, 2005; Bjerke and Engelborghs, 2018).
For instance, CSF AB42 measures have been found to be greatly
influenced by pre-analytical factors such as the type of collection
tube used and the number of freeze-thaw cycles of the sample
(Perret-Liaudet et al., 2012b; Toombs et al., 2013; Leitdo et al.,
2015). Various studies have determined the importance of tube
types when collecting CSF samples, highlighting that it is crucial
to use polypropylene vials (Perret-Liaudet et al., 2012a), and
that the tubes are filled to enhance the volume to surface
ratio (Perret-Liaudet et al, 2012a). Ultimately there is poor
standardization of biobanking protocols and assay consistency,
a fact that hampers novel biomarker discoveries and replication
of important findings (Teunissen et al., 2018).

One of the reasons why non-human primates are being
preferred over canine or rodent species in CSF studies is that
they share an upright orientation of the spinal column akin to
humans (Spector et al., 2015). Moreover, the difference in brain
size (and thereby CSF volume) between mice and humans is
over 3000 times, whereas macaque brains are 10- to 20-fold
smaller than human brains. Therefore, the distance from the
CSF compartments to deeper regions of the brain significantly
varies across species and likely influences the exchange analytes
(Spector et al,, 2015). Nevertheless, most differences across
species are otherwise minor, including the volume ratio of
CSF to the brain, ranging from 9 to 18% across species

(Barten et al., 2017). CSF turnover per day is also similar between
humans and macaques, but is approximately 2-fold higher for
rats and 3-fold higher for mice (Barten et al., 2017). The higher
turnover rate for rodents can be explained by movement of CSF
initiated by the ventricles and arterial pressure as a result of
a fast heartbeat, which creates an increase in back- and-forth
movement of the CSF (Feinberg and Mark, 1987; Sweetman and
Linninger, 2011).

The Physiology of CSF

The exchange of CSF analytes (including therapeutics) may be
highly different between patients and rodents as the latter have a
much faster heart rate. However, this factor has not been studied.
Non-human primates are most likely better preclinical in vivo
models for biomarker translation because body weight-based
allometric scaling is comparable (Karelina et al., 2017). Moreover,
ventricular CSF from AD patients has been found to contain a
rare high-molecular-weight tau species that was found to exert
high seeding activity (Takeda et al., 2016). This needs to be kept
in mind when comparing CSF samples gathered from different
regions. Moreover, the sleep-wake cycle regulates ISF and CSF
levels of A in AD (Holth et al., 2019), and it has been shown
that chronic sleep deprivation increases AP plaques. Mouse ISF
tau was found to increase ~90% during normal wakefulness
versus sleep and ~100% during sleep deprivation. The relevant
study found that sleep deprivation significantly increased CSF
AP by 30% (Lucey et al, 2018). This means that the time of
day is bound to influence AP levels in CSE, which suggests
that the timing of sampling needs to be chosen with care and
kept consistent between clinical sampling and experiments for
correct comparisons.

The Efficacy of Drugs

One major drawback of comparative biomarking is the
translatability of AD drugs from animal models to human clinical
trials. Compared to preclinical models, AD pathology in patients
develops over decades rather than over months. Longitudinal
studies in AD system models may determine the initiation and
progression of biomarkers that allow for evaluation of disease-
modifying drugs. For example, research shows that BACEl
inhibitors can decrease both plasma and CSF AB40 and Ap42
concentrations in mice, guinea pigs (Tagawa et al., 1991), and
non-human primates (Sankaranarayanan et al., 2009; Gravenfors
etal., 2012; Jeppsson etal., 2012; Wu et al., 2012). A separate study
found that a y-secretase inhibitor reduced CSF Af production
in rhesus monkeys without a subsequent rise in AB production
(Cook et al., 2010). Candidates for therapeutics could be further
addressed by extending these findings to translational transgenic
AD models and may ultimately offer insights into mechanisms of
the disease. Furthermore, increased plasma levels of interleukin-
10 has been shown following Af immunotherapy in Tg2576
mice (Town et al,, 2002; Kim et al., 2007). In a separate study,
researchers found that peripheral structures play important roles
in clearing AB sourced from the brain, suggesting that removing
AP from the blood may also be effective as an AD therapy
(Jin et al., 2017).
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FIGURE 4 | A comparison of pathology and subsequent symptoms along the AD disease cascade between a preclinical model and patients. In the 3xTg AD mouse
model (Oddo et al., 2003), cognitive impairment is observed at 3 months of age, whereas amyloid plagues and gliosis are present at 6 months of age. Tau pathology
is first present at 12 months of age. In the typical sporadic AD patient, amyloid plaques and associated gliosis may be abundant at 50 years of age, and this
pathology is followed by NFTs at approximately 60 years of age. Between 70 and 80 years of age, neurodegeneration occurs, and cognitive impairment becomes
prominent in patients. AD, Alzheimer’s disease; NFTs, neurofibrillary tangles. Images were generated using BioRender or taken from a public database.

y-secretase modulators have proven especially useful as
therapeutic candidates because they do not alter the total amount
of AP peptides produced by y-secretase activity, instead, they
spare the products of other y-secretase processing, such as
notch (Toyn et al, 2016). Importantly, these compounds do
not accelerate the production of the potentially toxic product
BACEI-C-terminal fragment (C99) (Toyn et al.,, 2016). In all
species, research suggests that y-secretase modulator treatment
decrease AB42 and AP40 levels while increasing APB38 and
AB37 by a corresponding amount. Therefore, the mechanism
of action of y-secretase modulators may translate well across
species, validating its therapeutic strategy for utility in AD
(Toyn et al., 2016).

Other translational research across species has shown
increased levels of plasma interleukin-10 following Ap
immunotherapy in Tg2576 mice (Town et al, 2002; Kim
et al,, 2007). Thereby, translation of inflammatory mechanisms
and their peripheral markers may benefit from investigation of
changes in microglial markers. However, when interpreting and
comparing immune markers from mice caution is warranted, as
recent evidence suggests that these markers do not translate well
to human inflammatory diseases (Seok et al., 2013). Moreover,
increased levels of isoprostanes have been shown in Tg2576
mice prior to plaque formation (Pratico et al., 2001), suggesting

isoprostane levels may be useful as a predictive biomarker.
Neurofilament light in bodily fluid constitutes a biomarker of
neurodegeneration reflecting its translational value in system
models and in clinical settings (Bacioglu et al., 2016).

Comparative AD Neuropathology

The earliest (current) detectable A deposition in humans is the
formation of diffuse plaques, whereas in the brain of Tg2576
mice diffuse plaques are not observed until 12 months of age,
which is 4 months after biochemically detectable alterations of
A (Kawarabayashi et al., 2001). The most common observation
in AD patients is minor amounts of AB40 deposited in the brain,
whereas in 33% of patients great amounts of this AB variant are
detected. Intriguingly, this latter group of patients also display
substantial amyloid angiopathy (amyloid build up on the walls
of the arteries in the brain) (Gravina et al., 1995). Similarly,
the Tg2576 mouse model displays marked angiopathy and the
deposition of a large amount of AP40 (Gravina et al., 1995).
Generally CSF AB40 levels are much higher in patients compared
to mice, while brain concentrations are similar (Karelina et al.,
2017). In terms of plasma concentrations of AB40, this is highly
similar between patients and mice, and therefore the greater AB40
concentrations observed in human CSF may likely reflect a higher
brain production of the peptide (Karelina et al., 2017).
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In terms of the similarity between system models and patients,
and specifically transgenic mice and human patients, mice and
humans share virtually the same set of genes. Almost every gene
found in mice or humans has been observed in a closely related
form in the other. To look directly at differences along the AD
disease cascade, we compare pathological events between the
3xTg AD mouse model and sporadic AD patients (Figure 4).
The 3xTg AD mouse model develops amyloid and tau pathology,
including amyloid plaques and NFTs (Oddo et al., 2003). At
3 months of age these mice have developed cognitive impairment
(Oddo et al,, 2003), whereas at approximately 50 years of age
an AD patient has developed amyloid plaques and gliosis (Braak
and Del Trecidi, 2015). At 6 months of age, the mice develop
amyloid plaques and gliosis (Oddo et al., 2003), while patients
develop tau tangles at approximately 60 years of age (Braak and
Del Trecidi, 2015). At 70 years of age, patients usually suffer
from neurodegeneration because of the presence of tau tangles
and exhibit cognitive impairment (Braak and Del Trecidi, 2015).
First at 12 months of age will the mice develop tau tangles
(Oddo et al., 2003).

There are two important differences observed along the
AD disease cascade between the species: first, mice exhibit
cognitive impairment prior to tau tangles, whereas cognitive
impairment is most likely a result from neurodegeneration
caused by NFTs in human patients. Second, one does not
observe neuronal death in this mouse model, while neuronal
death is thought to be the sole causative pathology for symptom
development in AD patients. In line with this, by comparing
CSE, plasma and in vivo amyloid imaging, cross-sectional data
obtained at baseline in individuals from AD families enrolled
in the Dominantly Inherited Alzheimer Network (DIAN) show
lower concentrations of CSF AP42 when amyloid plaques
accumulate, and elevated concentrations of CSF t-tau and
p-tau in mutation carriers 10-20 years prior to symptom
onset and detection of cognitive deficits (Fagan et al., 2014).
This highlights the need for longitudinal CSF sampling in
animals modeling AD, in order to compare biochemical, imaging
and behavioral tests against each other, and eventually to
patients. However, given the difficulty of identifying patients at
preclinical AD stages, it is important to remember that well-
characterized preclinical disease models hold great translational
value (Mattsson et al., 2017a).

CONCLUSION AND FUTURE
DIRECTIONS

Clearly, there is a pressing need for better quality data from
model systems investigating biomarkers that can be directly
translated to human biomarkers. The core biomarkers (Ap42,
t-tau, and p-tau) have been found to translate well across
species, whereas biomarkers of inflammation translate to a
lesser extent between mouse models and patients. Researchers
should use autophagic and synaptic degeneration markers when
analyzing samples from preclinical models because these markers
appear promising in predicting development of AD. Changes in
levels of autophagic markers and neurofilament light correlate

strongly with the core biomarkers of AD, and other novel
biomarkers should be tested in combination in preclinical models
to validate findings observed in patients. Currently, non-invasive
structural and functional imaging can detect AD onset and
longitudinally monitor disease progression in AD patients. By
the combination of early predictive CSF biomarkers, imaging
modalities can be strengthened in their ability to characterize
patients along the disease cascade. Additional non-invasive
methods for detecting AD biomarkers need to be established,
such as blood sampling, which could be used in combination
with CSF sampling. CSF sampling is invasive but reflects changes
in protein levels in the brain to a greater extent compared
to blood-based markers. Another advantage of CSF sampling
compared to blood testing is that AP is found in the periphery,
so it is difficult to differentiate between brain- and periphery-
based AP levels. Additionally, there are greater levels of tau
in ISF compared to CSE so this needs to be controlled for
when analyzing CSF samples. Neurofilament light is transferable
between CSF and plasma in humans, but this needs to be verified
in system models.

Furthermore, large inter- and intra-laboratory variations in
biomarker sampling may have great consequences in terms of
comparisons of results, while within individual laboratories such
variations may affect planning and interpretations of longitudinal
studies (Blennow et al,, 2015). One also needs to consider
differences in the CSF sampling methods used, given that
protein levels differ between ventricular and lumbar CSF. Studies
have shown that changes in the levels of core biomarkers as
measured in CSF may be useful for assessing the efficacy of
drugs. When translating findings across species, it is important
to use the same scoring or grouping system when assessing
changes in biomarkers and observed neuropathology. Ultimately,
an early diagnosis by utilizing biomarkers detectable at this
stage of disease will be the cornerstone for early identification
of patients that are regressing away from the prodromal stage
of AD (Teunissen et al., 2018). There is a need for continued
progress within the AD biomarker field so that markers can
be translated across animal models and clinical populations to
serve as a translational bridge between model systems and clinical
populations (Sabbagh et al., 2013). We still cannot translate all
pathological hallmarks seen in AD patients to preclinical models,
and we therefore need to be aware of pertinent differences when
comparing AD research across species and bringing findings
into the clinic.
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Combined targeting of pathways
regulating synaptic formation
and autophagy attenuates
Alzheimer’s disease pathology in
mice
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All drug trials completed to date have fallen short of meeting the clinical endpoint of
significantly slowing cognitive decline in Alzheimer's disease (AD) patients. In this
study, we repurposed two FDA-approved drugs, Fasudil and Lonafarnib, targeting
synaptic formation (i.e., Wnt signaling) and cellular clearance (i.e., autophagic)
pathways respectively, to test their therapeutic potential for attenuating AD-
related pathology. We characterized our 3xTg AD mouse colony to select
timepoints for separate and combinatorial treatment of both drugs while
collecting cerebrospinal fluid (CSF) using an optimized microdialysis method.
We found that treatment with Fasudil reduced AB at early and later stages of
AD, whereas administration of Lonafarnib had no effect on A, but did reduce tau, at
early stages of the disease. Induction of autophagy led to increased size of amyloid
plagues when administered at late phases of the disease. We show that
combinatorial treatment with both drugs was effective at reducing intraneuronal
Ap and led to improved cognitive performance in mice. These findings lend support
to regulating Wnt and autophagic pathways in order to attenuate AD-related
pathology.

KEYWORDS

microdialysis, repurposed drugs, Wnt signalling, mTor pathway, amyloid plaques,
neurofibrillary tangles
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Introduction

Alzheimer’s disease (AD) is the leading cause of dementia,
and symptoms include progressive neurodegeneration, followed
by impairments in memory, cognitive and visuospatial function
(De Strooper and Karran, 2016). Neuropathology in AD patients
is characterized by extracellular deposits of aggregated amyloid-f
(AP; i.e., amyloid plaques), and neurofibrillary tangles (NFTs)
consisting of hyperphosphorylated
abiotrophic neuronal cell death starting in superficial layers of
lateral entorhinal cortex (LEC) (Braak and Braak, 1991; Thal
etal.,, 2002; De Strooper and Karran, 2016). Both amyloid plaques

tau, and eventually

and NFTs are believed to disrupt the healthy function of synapses
and neurons (Mufson et al., 2016), as well as to impair cellular
clearance along autophagic pathways (Baixauli et al., 2014; Liu
and Li, 2019). Researchers and clinicians are currently utilizing
cerebrospinal fluid (CSF) levels of AP and tau to predict the
development and rate of the disease (Snider et al, 2009
Buchhave et al., 2012; Mufson et al., 2016; Bjorkli et al., 2020).

Over the years there have been multiple therapeutic approaches
aimed at lowering AP and tau levels. Promising avenues for AD
therapeutics include drugs that attenuate synaptic loss and therapies
that take advantage of the autophagic system to remove intraneuronal
protein aggerates. Both drug targets represent structural and
biochemical correlates of cognitive decline in AD. For instance,
ApB-driven synaptic loss has been found to be dependent on the
activation of a branch of Wnt' signaling known as the Wnt-planar
cell polarity (Wnt-PCP) pathway (Killick et al., 2014) (Supplementary
Figure SIA). Drugs that inhibit Rho-associated protein kinase
(ROCK) along the Wnt-PCP pathway have been shown to
attenuate AD-related pathology, and these include pitavastatin
(Hamano et al, 2020), FSD-C10 (Gu et al, 2018), Y-27632
(Herskowitz et al, 2013), and Fasudil (Tang and Liou, 2007;
Herskowitz et al,, 2013; Elliott et al, 2018; Sellers et al., 2018),
among others. AP has been shown to activate Wnt-PCP signaling
through its ability to induce Dickkopf-1 (Dkk1), which then blocks
the binding interaction between lipoprotein receptor-related protein
6 (LRP6) and frizzled, leading to activation of Wnt-PCP signaling in
favor of the canonical Wnt pathway (Bafico et al., 2001; Sellers et al,,
2018) (Supplementary Figure S1A). Along the same arm of Wnt-PCP
signaling, binding of a Wnt receptor to frizzled causes disheveled to
inhibit the activity of glycogen synthase kinase-3p (GSK-3p) (Moon
et al, 2004), and this serine/threonine kinase contributes to the
hyperphosphorylation of tau proteins (Hanger et al., 1992). Fasudil is
clinically approved to treat cerebral consequences of subarachnoid
haemorrhage, and as a ROCK inhibitor (Supplementary Figure S1A)
it shows promise in halting the deleterious downstream effects of Ap
and tau pathology. Fasudil inhibits the arm of the Wnt-PCP pathway

1 Wnt is a portmanteau created from the names of two genes, the
Drosohila wingless gene and the murine homologue integration site
1 gene
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that promotes the retraction of dendritic spines and synapses through
the disheveled associated activator of morphogenesis 1 (Daam1)/Ras
homolog family member A (RhoA)/ROCK pathway (Ethell and
Pasquale, 2005; Schratt, 2009).

Similarly, it has been shown that autophagic activators can
lower the levels of misfolded and aggregated proteins, prevent the
spread of tau, and reduce neuronal loss in experimental models
(Schaeffer et al., 2012; Siman et al., 2015; Hernandez et al., 2019).
Drugs that induce autophagy have been shown to attenuate AD-
related pathology, and includes rapamycin (Majumder et al.,
2011; Zhang et al.,, 2017), carbamazepine (Zhang et al., 2017),
lithium (Forlenza et al., 2012), memantine (Song et al., 2015),
nicotinamide (Liu et al., 2013), resveratrol (Porquet et al., 2014),
and Lonafarnib (Hernandez et al., 2019), as well as others. For
instance, activation of mammalian target of rapamycin (mTOR)
results in activation of downstream components (i.e., 4EBP1 and
p70S6K1) (Supplementary Figure S1B) which both initiate
cascades resulting in tau hyperphosphorylation and eventual
NFTs. mTOR activation also leads to the accumulation of
amyloid plaques by inhibiting autophagy, while accumulated Ap
further induces tau phosphorylation and mTOR activation (Mueed
et al., 2019). Lonafarnib is a clinically approved cancer drug, and
works as a farnesyltransferase’ inhibitor, which acts as an
autophagic inducer by inhibiting mTOR and prevents the
accumulation of aggregated proteins and reduces cognitive
decline (Pan and Yeung, 2005) (Supplementary Figure SI1B).
The mechanisms of action involves Ras homologue enriched in
brain (Rheb) and the phosphatidylinositide 3-kinase (PI3K)/
protein kinase B (Akt)/mTOR pathway. Rheb acts downstream
of tuberous sclerosis complex 1 (TSC1)/TSC2 and upstream of
mTOR to regulate cell growth (Inoki et al., 2003) and activates
S6 kinase 1 during amino acid deprivation via mTOR (Avruch
et al.,, 2006).

To date, drugs have fallen short of meeting the clinical endpoint
of significantly slowing cognitive decline in AD patients (Gauthier
et al, 2016), possibly due to off-target effects since most drugs are
unable to cross the blood-brain barrier (BBB). One way of
systemically delivering drugs into the brain is by in vivo
microdialysis (Deguchi, 2002). Here we have used the most
complete transgenic mouse model for AD to date, the 3xTg AD
mouse, which has been shown by us and others to develop age-
dependent amyloid plaque and NFT deposition (Oddo et al., 2003;
Javonillo et al, 2022). We used an optimized protocol for
intraventricular microdialysis (Bjorkli et al., 2021) to systemically
target two promising therapeutic avenues, the Wnt and autophagic
pathways, to attenuate AP and tau levels respectively, at the
molecular and functional level. Many drugs that target these two
pathways have displayed adverse side-effects in experimental
models and patients, and we therefore opted to repurpose drugs

2 Farnesylation is a postttranslational modification of proteins
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that were already approved for clinical use. Fasudil and Lonafarnib
were also chosen because they target independent pathways that
regulate and/or is affected by both AB and tau pathology. Here we
demonstrate that novel combinatorial treatment with both drugs
was effective at reducing intraneuronal AP and led to improved
context-dependent spatial memory in mice.

Materials and methods
Animals

Thirty 3xTg AD mice (MMRRC Strain #034830-JAX; RRID:
MMRRC_034830-MU) (Oddo et al., 2003; Billings et al., 2005)
and two control B6129 mice (Strain #:101045; RRID: IMSR_JAX:
101045) were included in these experiments. 3xTg AD mice
contain three mutations associated with familial Alzheimer’s
disease (APPg,,, MAPTp3011, and PSENIs46v). The donating
investigators of the 3xTg AD mouse model have previously
communicated to Jackson Laboratories that male transgenic
mice may not exhibit all phenotypic traits of AD (Billings
et al, 2005). Therefore, only female mice were included in
these experiments. See Supplementary Table S1 for key
resources used, and Supplementary Table S2 for an overview
of the sample size for each experimental condition.

To validate whether our mouse model replicated AD
neuropathology as observed in patients, and to assess the
possibility of genetic drift in our own colony (Zeldovich,
2017), we characterized the 3xTg AD mouse model. Our
findings suggest that genetic drift with phenotypic effects
(Masel, 2011) occurred in our mouse colony, but we also
confirm that this mouse presents as a valid model for
studying AD-related neuropathology.

All housing and breeding of animals 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 §§ 1-26, and the European
Convention for the Protection of Vertebrate Animals used for
Experimental and Other Scientific Purposes (FOTS ID 21061).
The animals were kept on a 12 h light/dark cycle under standard
laboratory conditions (19-22°C, 50%-60% humidity), and had
free access to food and water.

Microdialysis guide implantation surgeries

Surgeries were based on previously established protocols
(Bjorkli, 2021; Bjorkli et al., 2021), but in brief, implantation
surgery was performed to insert microdialysis guide cannulas
(CMA 7; CMA Microdialysis AB, Kista, Sweden) into the lateral
ventricle of mice. Mice were anesthetized with isoflurane gas (4%
induction and 1.5-3% Abbott
Laboratories, Chicago, IL, United States) prior to being fixed

maintenance; IsoFlo vet.,
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in a stereotaxic frame (Kopf Instruments; Chicago, IL,
United States). Prior to making any incisions, Marcain
(0.03-0.18 mg/kg; Aspen Pharma, Ballerup, Denmark) was
injected subcutaneously into the scalp and Metacam (5 mg/kg;
Boehringer Ingelheim Vetmedia, Copenhagen, Denmark) and
Temgesic (0.05-0.1 mg/kg; Invidor United Kingdom, Slough,
Great
intraoperative pain relief. Equal heights of bregma and lambda

Britain) were administered subcutaneously for
were measured to ensure that the skull was level for each animal
(with + 0.1 mm tolerance), as well as two points equally distant
from the midline. After leveling the skull, the stereotaxic
coordinates were derived to target the lateral ventricle (A/P:
—-0.1 mm, M/L: +1.2 mm, D/V: =2.75 mm; see Supplementary
Figure S2 for histological verification of probe placement). The
microdialysis guide cannula was attached to the stereotaxic frame
using a guide clip and connection rod for the clip (CMA
Microdialysis AB, Kista, Sweden). The skull was drilled
through at these coordinates and the guide cannula was
slowly lowered into the drilled hole. The guide cannula was
attached to the skull with super glue and dental cement
(Dentalon Plus; Cliniclands AB, Trelleborg, Sweden). Post-
surgery, Metacam and Temgesic were administered within
24h. The guide cannula was implanted into the right
hemisphere of all animals, as we did not observe any
lateralization of pathology in the brains of 3xTg AD mice
(Supplementary Figure S3).

Stereotactic viral injections of P301L tau

Mice were treated identically to microdialysis guide

implantation surgeries, up until deriving stereotaxic
coordinates. To target LEC layer II, a craniotomy was
made at 0.5mm anterior to lambda and ~4 mm lateral
(dependent on animal weight) to the midline. A Hamilton
microsyringe (Neuros 32-gauge syringe, 5ul, Hamilton
company, Nevada, United States) was lowered vertically
into the brain to a depth ~3.6 mm (dependent on animal
weight) from the surface, and 300-1,500 nl of viruses was
injected using a microinjector (Nanoliter 2010, World
Precision Instruments Inc., United States). We injected the
adeno-associated virus (AAV)8 GFP-2a-P301Ltau (with the
chicken beta actin [CBA] promoter; hereafter referred to as
AAV-tau), generated by Dr. Nair at the Viral Vector Core
Facility, at the Kavli Institute for Systems Neuroscience, in
Trondheim, Norway. More information regarding AAV-tau
can be found in this paper (Wegmann et al., 2019), but in
brief, the short 2A peptide cleaves GFP and human tau during
translation at the ribosome (Szymczak et al., 2004). This
results in neurons transduced with the virus being able to
produce GFP and human tau as individual proteins (GFP+/
MC1+; donor neurons). Conversely, neurons that receive

human tau from cross-neuronal spread have human tau,
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but no GFP (GFP-/MCl+; The
microsyringe was kept in place for 5 min prior and after

recipient neurons).
the injection, to minimize potential upward leakage of the
viral solution. Metacam was given within 24 h post-surgery.
Animals were implanted with microdialysis guide cannulas
2 months following injections.

Push-pull microdialysis apparatus and
sampling

Push-pull microdialysis was conducted as previously
described (Bjorkli et al, 2021), but in brief a refrigerated
fraction collector (CMA 470) was set to 6°C for the storage of
collected CSF in 300 ul low-retention polypropylene plastic vials
MA, United States).
Fluorinated ethylene propylene (FEP) peristaltic tubing (CMA

(Harvard ~Apparatus, Cambridge,
Microdialysis AB, Kista, Sweden) was placed inside each plastic
vial for collection and connected to the cassette of the peristaltic
roller pump (Reglo ICC Digital). This peristaltic FEP tubing was
connected to the outlet side of microdialysis probes (B-irrigated
2 mDa microdialysis probe; CMA 7; CMA Microdialysis AB,
Kista, Sweden) with a polyethersulfone 2 mm membrane with
tubing adapters bathed in 75% ethanol. FEP tubing (CMA
Microdialysis AB, Kista, Sweden) was connected to each
microsyringe. The FEP tubing was then connected to the inlet
part of the microdialysis probes. Transparent cages were
prepared with 1.5cm of bedding, filled water bottles, and
treats. Saline or drugs were loaded inside a gastight
microsyringe (CMA Microdialysis AB, Kista, Sweden), which
was placed into a syringe pump (CMA 4004). The “dead volume”
of the FEP outlet tubing (1.2 ml/100 mm) was calculated. 100 cm
of FEP outlet tubing was used, and therefore the first 12 ml
sampled from each animal were discarded. Prior to inserting the
microdialysis probes into the guide cannula, the probe was
conditioned in 75% ethanol for better recovery of analytes. At
the conclusion of microdialyte sampling, the vials of 60 ul CSF
were centrifuged and kept at —80°C until the samples were
analyzed with multiplex ELISA.

Intraventricular drug infusions

Previously, researchers have administered a dosage of
10 mg/kg of Fasudil into the lateral ventricle (Sellers et al,
2018) to attenuate AP levels, and 80 mg/kg of Lonafarnib
orally to attenuate tau levels in mice (Hernandez et al., 2019).
Both drugs have previously been delivered using DMSO, which
can damage the BBB and mitochondria as well as cause apoptosis
(Yuan et al., 2014). Since we had a less effective delivery vehicle
than DMSO (Blevins et al, 2002), we conducted pilot
experiments to determine effective titers of Fasudil and

Lonafarnib, as well as to determine the most effective
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duration of infusions. Previous research has shown that ~98%
of all small molecules are not transported across the BBB
(Pardridge, 2005), whilst other research has shown poor drug
transport from CSF to the brain (Yan et al,, 1994). Taking drug
transport across the BBB, and from CSF into the brain
parenchyma into consideration, dosages of both 25, 50 and
80 mg/kg were administered in initial pilot experiments.

In these experiments, a final concentration of 50 mg/kg of
Fasudil (10 mM; Selleck Chemicals, Houston, TX, United States)
was infused for 14 days in mice and stored at -80°C, whilst a final
concentration of 80 mg/kg of Lonafarnib (5mM; Cayman
Chemical, Ann Arbor, MI, United States) was infused for
10 days -20°C  between
Supplementary Table SI for key resources used). These drug

and  stored infusions  (see
concentrations resulted in no observable side-effects in mice. The
same dosages were used during combinatorial infusions of
Fasudil and Lonafarnib (administered for a duration of
7 days) in mice (n = 4) as the drugs target independent
intracellular pathways. All dosages in ml were calculated
using; dosage (mg)/concentration (mg/ml) = dose x ml) and
were infused at a volume of 60 pl at a rate of 1 ul/min using saline
as a control vehicle.

To assess the efficacy of oral versus intraventricular drug
administration, we mixed 0.6 ml of 50 mg/kg Fasudil and
80 mg/kg Lonafarnib in baby porridge (Nestlé S.A., Vevey,
Switzerland) in 3xTg AD mice (n = 3). Intraventricular drug
infusions were more effective in reducing intraneuronal AP
accumulation in the dorsal subiculum (dSub) compared to
oral administration of the drugs (tss = 2.54, p = 0.0136,
unpaired two-tailed t-test; Supplementary Figure S4).

As Lonafarnib has previously been shown to increase the
2019),
immunolabelled for lysosomal associated membrane protein 1
(LAMP1) in 3xTg AD mice. LAMP1+ neurons in dSub were

more prominent in Lonafarnib infused (n = 4), compared to

activation of lysosomes (Hernandez et al, we

vehicle infused mice (n = 8), and overlapped with fibrillar OC +
amyloid plaques (Supplementary Figure S5).

Context-dependent spatial memory
testing

The basic training and testing protocol of the context-
dependent spatial memory task (Supplementary Figure S6) is
described in (Julian et al., 2015). In brief, starting 5 days before
the experiment, animals were taught to dig in a brain cup for a
food reward (Weetos choco, Nestlé S.A.) in their home cage by
providing them once daily with the reward gradually buried
deeper under ginger-scented bedding (1 g of ginger for every
100g of bedding) while being gradually food deprived to
maintain 90-95% of their free-feed weight.

Disoriented mice were trained to dig for buried food rewards
in two different chambers, one with square boundaries (4 x
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29.25cm) and with  circle boundaries (157 cm

circumference). All chambers were built out of rectangular

one

Legos (2 x lcm; Lego A/S, Billund, Denmark), and were
15 cm tall. Rewards were buried under ginger-scented bedding
in cups embedded in the chamber floors. Each chamber was
surrounded by the same distal cues for orientation. There were
four possible reward locations in each chamber, and the
rewarded location differed between the square- and circle-
chamber relative to the common reference frame provided by
the distal cues. Pilot experiments revealed that mice could
the
locations above chance after 8 trials. Therefore, the training

successfully ~ discriminate square and circle reward
phase consisted of four training trials per chamber per day for
2 days, with successive trials alternated across chambers (8 trials
total in the square-chamber and 8 trials total in the circle-
If a achieved  66.6%

performance during training, contextual memory was then

chamber). given mouse correct
tested in 4 testing sessions across 4 days, with 8 trials per session.

During each testing session, the first two trials consisted of
spatial memory being tested in the square- and circle-chamber
with rewards. In trials 3-6, spatial memory was tested in four
which

continuously ranged from most-square-like to most-circle-like:

chambers with morphed boundary geometry,
a pentagon (5 x 31.4 cm), a hexagon (6 x 26.16 cm), an octagon
(8 x19.6 cm), and a decagon (10 x 15.7 cm). During the final two
trials of each testing session (trials 7-8), the animals were again
tested in the square- and circle-chambers with rewards. The
order of the square-, circle-, and morphed-chambers across trials
in each session was randomized but was the same for each animal
on a given day’s session. If a given mouse achieved 66.6% correct
performance during testing, contextual memory was tested in an
ambiguous half-square half-circle context (the “Squircle”) (Julian
and Doeller, 2021).

During reward trials, mice were removed from the apparatus
and the trial ended after they had found the reward. During
unrewarded trials, they were removed, and the trial ended after
their first dig, or after 5 min (whichever came later). Chambers
were cleaned with ethanol after each trial to remove odor trails.
Dig locations and time spent in these locations were calculated
using ANY-maze video tracking system (Stoelting Europe) via an
overhead, centrally located camera (DMK 22AUC03 USB
2.0 monochrome industrial camera, The imaging Source
Europe, Germany).

Proteomic analysis of amyloid- and tau
concentrations in cerebrospinal fluid

The MILLIPLEX® MAP human A and tau magnetic bead
panel 4-plex ELISA kit (Millipore, Burlington, MA,
United States) and the Bio-Plex 200 System instrument
(Biorad, Hercules, CA, United States) were used to assess
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simultaneously the concentrations of AP, AP, total tau
(t-tau), and phosphorylated tau at Thrl81 (p-tau) in CSF
samples. The samples were undiluted and analyzed in
duplicates. The lower limit of quantification (LLOQ) for each
protein is shown in Supplementary Figure S7.

Tissue processing and
immunohistochemistry

lethal of
pentobarbital (100 mg/ml; Apotekforeningen, Oslo, Norway)

Mice were administered a dose sodium
and transcardially perfused with Ringer’s solution followed by
paraformaldehyde (PFA, 4%; Sigma-Aldrich) in 125mM
phosphate buffer (PB). Brains were extracted and fixed for a
minimum of 24 h in PFA at 4°C and transferred to a 2% DMSO
solution prepared in PB for 24 h at 4°C. Brains were sectioned
coronally at 40 um on a freezing-sliding microtome (Microm
HM430, ThermoFisher Scientific, Waltham, MA, United States).
An incision was made in the non-implanted hemisphere for
visualization of the control hemisphere. Immunohistochemical
processing was conducted on tissue, see (Bjorkli, 2019; Bjorkli
and Lagartos-Donate, 2022) for detailed protocols, and
Supplementary Table S1 for key resources.

that a differential

microtubule-associated protein 2 (MAP2) immunolabeling

Previous research has indicated
pattern can distinguish dense-core from diffuse amyloid
plaques using DAB (Sigma-Aldrich, St. Louis, MO,
United States) as a chromogen (D’Andrea and Nagele, 2002).
See (Bjorkli, 2022) for detailed protocol.

One series of each brain was dehydrated in ethanol, cleared in
xylene (Merck Chemicals, Darmstadt, Germany) and rehydrated
before staining with Cresyl violet (Nissl; 1 g/L) for 3 min to verify
probe placement. The sections were then alternatively dipped in
ethanol-acetic acid (5 ml acetic acid in 1L 70% ethanol) and
rinsed with cold water until the desired differentiation was
obtained, then dehydrated, cleared in xylene and coverslipped
with entellan containing xylene (Merck Chemicals).

Sections were scanned using a Mirax-midi slide scanner
(objective 20X, NA 0.8; Carl Zeiss Microscopy, Oberkochen,
Germany), using either reflected fluorescence (for sections stained
with a fluorophore) or transmitted white light (for sections
immunolabelled with Nissl DAB, or Gallyas-silver) as the light source.

Quantification of intraneuronal amyloid-
and tau, and amyloid plaques.

Series of sections were chosen randomly and coded to ensure
blinding to the investigators. The number of cells containing
intraneuronal A, tau, and amyloid plaques, in dSub and LEC of
3xTg AD mice infused with a vehicle or drugs was estimated with
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FIGURE 1

Inhibiting the Wnt-PCP pathway attenuated amyloid-p and tau pathology in early and late phase AD. (A) Intraneuronal APsg-4» (McSAL; red) in
dSub in 3xTg AD mice (n = 4) receiving infusions of a vehicle (i.e., saline). DAPI counterstain (blue). (B) ABzs-4» (McSAL; red) immunoreactivity in dSub
in 3xTg AD mice (n = 6) receiving infusions of Fasudil. DAPI counterstain (blue). (C) Mean number of AB+ neurons in dSub of 3xTg AD mice after
infusions of a vehicle and Fasudil. Intraneuronal Ap in dSub was quantified from at least 7 brain sections for each animal using Ilastik. Error bars
denote +1 SD, unpaired two-tailed t-test, *p < 0.05. (D) Amyloid plaques (amyloid fibrils OC; green) in dSub of 3xTg AD mice (n = 2) receiving
infusions of a vehicle. DAPI counterstain (blue). (E) Amyloid plaques (amyloid fibrils OC; green) in dSub of 3xTg AD mice (n = 4) receiving infusions of
Fasudil. DAPI counterstain (blue). (F) Mean number of amyloid plaques in dSub of 3xTg AD mice after infusions of a vehicle and Fasudil. Amyloid
plaques in dSub were quantified from at least 4 brain sections for each animal using llastik. Error bars denote +1 SD, unpaired two-tailed t-test, n. s
non-significant. (G) Mean size of amyloid plaques in dSub of 3xTg AD mice after infusions of a vehicle and Fasudil. Amyloid plaques in dSub were
quantified from at least 4 brain sections for each animal using Ilastik. Error bars denote +1 SD, unpaired two-tailed t-test, ****: p < 0.0001. (H) Mean
concentrations of duplicates of AP4o, AB42, p-tau and t-tau CSF levels (pg/ml) as measured by multiplex ELISA on the last day of infusion (day 14) of a
vehicle (n = 6) or Fasudil (n = 10) in young and older 3xTg AD mice. Error bars denote +1 SD, unpaired two-tailed t-test, ***: p < 0.001, **: p < 0.01, *:
p < 0.05. Abbreviations: Ap, amyloid-p; dSub, dorsal subiculum; iAB, intraneuronal AB; t-tau, total tau; p-tau, phosphorylated tau

Tlastik using the Density Cell Counting workflow (Berg et al., 2019). Statistics

dSub and LEC was delineated using cytoarchitectonic features in

sections stained with Nissl, based on The Paxinos & Franklin Mouse Effect size (Cohen’s D) was calculated based on initial
Brain Atlas (Paxinos and Franklin, 2004). The same surface area and experiments between animals infused with Fasudil and
rostrocaudal levels of each brain region was selected, and at least animals infused with a vehicle, and the resulting effects on
4 brain sections were used for each infused hemisphere. Damaged intraneuronal AP in dSub. Based on each group consisting of
regions of brain sections were excluded from analyses to avoid false- n = 2 animals, an effect size of 0.75 was calculated (0.8 is
positive antibody expression. considered a large effect size) (Cohen, 1992). Most of the
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dataset was normally distributed (Shapiro-Wilk test) and
therefore two-tailed, unpaired t-tests were used to compare
mean differences. For the minor parts of the dataset that was
not normally distributed, nonparametric statistical tests were
used (Mann-Whitney U). Statistical comparisons of behavioral
data across vehicle and drug infused mice were conducted based
on trial-wise pooling of data across mice separately for each
group. Behavioral performance in the morphed environments of
the context-dependent spatial memory task (Supplementary
Figure S6) was calculated as follows: dig in square-consistent
location = 1, dig in circle-consistent location = 0, dig in any other
location = 0.5. Context-consistency of reward locations was
determined relative to the common reference frame defined
by the distal cues shared across all contexts. We then assessed
whether performance in the morphed environments was
associated with more context-appropriate choices for animals
treated with a vehicle compared to drugs. All statistical tests and
graphs were made in Prism 9 (GraphPad Software Inc., CA,
United States).

Results

Fasudil treatment attenuated amyloid-f
and tau pathology in early and late phases
of the disease

First, we wanted to assess whether Fasudil (administered for a
duration of 14 days) would affect intraneuronal AP which is
1-month-of-age AD mice
S8A; Table S3).
Intraventricular administration of Fasudil in 6 months-old

present already at in 3xTg

(Supplementary  Figure Supplementary
3xTg AD mice reduced the number of AP+ neurons in dSub
as compared to vehicle infused mice (t;3 = 2.63, p = 0.0169,
unpaired two-tailed t-test; Figures 1A-C). We then went on to
assess the effect of Fasudil on amyloid plaques in 3xTg AD mice,
which accumulate at 13-months-of-age (Supplementary Figures
S8B,C; Supplementary Table S3). In older 3xTg AD mice
(14 months-old), Fasudil infusions moderately reduced the
number of dense-core amyloid plaques (Supplementary Figure
S9) in dSub as compared to vehicle infused mice (n.s.; Figures
1D-F). The size of amyloid plaques, on the other hand, was
effectively reduced in Fasudil, compared to vehicle, treated mice
(ty¢ = 4.69, p < 0.0001, unpaired two-tailed t-test; Figures
1D,E,G). We went on to conduct proteomic analyses to assess
CSF AP and tau levels following Fasudil treatment (Figure 1H).
On average across younger and older mice, Fasudil effectively
reduced CSF APy (ts = 5.96, p < 0.001, unpaired two-tailed t-test)
and Ay, levels (ts = 5.59, p < 0.01, unpaired two-tailed t-test).
Fasudil treatment also effectively reduced CSF p-tau levels (ts =
2.86, p < 0.05, unpaired two-tailed t-test), and moderately
reduced CSF t-tau levels (n.s.).
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Lonafarnib treatment attenuated amyloid-
B and tau pathology in early and late
phases of the disease

Similarly, we also wanted to assess whether Lonafarnib
(administered for a duration of 10 days) would affect AD-
related neuropathology present in early phases of AD.
Since previous research suggests that Lonafarnib can
reduce tau levels, we assessed not only early intraneuronal
AP but also early tau abnormalities following infusions.
Lonafarnib did not affect the number of AP+ neurons in
dSub in young 3xTg AD mice (Supplementary Figure S10).
the

(recognized by the MCI antibody) is not present in

Since earliest accumulation of non-fibrillar tau
3xTg AD mice until around 9-months-of-age in CAl
(Supplementary Figure S11; Supplementary Table S3), we
overexpressed human tau in LEC layer II (an area that
is early involved in NFT deposition in AD patients),
of 6 months-old 3xTg AD mice (Figure 2A). Lonafarnib
the of
neurons in LEC following injection of AAV-tau (n.s;
Figures 2B-D).

In older 3xTg AD mice (14 months-old), Lonafarnib
infusions effectively reduced the number of dense-core
that with

MC1 immunolabelling (Supplementary Figures S9, S12) in

infusions moderately reduced number tau+

amyloid plaques overlapped
dSub as compared to vehicle infused mice (t;4, = 3.86, p =
0.0017, unpaired two-tailed t-test; Figures 2E-G). The size of
amyloid plaques, on the other hand, was moderately increased
in Lonafarnib, compared to vehicle, treated mice (n.s.; Figures
2E,F,H). We then conducted proteomic analyses to assess CSF
AP and tau levels following Lonafarnib treatment (Figure 2I).
On average, across younger (injected with AAV-tau) and
older mice, Lonafarnib effectively reduced CSF A, (ts =
4.53, p < 0.01, unpaired two-tailed t-test) and t-tau levels (ts =
4.05, p < 0.01, unpaired two-tailed t-test). Lonafarnib
treatment moderately reduced CSF A4, (n.s.) and p-tau
levels (n.s.).

Combinatorial drug treatment effectively
attenuated Alzheimer's disease-related
pathology at the molecular and functional
level

reduce

Since both drugs AD-related

neuropathology, we wanted to assess their combinatorial

appeared  to

effects when administered for 7 days during earlier phases of
the disease (4-months-of-age). Since these mice were young, the
treatment effects on intraneuronal A in dSub were assessed,
without the possibility of assessing amyloid plaques or tau
pathology (Supplementary Table S3). Combinatorial treatment
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FIGURE 2

Induction of autophagy attenuated amyloid-p and tau pathology in early and late phase AD. (A) Schematic for the injection of AAV8 GFP-2a-
P301Ltau (AAV-tau) into LEC layer Il (GFP; green) of 3xTg AD mice (n = 4), and the proteins encoded in the viral construct. DAPI counterstain (blue). (B)
Conformation-specific tau (MC1; red) in LEC of 3xTg AD mice (n = 2) receiving infusions of a vehicle (i.e., saline). (C) Conformation-specific tau (MC1;
red) in LEC of 3xTg AD mice (n = 2) receiving infusions of Lonafarnib. (D) Mean number of tau + neurons in LEC of 3xTg AD mice after infusions

of a vehicle and Lonafarnib. Intraneuronal tau in LEC layer Il was quantified from at least 4 brain sections for each animal using llastik. Error bars
denote +1 SD, unpaired two-tailed t-test, n.s.: non-significant. (E) Amyloid plaques (amyloid fibrils OC; green) in dSub of 3xTg AD mice (n = 2)
receiving infusions of a vehicle. DAPI counterstain (blue). (F) Amyloid plaques (amyloid fibrils OC; green) in dSub of 3xTg AD mice (n = 2) receiving
infusions of Lonafarnib. DAPI counterstain (blue). (G) Mean number of amyloid plaques in dSub of 3xTg AD mice after infusions of a vehicle and
Lonafarnib. Amyloid plaques in dSub were quantified from at least 4 brain sections for each animal using llastik. Error bars denote +1 SD, unpaired
two-tailed t-test, **: p < 0.01. (H) Mean size of amyloid plaques in dSub of 3xTg AD mice after infusions of a vehicle and Lonafarnib. Amyloid plaques
in dSub were quantified from at least 4 brain sections for each animal using Ilastik. Error bars denote +1 SD, unpaired two-tailed t-test, n.s.: non-
significant. (I) Mean concentrations of duplicates of AB4o, AB42. p-tau and t-tau CSF levels (pg/ml) as measured by multiplex ELISA on the last day of
infusion (day 10) of a vehicle (n = 8) or Lonafarnib (n = 4) in young (injected with AAV-tau) and older 3xTg AD mice. Error bars denote +1 SD, unpaired
two-tailed t-test, **: p < 0.01. Abbreviations: GFP, green fluorescent protein; LEC, lateral entorhinal cortex; AAV, adeno-associated virus; dSub, dorsal
subiculum; t-tau, total tau; p-tau, phosphorylated tau

of drugs effectively reduced the number of Ap+ neurons in dSub Proteomic analyses of CSF A and tau levels (Figure 3D)
of mice (tgp = 4.66, p < 0.0001, unpaired two-tailed t-test; revealed that on average, combinatorial treatment effectively
Figures 3A-C). reduced CSF t-tau (t;op = 2.39, p < 0.05, unpaired two-tailed
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FIGURE 3

Combinatorial targeting of Wnt and mTOR pathways effectively attenuates neuropathology and context-dependent spatial memory deficits. (A)
Intraneuronal ABsg_42 (McSAL; red) in dSub in 3xTg AD mice (n = 4) receiving infusions of a vehicle (i.e., saline). DAPI counterstain (blue). (B) ABzg-4»
(McSAL; red) immunoreactivity in dSub in 3xTg AD mice (n = 4) receiving infusions of Fasudil and Lonafarnib. DAPI counterstain (blue). (C) Mean
number of AB+ neurons in dSub of 3xTg AD mice after infusions of a vehicle, or Fasudil and Lonafarnib. Intraneuronal Ap in dSub was quantified
from at least 7 brain sections for each animal using llastik. Error bars denote +1 SD, unpaired two-tailed t-test, ****p < 0.0001. (D) Mean
concentrations of duplicates of Ao, AP4z, p-tau and t-tau CSF levels (pg/ml) as measured by multiplex ELISA on the last day of infusion (day 7) of a
vehicle (n = 6) or Fasudil and Lonafarnib (n = 4) in young 3xTg AD mice. Error bars denote +1 SD, unpaired two-tailed t-test, *p < 0.05. (E) Mean
behavioral performance (% of trials with context-appropriate choices) in 3xTg AD mice infused with a vehicle (n = 3) or Fasudil and Lonafarnib (n = 4)
in the square- and circle-chambers. Error bars denote +1 SD, unpaired two-tailed t-test, n.s.: non-significant. (F) Percentage of trials with square
context-consistent digs in 3xTg AD mice infused with a vehicle (n = 3) or Fasudil and Lonafarnib (n = 4) in each of the four morphed environments,
ranging from most circle-like to most square-like in boundary geometry shape. (G) Mean behavioral performance (% of trials with context-
appropriate choices) in 3xTg AD mice infused with a vehicle (n = 3) or Fasudil and Lonafarnib (n = 4) in the Squircle context. Error bars denote +1 SD,
unpaired two-tailed t-test, n.s.: non-significant. Abbreviations: Ap, amyloid-p; dSub, dorsal subiculum; iAB, intraneuronal AB; t-tau, total tau; p-tau,

phosphorylated tau

t-test) and p-tau levels (t;o = 2.24, p < 0.05, unpaired two-tailed
t-test). Combinatorial treatment moderately reduced CSF Ao
4 levels (n.s.).

We then examined context-dependent spatial memory
(Supplementary Figure S6) in 3xTg AD mice at 4-months-of-
age, the same age as when cognitive deficits usually begin in this
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model (Billings et al., 2005), after vehicle and drug infusions.
Mice were trained to search for buried food rewards in two
different contexts, one square and one circle (more details can be
found in (Julian et al, 2015)). Animals infused with drugs
initially searched in context-appropriate reward locations
slightly more often than those infused with a vehicle. (n.s.;
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Figure 3E). We further examined contextual memory recall in
environments with progressive morphs of boundary geometry,
increasing the number of boundary walls from most square-like
to most circle-like. Compared to animals infused with a vehicle,
drug infused mice searched more often in context-consistent
reward locations (x> = 69.17, p < 0.0001; Pearson’s Chi-squared
test; Figure 3F). Furthermore, when contextual memory was
tested in an ambiguous half-square half-circle context (the
“Squircle”), mice infused with drugs were slightly more likely
to dig at a location previously associated with either the square or
circle, compared to locations not associated with any context, and
compared to control animals infused with a vehicle (n.s;
Figure 3G). Thus, combinatorial drug treatment led to an
improvement of cognitive deficits usually associated with
canonical AD.

Discussion

In this study we repurposed two FDA-approved drugs,
Fasudil and Lonafarnib, both targeting
biochemical cascades that halted the development of AD

independent

pathology in 3xTg AD mice. Treatment with Fasudil reduced
early intraneuronal AP, the number and size of amyloid plaques
in dSub, and CSF APy.4, and p-tau levels. Lonafarnib infusions,
on the other hand, did not affect intraneuronal AP but rather
reduced early non-fibrillar forms of tau after overexpression in
LEC layer II. Treatment with Lonafarnib also reduced the
number of amyloid plaques, but unexpectedly increased their
size in dSub, and only effectively decreased CSF AP, and t-tau
levels. Both drugs affected dense-core, rather than diffuse,
amyloid plaques, and the former is associated with microglial
activation, neurodegeneration, and cognitive decline in AD
patients (Knowles et al., 1999; DeTure and Dickson, 2019).
We found that novel combinatorial administration of these
drugs effectively reduced early intraneuronal A in younger
mice, led to reduced CSF A4y and p- and t-tau levels, and
improved context-dependent spatial memory. This type of
pattern completion is thought to depend on the normal
function of the hippocampus (Pilly et al., 2018; Hainmueller
and Bartos, 2020), a region that is compromised during early
phases of AD.

Our results following Fasudil infusions are in line with
previous reports of its efficacy in reducing A levels (Tang
and Liou, 2007; Herskowitz et al., 2013; Elliott et al., 2018;
Sellers et al., 2018). Similarly, our findings after Lonafarnib
treatment coincide with previous results of its efficacy to
reduce AD-related neuropathology (Hernandez et al,
2019). Our findings of larger amyloid plaques following
Lonafarnib treatment may be explained by reports of
diminished levels of regulatory proteins in the autophagic
system in older ages (Nixon and Yang, 2011; Menzies et al.,
2017), which may lead to increased sequestration of nearby
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AP peptides by amyloid plaques. Conversely, this finding
could be due to an increase in intracellular digestion,
resulting in a larger expansion of amyloid plaques
(D’Andrea et al., 2001).

The efficacy of the novel combinatorial treatment of both
drugs presented here aligns with several previous findings. Ap
has not only been shown to activate Wnt-PCP signaling through
Dkk1 (Bafico et al., 2001; Sellers et al., 2018), but also to increase
mTOR activity in 3xTg AD mice brain regions with high levels of
intraneuronal AP (Caccamo et al., 2010; Caccamo et al., 2011).
Activation of Wnt-PCP also leads to induction of GSK-3f which
contributes to the formation of tau pathology (Moon et al., 2004),
and which has been found to suppress autophagy via mTOR
complex 1 (mTORC1) and lysosomes (Azoulay-Alfaguter et al.,
2015). Thus, regulating the tightly-linked Wnt and mTOR
pathways (Yu et al.,, 2007) at early stages of AD has beneficial
therapeutic effects in AD mouse models.

Limitations of the study

There are potential limitations of this study that should be
considered while interpreting our results. We found that CSF t-tau
levels generally increased in the first few days of microdialysis
sampling, with lower, but still elevated levels at the end of drug
treatment. This is consistent with CSF t-tau concentrations
increasing in the first few days following injury (ie, probe
implantation in our experiments), then reduction over time
(Neselius et al,, 2012). However, we have previously shown that
long-term implantation of our microdialysis probes does not lead to
observable neuroinflammation in 3xTg AD mice (Bjorkli et al,
2021). In addition, intracerebral microdialysis is an invasive
technique, so it is currently only used in patients requiring
neurocritical care, neurosurgery, or brain biopsy (Marklund et al,
2009). A leaky BBB has often been found to precede amyloid plaque
formation in AD patients (Zenaro et al., 2017) and 3xTg AD mice
(Ujiie et al., 2003), and could therefor affect drug penetration in our
mice. Moreover, in our study and most preclinical translational AD
research, there is an increased focus on familial rather than sporadic
forms of AD. This limitation, however, should not detract from the
value of the current study and other studies using transgenic models,
as the continuums of sporadic and familial forms of AD are very
similar, except for age-of-onset (Holmes and Lovestone, 2002).

Conclusion and future directions

In this study, we repurposed, Fasudil and Lonafarnib, targeting
synaptic formation and autophagic pathways respectively, to test
their therapeutic potential for attenuating AD-related pathology. We
show that combinatorial treatment with both drugs was effective at
reducing intraneuronal AP and led to improved cognitive
performance in  mice. based on our

Importantly, own
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characterization of 3xTg AD mice, we demonstrate potential
timepoints for when it would be beneficial during the disease
continuum to target Wnt and autophagic pathways to attenuate
AD pathology. Targeting Wnt during early and late stages of the
disease effectively reduced AP, whereas targeting mTOR did not
affect AP levels at early stages of AD. Overexpression of tau in LEC
layer II was effectively reduced by Lonafarnib at early stages, but
treatment led to an increase in size of amyloid plaques at later stages
of AD. Combinatorial treatment of both drugs when 3xTg AD mice
start to display cognitive impairments not only reduced
intraneuronal AP, but also attenuated context-dependent spatial
memory deficits. Therefore, future studies should aim for
longitudinal combinatorial treatment starting before observable
deficits, while effect on AD
pathophysiology at later stages of the disease. Taken together,

cognitive examining  the
our findings lend support to the application of Wnt and mTOR
regulation to attenuate AD pathology at various therapeutic
timepoints in preclinical models.
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A Fasudil mechanism of action in the Wnt pathway B Lonafarnib mechanism of action in the
PI3K/Akt/mTOR pathway
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Supplementary Figure 1. Molecular action of Fasudil and Lonafarnib in the Wnt-PCP and
PI3K/Akt/mTOR pathway, respectively. (A) Schematic of the canonical Wnt and Wnt-PCP
pathways. AP has been shown to activate the Wnt-PCP pathway through the ability of AP to induce
Dkk1. Dkk1 then prevents the binding interaction between LRP6 and frizzled, activating Wnt-PCP
signaling and blocking canonical Wnt-p-catenin activity. In the Wnt-PCP pathway, the two arms
diverge below disheveled, acting via Daam1/RhoA/ROCK to regulate cytoskeletal dynamics and
INK/c-Jun to regulate gene transcription. Along the same arm of Wnt-PCP signaling acting via
Daam1/RhoA/ROCK, binding of a Wnt receptor to frizzled causes disheveled to inhibit the activity of
GSK-3B. The ROCK inhibitor Fasudil inhibits the arm of the Wnt-PCP pathway that promotes the
retraction of dendritic spines and synapses through Daam1/RhoA/ROCK. Figure adapted from Sellers
et al.!. Abbreviations; Daam1: disheveled associated activator of morphogenesis 1; Dkk1: Dickkopf-
1; GSK-3B: glycogen synthase kinase-33; JNK: c-Jun N-terminal kinase; LRP: low-density lipoprotein
receptor-related protein; PCP: planar cell polarity; RhoA: Ras homolog family member A; ROCK:
Rho-associated coiled-coil containing protein kinase; Wnt: Wingless-related integration site. (B)
Schematic of the PI3K/Akt/mTOR pathway. Activation of mTOR results in activation of
downstream components (i.e., 4EBP1 and p70S6K1). Lonafarnib works as a farnesyltransferase

! Sellers, K.J., Elliott, C., Jackson, J., Ghosh, A., Ribe, E., Rojo, A.L, et al. (2018). Amyloid B synaptotoxicity is Wnt-
PCP dependent and blocked by fasudil. Alzheimers Dement 14(3), 306-317. doi: 10.1016/j.jalz.2017.09.008.
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(farnesylation is a posttranslational modification of proteins) inhibitor which acts as an autophagic
inducer by inhibiting mTOR. The mechanisms of action involve Rheb and the PI3K/Akt/mTOR
pathway. Rheb acts downstream of TSC1/TSC2 and upstream of mTOR to regulate cell growth and
activates S6 kinase 1 during amino acid deprivation via mTOR. Abbreviations; mTOR: mammalian
target of rapamycin; Rheb: Ras homologue enriched in brain; PI3K: phosphatidylinositide 3-kinase;
Akt: protein kinase B; TSC1/2: tuberous sclerosis complex 1/2. Figure created with biorender.com.

Supplementary Figure 2. Verification of microdialysis guide cannula implantation in the lateral
ventricle. The microdialysis probe was successfully implanted in LV along the rostrocaudal axis in all
animals (n = 32). Stereotaxic coordinates: A/P: -0.1mm, M/L: +1.2mm, D/V: -2.75mm. Delineations
based on Paxinos & Franklin?. Abbreviations; LV: lateral ventricle; M1: primary motor cortex; M2:
secondary motor cortex; S1: primary somatosensory cortex.
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2 Paxinos, G., and Franklin, K.B. (2004). The mouse brain in stereotaxic coordinates. Gulf Professional Publishing.



Supplementary Figure 3. No lateralization of neuropathology in 3xTg AD mice.
Hyperphosphorylated pathological tau (ATS8; brown) in an 18-month-old, and Ap3s-42 (McSAT1; red)
and A4 (IBL AP42; green) in a 17-month-old 3xTg AD mouse (n = 2). Abbreviations; dSub: dorsal
subiculum; Sub: subiculum; CA: cornu ammonis.
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Supplementary Figure 4. The effect of intraventricular and oral administration of Fasudil and
Lonafarnib. Mean number of AB+ neurons in dSub of 3xTg AD mice after infusions of Lonafarnib
and Fasudil via intraventricular microdialysis (n = 4) or oral administration (n = 3). Intraneuronal A
in dSub was quantified from at least 7 brain sections for each animal using Ilastik. Error bars denote
+1 SD, unpaired two-tailed t-test, * p < 0.05. ). Abbreviations; iAf: intraneuronal amyloid-p.
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Vehicle dSub Lonafarnib dSub

Supplementary Figure 5. LAMP1 (lysosomal marker; purple) immunoreactivity (arrowheads) in
dSub in 14-month-old 3xTg AD mice receiving infusions of a vehicle (n = 2) or Lonafarnib (n = 4).
Abbreviations; dSub: dorsal subiculum; LAMP1: lysosomal associated membrane protein 1.
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Supplementary Figure 6. Context-dependent spatial memory task design. Mice were initially
taught to associate a specific reward location in a square and a circle context. The reward was buried
in one of four cups with ginger-scented bedding. A trial was assessed as correct if the mice dug in the

4



reward location associated with each chamber. If they passed the training phase (66.6% correct
digging), their contextual memory performance was tested in morph chambers: decagon (circle morph
1), octagon (circle morph 2), hexagon (square morph 1), and a pentagon (square morph 2). Mice were
tested in morph chambers for 4 days, with 8 sessions a day. If they were able to complete the morph
testing, they were tested in a Squircle chamber on the fifth day. Since the Squircle equally resembles a
square and a circle context, a trial was considered correct if the mouse dug either of the reward locations
attributable to the square- or circle context. Figure adapted by permission from Nora Cecilie Ebbesen.
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Supplementary Figure 7. LLOQ levels of CSF proteins. Lower limit of quantification (LLOQ) for
APao, APaz, t-tau, and p-tau from standard curves. Abbreviations; AfB: amyloid-; t-tau: total tau; p-tau:
phosphorylated tau.
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Supplementary Figure 8. Characterization of A in the brain of our 3xTg AD mouse colony. (A)
A11 (oligomeric AP specific; green) and NeuN (nuclei specific; red) immunoreactivity in the 3xTg AD
mouse model at 1-month-of-age. At this age, there is little-to-none A11 immunoreactivity in frontal
and sensory areas of the brain (left), as well as in the hippocampal and parahippocampal region (right).
(B) APss42 immunoreactivity in frontal cortex, sensory cortex, Sub, and EC in the 3xTg AD mouse
model at 1, 7 and 13 months of age. AB3s-42(McSAT1; red) and A4 (IBL AP42; green) immunoreactivity
in the 3xTg AD mouse model. Amyloid plaques immunoreactive to AfBss.42 (McSA1 antibody) are first
apparent at 13 months of age in subiculum. (C) APss.42 immunoreactivity in the 3xTg AD mouse model
at various ages in the dSub and LEC. APsg42 (McSAIl; red) and Afs (IBL AP42; green)
immunoreactivity in the 3xTg AD mouse model. According to the ABC scoring system, diffuse
amyloid plaques is scored in the cerebral cortex, hippocampus, striatum, midbrain, brainstem, and
cerebellum according to protocols established by Thal et al.? resulting in a Thal phase 0-5, which is
translated into the NIA-AA score of A0-A3. Amyloid plaques immunoreactive to AB3s.42 (McSAL
antibody) are first apparent at 13 months of age in dSub, whereas plaques immunoreactive to APz
(IBL Ap42 antibody) are first apparent at 15 months of age in dSub. Abbreviations; S1: primary
somatosensory cortex; S2: secondary somatosensory cortex; OIf: olfactory area; OC: orbital cortex;
PrL: prelimbic cortex; Cing: cingulate cortex; M1: primary motor cortex; M2: secondary motor cortex;
FC3: frontal cortex area 3; Ins: insular cortex; CA1-3: cornu ammonis field 1-3; Amy: amygdala; diEC:
dorsal intermediate entorhinal cortex; dIEC: dorsolateral entorhinal cortex; dSub: dorsal subiculum;
PER: perirhinal cortex. AB: amyloid-; Sub: subiculum; LEC: lateral entorhinal cortex.

3 Thal, D.R., Rub, U., Orantes, M., and Braak, H. (2002). Phases of A beta-deposition in the human brain and its
relevance for the development of AD. Neurology 58(12), 1791-1800. doi: 10.1212/wnl.58.12.1791.
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200pm

Supplementary Figure 9. Dense-core amyloid plaques after Fasudil and Lonafarnib infusions,
and depiction of associated microglial activation surrounding dense-core amyloid plaques. (A)
APss-42 (red; McSA1) staining for amyloid plaques (top panel) and microtubule-associated protein 2
middle panel; brown; MAP2). McSA1 and the absence of MAP2 staining colocalized (bottom panel),
confirming previous research indicating that MAP2 processes are absent within dense-core amyloid
plaques. (B) AB4> (IBL AP42; green) and Ibal (microglial marker; red) immunoreactivity in dSub at
11- and 13-months-of-age in the 3xTg AD mouse model. (C) ABss-42 (McSAL; red) and TREM2
(microglial receptor; green) immunoreactivity in dSub at 13-months-of-age. Abbreviations; AB:



amyloid-B; dSub: dorsal subiculum; Ibal: Ionized calcium-binding adapter molecule 1; TREM2:
triggering receptor expressed on myeloid cells 2.

Lonafarnib

200pm

Supplementary Figure 10. Intracellular Ap in dSub after Lonafarnib infusions. Lonafarnib did
not affect the number of intracellular ABss.42-positive neurons (McSA1; red) in dSub in 6-month-old
3xTg AD mice (n=2).
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Supplementary Figure 11. Characterization of tau in the brain of our 3xTg AD mouse colony.
(A) MAPT (HT7; red) and fibrillar AB (OC; green) immunoreactivity in the entire brain at 1-month-
of-age in 3xTg AD mice. (B) AT8 (detects phosphorylated tau proteins at serine 202 and threonine 205
residues; DAB) immunoreactivity in the 3xTg AD mouse at 13- and 17-months (M)-of-age. An ABC
score for NFTs is determined in the trans-entorhinal area, CA, fronto-parietal cortex, and primary
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visual cortex to generate a Braak stage*, which is translated into the NIA-AA score of B0-B3. Most
existing mouse models do not generate NFTs, so the National Institutes of Health (NIH) have
developed a modified B score for p-tau pathology, including distribution of cytoplasmic neuronal tau
such as pre-tangles and threads. (C) Gallyas-silver staining in the 3xTg AD mouse at 19-, 20- and 22-
months (m)-of-age. Abbreviations; S1: primary somatosensory cortex; S2: secondary somatosensory
cortex; OIf: olfactory area; OC: orbital cortex; PrL: prelimbic cortex; Cing: cingulate cortex; M1:
primary motor cortex; M2: secondary motor cortex; FC3: frontal cortex area 3; Ins: insular cortex;
CALl: cornu ammonis field 1; CA2: cornu ammonis field 2; CA3: cornu ammonis field 3; Amy:
amygdala; diEC: dorsal intermediate entorhinal cortex; dIEC: dorsolateral entorhinal cortex; dSub:
dorsal subiculum; PER: perirhinal cortex.

Supplementary Figure 12. MC1+ amyloiod plaques in 3xTg AD mice. Conformation—peciﬁc tau

e

(MC1; red) and fibrillar AP (OC; green) immunoreactivity in dSub at 13-months-of-age.

Abbreviations; dSub: dorsal subiculum.

Supplementary Table 1: Key resources

Reagent type Designation Information Identifiers/reference
(species) or
resource
Strain, strain 3xTg AD B6;129- MMRRC Strain #034830-
background Psen1™MPmTg(APPSwe,tauP3 | JAX; RRID:
(Mus musculus) 01L)1Lfa/Mmjax MMRRC 034830-MU;
PMID: 12895417
Strain, strain B6129 B6129SF2/] Strain #:101045;
background RRID:IMSR _JAX:101045
(Mus musculus)
Genetic reagent | AAV-CBA-GFP- | Viral Vector Core at Kavli Gifted by Bradley Hyman’s
(virus) 2A-P301L-Tau Institute for Systems lab, Harvard Medical
(serotype 8) Neuroscience; contact Dr School; PMID: 31249873

Raveendran,
rajeevkumar.r.nair@ntnu.no

4 Braak, H., and Braak, E. (1991). Neuropathological stageing of Alzheimer-related changes. Acta Neuropathol 82(4),

239-259.
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Antibody

Mouse anti-Ap

Targets the N-terminal amino

MediMabs Cat# MM-0015-

(McSA1)* acids 1-12 of human A 1P, RRID:AB 1807985
Antibody Anti-AP4 (rabbit | AP42 (pre-oligomers) Tecan (IBL) Cat# JP28051,
polyclonal)* RRID:AB 2341462
Antibody Anti-oligomer Soluble Aso/oligomeric ABs> | Thermo Fisher Scientific
Al1 (rabbit (prefibrils) Cat# AHB0052,
polyclonal) RRID:AB 2536236
Antibody Anti-amyloid Amyloid fibrils/fibrillar Millipore Cat# AB2286,
fibrils OC (rabbit | oligomers (protofibrils) RRID:AB 1977024
polyclonal)*
Antibody Anti-Ibal (mouse | Ionized calcium binding Abcam Cat# ab15690,
monoclonal) adaptor molecule 1 (Ibal) RRID:AB 2224403
Antibody Anti-TREM2 TREM?2 receptor Thermo Fisher Scientific
(rabbit Cat#t MA5-30971,
monoclonal) RRID:AB 2786636
Antibody Anti-MAP2 Microtubule-associated protein | Abcam Cat# ab183830,
(rabbit 2 RRID:AB 2895301; PMID:
monoclonal) 12083391
Antibody Anti-LAMP1 Lysosomal associated Sigma-Aldrich Cat# L1418,
(rabbit membrane protein 1 RRID:AB_477157
polyclonal)
Antibody Anti-phospho-tau | Tau phosphorylated at serine Thermo Fisher Scientific
ATS (mouse 202 and threonine 205 Cat# MN1020,
monoclonal) RRID:AB 223647
Antibody Anti-tau HT7 Recognized tauise.163 and does | Thermo Fisher Scientific
(mouse not cross-react with murine tau | Cat# MN1000,
monoclonal) RRID:AB 2314654; PMID:
1729400
Antibody Anti-tau MC1 Conformation specific, detects | Gifted by Peter Davies,
(mouse misfolded tau relevant to Department of Pathology,
monoclonal) tauopathy Albert Einstein College of
Medicine
Antibody Anti-NeuN (rabbit | Neuronal labelling Abcam Cat# ab177487,
monoclonal) RRID:AB 2532109
Antibody Goat anti-mouse | Secondary antibody Thermo Fisher Scientific
IgG (AF 657) Cat# A-21235,
RRID:AB 2535804
Antibody Goat anti-mouse | Secondary antibody Thermo Fisher Scientific
IgG (AF 546) Cat# A-11030,
RRID:AB 2534089
Antibody Goat anti-mouse | Secondary antibody Thermo Fisher Scientific
IgG (AF 488) Cat# A28175,
RRID:AB 2536161
Antibody Goat anti-rabbit Secondary antibody Molecular Probes Cat# A-

IgG (AF 488)

11008, RRID:AB 143165
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Antibody Goat anti-rabbit Secondary antibody Thermo Fisher Scientific

IgG (AF 546) Cat# A-11035,
RRID:AB 2534093

Chemical Fasudil Rho kinase inhibitor; Selleck Cat# S1573; PMID:

compound, drug Chemicals 29055813

Chemical Lonafarnib Farnesyltransferase inhibitor Cat# CAY11746-1 mg;

compound, drug with antitumor activity; PMID: 30918111

Cayman Chemical

Chemical DAPI (4°,6- Nuclear and chromosome Thermo Fisher Scientific

compound, drug | Diamidino-2- counterstain Cat# D1306,
Phenylindole, RRID:AB_2629482
Dihydrochloride)

Chemical Nissl (cresyl RNA labelling Bjorkli 2019 doi:

compound, drug | violet) https://protocols.io/view/ihc

-ad-neuropathology-
protocol-btbmniké.

Chemical Gallyas-silver Modified silver impregnation Bjorkli & Lagartos-Donate
compound, drug | staining of NFTs 2022 doi:
dx.doi.org/10.17504/protoco
Is.io.b44cqysw.
Chemical DAB Chromogen for detecting Bjorkli 2022 doi:
compound, drug antibodies dx.doi.org/10.17504/protoco
ls.io.b44fqytn.
Software GraphPad Prism, | Statistics and data visualization
version 9 software
Software Zeiss ZEN lite Microscope software
Software Ilastik Cell counting software PMID: 31570887
Software ANY-maze — Video tracking software
Stoelting Co.

* Labels amyloid plaques

Supplementary Table 2: Sample size for experimental conditions

Experimental condition 4 months-old | 6 months-old | 14 months-old
Fasudil treatment (n) 6 4
Lonafarnib treatment (n) 4% 2
Combinatorial treatment (n) 6"
Saline (vehicle) treatment (n) | 5° 6* 2

* 2 of these animals were injected with AAV-tau
* 3-4 of these animals underwent behavioral testing
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Supplementary Table 3: Characterization summary for our 3xTg AD mouse colony

Neuropathological
marker

Previous
characterizations>%’

Our characterization

Early intraneuronal Af

Present in CA1, amygdala
and neocortex at 4 months-
of-age>®

Present in frontal and sensory
cortex, hippocampus, and parts of
the cerebellum at 1 month-of-age
(Supplementary Fig. 8)

Amyloid plaques

Present in frontal cortex at 6
months-of-age>°

Present in dorsal subiculum at 13
months-of-age (Supplementary Fig.
8B, C). Presents as dense-core
amyloid plaques with surrounding
reactive microglia (Supplementary
Fig. 9) and MCI1 co-labelling
(Supplementary Fig. 12)

Early intraneuronal tau

Present in hippocampus and
amygdala at 1 month-of-
age’

Present in frontal and sensory
cortex, and hippocampus at 1
month-of-age. Early intraneuronal
tau decreased with aging
(Supplementary Fig. 11A)

Pre-tangles

Present in CA1 at 12-15
months-of-age>*

Present in CA1 and caudal
subiculum at 13 months-of-age
(Supplementary Fig. 11B)

Neurofibrillary tangles

Present in CA1 at 18
months-of-age>®

Present in dorsal subiculum, CA1
and entorhinal cortex at 18 months-
of-age, and present in entire brain
parenchyma by 22 months-of-age
(Supplementary Fig. 11C)

% 0ddo, S., Caccamo, A., Shepherd, J.D., Murphy, M.P., Golde, T.E., Kayed, R., et al. (2003). Triple-Transgenic Model
of Alzheimer's Disease with Plaques and Tangles. Neuron 39(3), 409-421.

¢ Billings, L.M., Oddo, S., Green, K.N., McGaugh, J.L., and LaFerla, F.M. (2005). Intraneuronal Abeta causes the onset
of early Alzheimer's disease-related cognitive deficits in transgenic mice. Ibid.45(5), 675-688. doi:
10.1016/j.neuron.2005.01.040.

7 Oh, K.-J., Perez, S.E., Lagalwar, S., Vana, L., Binder, L., and Mufson, E.J. (2010). Staging of Alzheimer's pathology in
triple transgenic mice: a light and electron microscopic analysis. International journal of Alzheimer's disease 2010,
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Abstract

One of the neuropathological hallmarks of Alzheimer’s disease (AD) is the accumulation of
amyloid-B (AB) plaques, which is preceded by intraneuronal build-up of toxic, aggregated AB
during disease progression. AP plaques are first deposited in the neocortex before appearing
in the medial temporal lobe, and tau pathology with subsequent neurodegeneration in the
latter anatomical region causes early memory impairments in patients. Current research
suggests that early intraneuronal AB build-up may begin in superficial layers of lateral
entorhinal cortex (LEC). To examine whether manipulation of neuronal activity of LEC layer Il
neurons affected intraneuronal AB levels in LEC and in downstream perforant path terminals
in the hippocampus (HPC), we used a chemogenetic approach to selectively and chronically
silence superficial LEC neurons in young and aged 3xTg AD mice and monitored its effect on
intraneuronal AB levels in LEC and HPC. Chronic chemogenetic silencing of LEC neurons led to
reduced early intraneuronal AB in LEC and in projection terminals in the HPC, compared with
controls. Early intraneuronal AP levels in the downstream HPC correlated with activity levels
in superficial layers of LEC, with the subiculum being the earliest subregion involved, and our
findings give evidence to early AD neuropathology originating in select neuronal populations.

1. Introduction

Alzheimer’s disease (AD) constitutes most dementia cases, and knowledge is still lacking
regarding the underlying factors that lead to the disease. The accumulation of
hyperphosphorylated, misfolded tau proteins into neurofibrillary tangles (NFTs), coupled with
deposition of amyloid-beta (AB) into extracellular plaques, are the two hallmark pathological
features of AD in the brain [1-4]. The pathophysiology of AD is marked by slowly progressing
abiotrophic neurodegeneration, which begins in the medial temporal lobes (MTLs), a region
known to be critical for learning and memory [5, 6]. The MTLs comprise the hippocampus
(HPC) along with the surrounding hippocampal region, including the entorhinal cortex (EC)
that serves as the primary interface for HPC-neocortex circuits [5, 7, 8].

AD neuropathology follows a hierarchical deposition pattern in anatomically and functionally
connected brain regions [3, 4]. In patients, the lateral EC (LEC) is an early region of neuronal
loss [9] and likely the brain area from where AD pathology invades other brain regions [10,
11]. Neurons in the superficial layers of LEC form synapses via the perforant pathway with all
hippocampal subregions, including the dentate gyrus (DG), cornu ammonis 1 and 3, and
subiculum (Sub). The encoding of various forms of memory [12, 13], but particularly
contextual memory [14], requires an intact EC-HPC circuit. It has remained elusive where toxic
intraneuronal A originates in the brain, but current research suggests that this build-up may
occur in superficial layers of EC during early stages of AD [11, 15, 16].

The presence of soluble, oligomeric intraneuronal AR is considered more neurotoxic
compared to the later-developed AB plaques during progression of AD [17-26]. Since the EC-
HPC circuit is affected [27-29], and intraneuronal AB is present in EC during early stages of the



disease, changes originating in EC could affect neuropathological development in
downstream perforant path terminals [30-34]. In this study we chronically silenced neuronal
activity of LEC layer Il neurons of young and aged 3xTg AD mice, by locally expressing
inhibitory designer receptors exclusively activated by designer drugs (DREADDs) in these
neurons. We subsequently activated the DREADDs by local infusions of the novel ligand
deschloroclozapine (DCZ) and examined its effect on early intraneuronal AB build-up in LEC
layer Il and downstream HPC by immunolabelling.

2. Methods

2.1. Animals
3xTg AD mice (MMRRC Strain # 034830-JAX; RRID: MMRRC_034830-MU; n = 27) and control
B6129 mice (Strain # 101045; RRID: IMSR_JAX:101045; n = 17) were included in these
experiments. 3xTg AD mice contain human transgenes for amyloid precursor protein (APP)
bearing the Swedish mutation, presenilin-1 (PSEN1) containing an M146V mutation, and
microtubule-associated protein tau (MAPT) containing an P301L mutation. The donating
investigators of the 3xTg AD mouse model has previously communicated to Jackson
Laboratories that male transgenic mice may not exhibit all phenotypic traits of AD [35].
Therefore, only female mice were included in these experiments. All housing and breeding of
animals 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
§§ 1-26, and the European Convention for the Protection of Vertebrate Animals used for
Experimental and Other Scientific Purposes (FOTS ID 21061). The animals were kept on a 12h
light/dark cycle under standard laboratory conditions (19-22 °C, 50-60 % humidity), and had
free access to food and water.

2.2.  Stereotactic viral injections
Mice were anaesthetized with isoflurane (4% induction and 1-3% maintenance, IsoFLo vet.,
Abbott Laboratories, Chicago IL, USA) and oxygen (0.3 - 0.4 %) in an induction chamber before
being transferred to a stereotaxic frame (David Kopf Instruments, California, USA) and placed
on a temperature-controlled heating pad (40.5 — 41 °C). Mice were administered analgesics
(Temgesic, Invidor UK, Slough, Great Britain [0.05-0.09 mg/kg], and Metacam, Boehringer
Ingelheim Vetmedica, Copenhagen, Denmark [0.05-0.15 mg/kg]) and a local anesthetic
(Marcain, Aspen Pharma, Ballerup, Denmark [0.03-0.18 mg/kg]) subcutaneously, and an
incision was made to expose the skull. To horizontally align the skull, the ventral distance
down to the stereotaxic landmarks bregma and lambda were assessed, and the medial-lateral
alignment of the skull was examined by comparing the ventral distance down to the
stereotaxic landmarks +1 mm laterally from the midline of the brain. A craniotomy was made
at 0.5 mm anterior to lambda and ~4 mm lateral (dependent on animal weight) to the midline.
A Hamilton microsyringe (Neuros 32-gauge syringe, 5 ul, Hamilton company, Nevada, USA)
was lowered vertically into the brain to a depth ~3.6 mm (dependent on animal weight) from
the surface, and 500-1000 nl of viruses was injected using a microinjector (Nanoliter 2010,



World Precision Instruments Inc., USA). We used the following adeno-associated viruses
(AAVs) for injections: AAV8 human M4 muscarinic (hM4) inhibitory DREADDs (hM4D;)-
mCherry (referred to as ‘AAV-hM4Di" hereafter) and AAV8 mCherry (referred to as ‘AAV-
mCherry’ hereafter), both with the calcium/calmodulin-dependent protein kinase (CaMKIl)
promoter to drive expression of the DREADD in excitatory cells only). AAVs were generated
by Dr. Nair at the Viral Vector Core Facility, at the Kavli Institute for Systems Neuroscience,
Trondheim, Norway. AAV-mCherry was injected into the contralateral hemisphere of the one
injected with AAV-hM4D; in a portion of the mice (n = 14). The microsyringe was kept in place
for 10 minutes prior to and after the injection, to minimize potential upward leakage of the
viral solution. Metacam was given within 24 hours post-surgery. Animals were implanted with
osmotic minipumps 6-7 days following injections.

2.3. Activation of inhibitory designer receptors
An Alzet osmotic minipump (model 1004, flow rate: 0.11 ul/hour, Durect Corporation,
California, USA) was primed with 100 pl DCZ (MedChemExpress, USA) [36] at a dosage of 100
ug/kg (or with sterile saline for controls), at 38°C in sterile saline for 48 hours prior to
implantation.

Following the same procedure as the viral injection surgery up until the target coordinate was
derived, mice were implanted with minipumps subcutaneously on the flank, slightly posterior
to the scapulae. A hemostat was inserted into the incision to make a pocket for the minipump
large enough to allow free movement of the animal (approximately 1 cm longer than the
minipump). For the implantation of the intracranial cannula attached to the minipump
(Durect Corporation, California, USA) a craniotomy was made at 0.1 mm posterior to bregma
and 1.2 mm lateral to the midline to target the lateral ventricle. The intraventricular cannula
was lowered into the brain to a depth 2.75 mm from the surface of the brain, attached to the
skull using superglue and dental cement (Dentalon Plus, Cliniclands AB, Trelleborg, Sweden),
while the catheter and minipump was secured under the skin with sutures. Analgesics were
repeated within 24 hours post-surgery.

2.4. Context-dependent spatial memory testing
To confirm functional silencing of LEC layer Il, we examined context-dependent spatial
memory (Supplementary Fig. 1) in mice with intraventricular infusions of DCZ or saline. The
basic training and testing protocol is also described in [37]. But in brief, disoriented mice were
initially trained to dig for buried food rewards (Weetos choco, Nestlé S.A., Vevey, Switzerland)
in two different chambers, one with square boundaries (4 x 29.25 cm) and one with circle
boundaries (157 cm circumference). All chambers were built out of rectangular Legos (2 x 1
cm; Lego A/S, Billund, Denmark), and were 15 cm tall. Rewards were buried under odor-
scented bedding in cups embedded in the chamber floors; the odor-masked bedding
consisted of 1 g of ground fresh ginger for every 100 g of bedding. Each chamber was
surrounded by the same distal cues for orientation. There were four possible reward locations



in each chamber, and the rewarded location differed between the square- and circle-chamber
relative to the common reference frame provided by the distal cues. The training phase
consisted of four training trials per chamber per day for 2 days, with successive trials
alternated across chambers (8 trials total in the square chamber and 8 trials total in the circle
chamber). If a given mouse achieved 66.6% correct performance during training, contextual
memory was then tested in 4 testing sessions across 4 days, with 8 trials per session. Four
3xTg AD mice with silenced LEC were unable to complete the training phase and were
therefore excluded from further analyses. During each testing session, the first two trials
consisted of spatial memory being tested in the square- and circle-chamber with rewards. In
trials 3-6, spatial memory was tested in four chambers with morphed boundary geometry,
which continuously ranged from most-square-like to most-circle-like: a pentagon (5 x 31.4
cm), a hexagon (6 x 26.16 cm), an octagon (8 x 19.6 cm), and a decagon (10 x 15.7 cm). During
the final 2 trials of each testing session (trials 7-8), the animals were again tested in the square
and circle chambers with rewards. The order of the square-, circle- and morphed-chambers
across trials in each session was randomized but was the same for each animal on a given
day’s session.

Dig locations and time spent in these locations were calculated using ANY-maze video tracking
system (Stoelting Europe) via an overhead, centrally located camera (DMK 22AUC03 USB 2.0
monochrome industrial camera, The imaging Source Europe, Germany). Animals had access
to water ad libitum but were maintained at 90-95 % of their free-feed weight to increase task
motivation.

2.5. Tissue processing
Animals were sacrificed after neuronal silencing and/or behavioral testing. The animals were
subjected to a novel object (Duplo Lego) 90 min prior to perfusions [38]. Mice were
administered a lethal dose of sodium pentobarbital and transcardially perfused with Ringer’s
solution followed by paraformaldehyde (PFA, 4 %, Merck Millipore, Darmstadt, Germany) in
125 mM phosphate buffer (PB). Brains were extracted and fixed for a minimum of 24 hours
in PFA at 4 °C and transferred to a 2 % dimethyl sulfoxide solution (VWR International, Radnor,
PA, USA) prepared in PB for at least 24 hours at 4 °C. Brains were sectioned coronally at 40
pum on a freezing sliding-microtome, and an incision was made in the contralateral
hemisphere of the one injected with the experimental virus to mark the control hemisphere.

2.6. Immunohistochemical processing
Immunolabeling for AB, reelin, mCherry, hM4 and cFos was conducted on tissue from all
animals. See [39-42] for detailed protocols, and Supplementary Table 1 for details regarding
the antibodies used. Sections were scanned using a Mirax-midi slide scanner (objective 20X,
NA 0.8; Carl Zeiss Microscopy, Oberkochen, Germany), using either reflected fluorescence (for
sections stained with a fluorophore) or transmitted white light (for sections stained with
Cresyl violet) as the light source.



2.7. Quantification of cFos+ and amyloid-B+ neurons

Series of sections were chosen randomly and coded to ensure blinding to the investigators.
The number of cells containing cFos and intraneuronal AB in LEC and HPC were estimated
with llastik [43] using the Density Cell Counting workflow. LEC and HPC was delineated using
cytoarchitectonic features in sections stained with Nissl, based on The Paxinos & Franklin
Mouse Brain Atlas [44]. The regions constituting the human MTLs are equivalent to the
hippocampal region in rodents, consisting of the HPC (CA1-3, DG, and Sub) and the adjacent
perirhinal, entorhinal, and parahippocampal cortices [45]. The same surface area and
rostrocaudal levels of each brain region was selected, and at least 4 brain sections containing
infused hemispheres were used for quantification. Damaged regions of brain sections were
excluded from analyses to avoid false-positive antibody expression.

2.8. Statistics

Effect size (Cohen’s D) was calculated based on initial experiments between animals injected
with experimental and control viruses and the resulting difference in LEC layer Il cFos+ cells.
Based on each group consisting of at least 4 animals, a large effect size of 1.57 was calculated
[46]. Most of the dataset displayed a normal distribution (Shapiro-Wilk test) and therefore
two-tailed, unpaired t-tests were used to compare mean differences. For the minor parts of
the dataset that was not normally distributed, nonparametric statistical tests were used to
compare means (Mann-Whitney U). All reported statistics were based on two-tailed
significance tests. Statistical comparisons of behavioral data across LEC-silenced and control
mice were conducted based on trial-wise pooling of data across mice separately for each
group. Behavioral performance in the morphed environments of the contextual memory task
was calculated as follows: dig in square-consistent location = 1, dig in circle-consistent
location = 0, dig in any other location = 0.5. Context-consistency of reward locations was
determined relative to the common reference frame defined by the distal cues shared across
all contexts. We then assessed whether performance in the morphed environments was
associated with more context-appropriate choices for control animals treated with a vehicle
compared to LEC-silenced animals. All statistical tests and graphs were made in Prism 9
(GraphPad Software Inc., CA, USA).

3. Results
3.1.  Verification of chronic neuronal silencing of lateral entorhinal cortex layer Il at
the molecular and functional level

We first verified neuronal silencing following injections of AAV-hMA4D; in LEC layer Il and
intraventricular DCZ infusions for 2-3 weeks (Fig. 1A, B; Supplementary Fig. 2A). Our
injections were limited to reelin-expressing principal neurons in LEC layer Il (Supplementary
Fig. 2B). Moreover, hM4 receptor labelling was present in LEC layer Il neurons infected with
AAV-hMA4D;, but not when infected with the control virus AAV-mCherry (Supplementary Fig.
2C). hM4 receptor labelling was also not present in LEC layer Il neurons infected with AAV-
hM4D; after saline infusions (Supplementary Fig. 2D). After injections of AAV-hM4D;, we



observed reduced cFos expression in LEC layer Il of 3xTg AD mice after DCZ (but not saline)
infusions (t = 19.43, p < .05, unpaired two-tailed t-test; Fig. 1C-E).

To confirm functional silencing of LEC layer Il, we examined context-dependent spatial
memory (Supplementary Fig. 1). Mice were trained to dig for buried food rewards in two
different contexts, one square and one circle. Mice with silenced LEC initially searched in
context-appropriate reward locations less often than controls (p < .05; Fischer’s exact test;
Fig. 1F). To confirm that this spatial memory impairment was due to disrupted contextual
processing, we further examined contextual memory recall in environments with progressive
morphs of boundary geometry, increasing the number of boundary walls from most square-
like to most circle-like. This type of pattern completion dependent behavior is thought to
depend on the normal function of the HPC [47, 48]. Compared to controls, mice infused with
DCZ searched less often in context-consistent reward locations (x2 = 24.13, p < 10%; Pearson’s
Chi-squared test; Fig. 1G). These effects are unlikely to be explained by domain general search
behavior, as response latency and movement speed did not differ between DCZ mice and
controls (data not shown). Thus, silencing of LEC layer Il neurons led to behavioral changes
associated with a dysfunctional EC-HPC circuitry [27-29].
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Figure 1. Chronic silencing of LEC layer Il attenuates neuronal activity. A) AAV-hM4D; (mCherry; red) injection
location in LEC layer Il of 3xTg AD mice. B) Higher magnification mCherry+ (red) LEC layer Il neurons in 3xTg AD
mice. C) cFos+ (green) LEC layer neurons following AAV-hMA4D; injections in LEC layer Il and intraventricular
infusions of DCZ for 2 weeks in 3xTg AD mice. D) cFos+ (green) LEC layer neurons following injections in LEC layer
Il and intraventricular infusions of saline for 2 weeks in 3xTg AD mice. E) Mean cFos+ LEC layer Il neurons in
infused and non-infused hemispheres (<4 brain sections) after AAV-hM4D; injections and DCZ (n = 25) or saline
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(n =9) intraventricular infusions. F) Mean behavioral performance (% of trials with context-appropriate choices)
in 3xTg AD mice with hM4D; in LEC layer Il and DCZ (n = 2) or saline (n = 2) infusions in the square and the circle
contexts. G) Percentage of trials with square context-consistent digs in 3xTg AD mice with hM4D; in LEC layer Il
and DCZ (n = 2) or saline (n = 2) infusions in each of the four morphed environments, ranging from most circle-
like to most square-like in boundary geometry shape. Abbreviations; AAV: adeno-associated virus; hM4D;:
human M4 muscarinic (hM4) inhibitory DREADDs; LEC: lateral entorhinal cortex; DCZ: deschloroclozapine. Error
bars denote +1 SD in panel E, and £1 SEM in panels F-G; * p < .05, *** p <.001.

3.2. Chronic neuronal silencing of lateral entorhinal cortex layer Il lowered
intraneuronal amyloid-f levels

Principal cells in LEC layer Il can be distinguished from nearby neuronal populations based on
their expression of the extracellular matrix glycoprotein reelin (Fig. 2A) [7]. Here we observed
that reelin was expressed more in dorsal compared to ventral portions of LEC layer Il (t =9.43,
p < .001, unpaired two-tailed t-test; Fig. 2A, D). Previous research suggests a link between
reelin+ LEC layer Il neurons and the build-up of toxic intraneuronal AB [10, 34], and we
observed that intraneuronal AB colocalized with reelin, and was similarly more abundant in
dorsal compared to ventral LEC layer Il neurons (t = 6.86, p < .0001, unpaired two-tailed t-
test; Fig. 2B, C, E). Therefore, we next examined whether LEC layer Il neuronal silencing
affected intraneuronal AB build-up in the same population of neurons. We observed less
intraneuronal AB in LEC layer Il neurons infected with AAV-hM4D; and infused with DCZ than
when infused with saline (t=3.52, p <.01, unpaired two-tailed t-test; Fig. 2F-H), but no change
in reelin levels of these same neurons (Supplementary Fig. 3A). Within 3xTg AD mice with
silenced LEC layer Il, we observed reduced intraneuronal AB in LEC layer Il neurons to a greater
degree in the hemisphere injected with AAV-hM4D; compared to the contralateral non-
injected/injected with AAV-mCherry hemisphere (Supplementary Fig. 3B).
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Figure 2. Targeted silencing of reelin-expressing LEC layer Il results in reduced intraneuronal AB levels. A)
Expression of reelin (blue) in the dorsal-ventral gradient of LEC layer Il neurons. B) Expression of intraneuronal
AB (McSA1 antibody; orange) in the dorsal-ventral gradient of LEC layer Il neurons. C) Co-expression of reelin
(blue) and intraneuronal AB (orange) in the dorsal-ventral gradient of LEC layer Il neurons. D) Bar graph
displaying mean reelin+ LEC layer Il neurons in dorsal and ventral LEC layer Il (<4 brain sections). E) Bar graph
displaying mean intraneuronal AR+ LEC layer Il neurons in dorsal and ventral LEC layer Il (<4 brain sections). F)
Expression of intraneuronal AB (orange) in LEC layer Il hM4Di-infected neurons following DCZ infusions (n = 25).
G) Expression of intraneuronal AB (orange) in LEC layer Il hM4D;-infected neurons following saline infusions (n =
9). H) Bar graph displaying mean intraneuronal AB+ LEC layer Il neurons in infused and non-infused hemispheres
(<4 brain sections) after injections of AAV-hM4D; and DCZ (n = 25) or saline (n = 9) intraventricular infusions.
Abbreviations; LEC: lateral entorhinal cortex; iAB: intraneuronal amyloid-B; DCZ: deschloroclozapine. Error bars
denote +1 SD; ** p <.01, *** p <.001, **** p <.0001.

3.3.  Chronic silencing of lateral entorhinal cortex layer Il lowered intraneuronal
amyloid-B levels in hippocampal terminal fields

We next tested whether chronic LEC layer Il neuronal silencing reduced early intraneuronal
AB presence in its projection terminals in HPC, specifically in those subregions of the HPC
known to exhibit AB pathology in patients (i.e., dSub, CA1 and Sub) [4]. Chronic LEC layer Il
neuronal silencing reduced intraneuronal AB in projection terminals in the HPC broadly (t =
2.87, p <.01, unpaired two-tailed t-test; Fig. 3A-E). As expected, injections of AAV-hM4D; into
LEC layer Il followed by saline infusions did not cause a reduction of intraneuronal AB in the
HPC (n.s.; Fig. 3F-J). We also found no change in intraneuronal AB levels in downstream HPC
when the length of inhibition was 2 or 3 weeks (n.s.; Supplementary Fig. 3C). Within HPC of
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young 3xTg AD mice (2-months-old), intraneuronal AB was reduced in all subregions after LEC
layer Il silencing, with the greatest reduction observed in ventral Sub (t = 3.99, p < .01,
unpaired two-tailed t-test; Fig. 3D, K). In older 3xTg AD mice (4- and 6-months-old),
intraneuronal AB was reduced in all subregions after silencing, but CA1 (4-months-old: t =
2.72, p < .05, unpaired two-tailed t-test; Fig. 3A-C) and dorsal Sub (4-months-old: t=2.67, p
<.05; 6-months-old: t = 3.08, p < .05, unpaired two-tailed t-tests; Fig. 3A-C) displayed greater
reduction (Fig. 3L, M).
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Figure 3. Reduced expression of intraneuronal AB in downstream HPC following LEC layer Il neuronal silencing.
A) Macro-view of the expression of intraneuronal AB (McSA1 antibody; orange) in the dorsal HPC of 3xTg AD
mice with silenced LEC layer Il and DCZ infusions. B) Higher magnification view of intraneuronal AB expression
(orange) in dorsal Sub and CA1l of 3xTg AD mice with silenced LEC layer Il and DCZ infusions. C) Higher
magnification view of intraneuronal AB expression (orange) in CA1/3 and DG of 3xTg AD mice with silenced LEC
layer Il and DCZ infusions. D) Higher magnification view of intraneuronal AB expression (orange) in ventral Sub
of 3xTg AD mice with silenced LEC layer Il and DCZ infusions. E) Box plots showing mean intraneuronal AR+
neurons in HPC following injections of either AAV-hM4D; (n = 25) or AAV8 mCherry (n = 8) with DCZ infusions.
Each dot represents a brain section containing the hippocampal subregions, and sections spanned the same
rostro-caudal level for both AAV-hM4D; and AAV-mCherry injections. F) Macro-view of the expression of
intraneuronal AB (McSA1 antibody; orange) in the dorsal HPC of 3xTg AD mice with LEC layer Il AAV-hM4D;
injections and saline infusions. G) Higher magnification view of intraneuronal AB expression (orange) in dorsal
Sub of 3xTg AD mice with LEC layer Il AAV-hMA4D; injections and saline infusions. H) Higher magnification view
of intraneuronal AB expression (orange) in CA1/3 and DG of 3xTg AD mice with LEC layer Il AAV-hM4D; injections
and saline infusions. 1) Higher magnification view of intraneuronal AR expression (orange) in CA1 and ventral
Sub of 3xTg AD mice with LEC layer Il AAV-hMA4D; injections and saline infusions. J) Box plots showing mean
intraneuronal AR+ neurons in HPC following injections of either AAV-hM4D; (n = 9) or AAV8 mCherry (n = 6) with
saline infusions. Each dot represents a brain section containing the hippocampal subregions, and sections
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spanned the same rostro-caudal level for both AAV-hM4D; and AAV-mCherry injections. K) Box plots showing
mean intraneuronal AR+ neurons in hippocampal subregions (dSub, vSub, CA1) and LEC in 2-month-old 3xTg AD
mice after AAV-hM4D; injections and DCZ (n = 8) or saline (n = 2) infusions. L) Box plots showing mean
intraneuronal AB+ neurons in hippocampal subregions (dSub, vSub, CA1) and LEC in 4-month-old 3xTg AD mice
after AAV-hM4D; injections and DCZ (n = 11) or saline (n = 3) infusions. M) Box plots showing mean intraneuronal
AB+ neurons in hippocampal subregions (dSub, vSub, CA1) and LEC in 6-month-old 3xTg AD mice after AAV-
hMA4D; injections and DCZ (n = 5) or saline (n = 2) infusions. Abbreviations; dSub: dorsal subiculum; DG: dentate
gyrus; CA: cornu ammonis; iAB: intraneuronal amyloid-B; dHPC: dorsal hippocampus; DCZ: deschloroclozapine;
hM4D;: human M4 muscarinic (hM4) inhibitory DREADDs; vSub: ventral subiculum; LEC: lateral entorhinal
cortex; sal: saline. Error bars denote +1 SD; ** p <.01; ; * p <.05; ns: non-significant.

4. Discussion
To examine whether intraneuronal AB build-up correlated with neuronal activity levels, we
silenced LEC layer Il neuronal activity in 3xTg AD mice. This was done by targeted AAV-hM4D;
injections into LEC layer Il followed by intraventricular infusions of the novel DREADD ligand
DCZ. We opted to use DCZ rather than the conventionally used clozapine N-oxide (CNO)
ligand, since the former ligand does not convert to clozapine and has a higher affinity to
DREADDs [36]. Neuronal silencing caused context-dependent spatial memory deficits,
indicating a functional role of LEC layer Il neurons in cognitive functions known to be impaired
early during AD progression in patients. Moreover, chronic inhibition of LEC layer Il caused a
reduction of intraneuronal AB levels within LEC neurons. Critically, chronic LEC layer I
neuronal silencing also caused a reduction of intraneuronal AR levels in the subregions CA1
and Sub of the HPC, suggesting that activity levels in LEC affected intraneuronal AB in
projections terminals in the HPC. The first subregion of the HPC that displayed reduced
intraneuronal A levels after neuronal silencing was the Sub. Together, these results suggest
that intraneuronal AB build-up in LEC layer Il and its perforant path terminals is regulated by
neuronal activity.

It has previously been suggested that toxic intraneuronal AP build-up can appear in multiple
brain regions simultaneously, before it encompasses the majority of association cortex [3, 4,
49, 50]. Alternatively, toxic AB may propagate in a cell-to-cell manner, consistent with the
observation that the protein is found intracellularly [17, 51, 52]. However, neuroimaging and
autopsy studies of AD patients have not pinpointed a precise anatomical origin of
intraneuronal A build-up. Animal studies have begun to shed light on the potential origin of
early intraneuronal AP build-up in the brain. Specifically, it has been shown that APP
mutations, of which can cause increased AB production [53], can be transported
anterogradely via perforant path projections from superficial layers of EC to DG in rats [54],
resulting in high levels of soluble AB peptides and plaque deposits in DG [55]. Recent findings
suggest that lowered levels of reelin in LEC layer Il principal neurons led to reduced
intraneuronal AB in these neurons, as well as in projection terminals in the HPC [10]. This is
in line with our current findings, which provide evidence of activity-dependent changes in
intraneuronal A build-up in the EC-HPC circuit.
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In AD patients, extracellular AB plaques are usually first deposited in the neocortex, before
appearing in MTL regions, such as the EC and the HPC [4]. In our experiments we did not
observe intraneuronal AB in the DG of 3xTg AD mice, and this contrasts with reports from the
traditional perforant path projections between LEC layer Il and the molecular/granular cell
layers of the DG [56]. However, the DG is usually spared for neuropathological deposits in
experimental models and patients until very late stages of AD [4, 24, 35, 57]. This provides an
explanation as to why manipulation of activity levels in LEC layer Il did not affect intraneuronal
AB in the DG of 3xTg AD mice. Our findings of intraneuronal AB in CA1 can be explained by
direct projections between LEC layer Il and CA1, which bypasses the DG [58], the vulnerability
of the EC-CA1 circuitry to neurodegeneration during AD [59, 60], or the first presentation of
AB plaques appearing in CA1 of unmanipulated 3xTg AD mice [24].

Since aging is the major risk factor for developing sporadic AD, the disease pathology may be
linked to the degradation of cellular clearance systems [11, 61, 62]. In line with this, previous
reports suggest that deficits in the autophagic pathway are associated with AD progression
and lead to an increase in intraneuronal AB aggregates [63, 64]. We observed lowered
intraneuronal AB levels after LEC layer Il neuronal silencing even in very young 3xTg AD mice,
and this could also be explained by hyperactivity in this brain region early in the disease
progression [65]. Neuronal hyperactivity in the HPC has been shown to induce AR pathology
in mouse models [66, 67] and patients [68] with AD. In our experiments, the Sub was the first
hippocampal subregion to display changes in intraneuronal AB after chronic LEC layer Il
silencing. The Sub is of high interest in the field, as it acts as a gateway between the neocortex
and HPC [69, 70] and is affected early by AB pathology [71, 72]. Moreover, previous work has
shown that lesions to the Sub resulted in reduced spreading of AP to interconnected regions
in mice. However, the phasing of hippocampal subfield involvement in toxic intraneuronal AB
build-up needs to be investigated further. In summary, we show that early intraneuronal AB
levels in the LEC and HPC correlated with activity levels, and our findings give evidence to
early AD neuropathology originating in select neuronal populations.
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Supplementary Figure 1. Context-dependent spatial memory task design. Mice were initially taught to
associate a specific reward location in a square- and a circle-chamber. The reward was buried in one of four cups
with ginger-scented bedding. A trial was assessed as correct if the mice dug in the reward location associated
with each chamber. If they passed the training phase (66.6% correct digging), their contextual memory
performance was tested in the following morph chambers: a decagon (circle morph 1), an octagon (circle morph
2), a hexagon (square morph 1), and a pentagon (square morph 2). Mice were tested in the morph chambers for
4 days, with 8 sessions a day.
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Supplementary Figure 2. Verification of intraventricular cannula implantation and AAV-hMA4D; injections in
LEC layer II. A) Intracranial cannula implantation site in the lateral ventricle of a 3xTg AD mouse visualized by
DAPI nucleic staining (blue). The intracranial cannula was connected to an osmotic minipump via a catheter that
allowed for the continuous and controlled infusion of either DCZ or saline for 2-3 weeks. B) Co-labelling of reelin
(marker for principal fan cells) and mCherry following AAV-hM4D; injections into LEC layer Il. C) Left: Expression
of hM4 receptors (green) and mCherry (red) after AAV-hMA4D; injections in LEC layer Il and DCZ infusions. Right:
Lack of hM4 receptor expression (green), but not mCherry (red) after AAV-mCherry injections in LEC layer Il and
DCZ infusions. D) Lack of hM4 receptor expression (green) after AAV-hM4D; injections (mCherry; red) in LEC
layer Il and saline infusions. Abbreviations; LEC: lateral entorhinal cortex; hM4D;: modified inhibitory human
muscarinic G-protein coupled receptor 4; hM4: human M4 muscarinic (hM4) inhibitory DREADDs; DCZ:
deschloroclozapine.
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Supplementary Figure 3. Supplementary effects of LEC layer Il neuronal silencing in 3xTg AD mice. A) Bar graph
displaying mean intraneuronal reelin levels in LEC layer Il neurons (<4 brain sections) after AAV-hM4D; injections
and DCZ (n = 2) and saline (n = 2) infusions. B) Bar graph displaying mean intraneuronal AB+ LEC layer Il neurons
in infused and non-infused hemispheres (<4 brain sections) after AAV-hM4D; injections and DCZ (n = 25)
infusions (t = 5.24, p < .01, unpaired two-tailed t-test). C) Box plots showing mean intraneuronal AB+ LEC layer
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Il neurons after AAV-hM4D;injections and DCZ infusions for 2 (n = 21) or 3 (n = 4) weeks. Each dot represents a
brain section containing the hippocampal subregions, and sections spanned the same rostro-caudal level for

both AAV-hM4D; and AAV-mCherry

injections. Abbreviations; iAB:

intraneuronal amyloid-B; DCZ:

deschloroclozapine. Error bars denote +1 SEM in panel A, and 1 SD in panels B-C; **: p <.01.

Supplementary Table 1: Antibodies used in experiments

Antibody
Mouse anti-AB (McSA1)

Mouse anti-reelin

Mouse anti-mCherry
Rabbit anti-hM4

Rabbit anti-cFos

Target

Targets the N-terminal amino
acids 1-12 of human AB
Targets the extracellular
matrix glycoprotein reelin
Targets mCherry fluorescence
Targets human muscarinic
receptor 4

Targets the cFos immediate-
early gene
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Identifier

MediMabs Cat# MM-0015-
1P, RRID:AB_1807985
Millipore Cat# MAB5364,
RRID:AB_2179313
Clontech Cat# 632543

Abcam Cat# ab189432

Abcam Cat# ab208942,
RRID:AB_2747772
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