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Summary

Due to the aging world population, the number of people that are suffering from
Alzheimer’s Disease (AD), a severe neurodegenerative disorder leading to dementia, is
expected to dramatically increase, putting a large economic and societal burden. In AD,
an accumulation of both toxic amyloid-beta (AB) aggregates and neurofibrillary tau
tangles disrupts neuronal function, leading to severe cognitive deficits and behavioral
alterations, which eventually results in the need for 24-hour care. AD is characterized by
a long preclinical phase, where the progressive accumulation of AB and tau interferes
with synaptic function and network activity, without causing cognitive symptoms.
Moreover, recent studies have demonstrated that synaptic dysfunction, induced by
soluble AB monomers and oligomers, already occurs before AB-plagues are present in
the brain. Network alterations resulting from these synaptic changes can be reliably
detected with methods as resting-state functional MRI. In addition, early network
imbalance has been demonstrated to drive disease progression in AD. Methods which
could reliably detect this synaptic dysfunction, such as resting state functional MRI,
might be valuable biomarkers for AD. Therefore, researchers hypothesize that
restoration of the network imbalance at early stages of the disease could slow down or
stop the disease progression of AD. However, insights into the disease mechanisms
underlying presymptomatic network dysfunction are still lacking. Investigation of
network dysfunction during different behavioral states could provide valuable insights
into which neuronal systems are affected at the presymptomatic stages of disease. And
maybe in the future, by targeting these affected systems, an effective disease-modifying
treatment could be developed. In this thesis we aimed to evaluate if whole brain
network activity and hippocampal oscillatory activity is altered at pre- and early-
plaque stages of AD and how this is linked to histopathological AD-related alterations
and behavioral disturbances. For this purpose, we used a multimodal approach where
we obtained results from resting state functional MRI, in vivo hippocampal

measurements of neuronal activity in freely behaving animals and ex vivo histological
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analysis. We investigated pre- and early-plaque stages of AD, using the TgF344-AD rat
model, which displays all phenotypical hallmarks of AD.

First, we investigated how spatial and temporal properties of recurrent patterns of brain
activity are altered in TgF344-AD rats, by using resting state functional MRI and quasi-
periodic pattern analysis. We observed that during the pre-plaque stage, before AB-
plaques and tau accumulations are present in the brain, large differences in spatial
activation occur in the TgF344-AD rats compared to wild-type littermates. A decreased
co-activation between several regions of the default mode-like network (DMLN) and the
basal forebrain (BFB) was observed, suggesting a disconnection between the subcortical
and cortical areas of the DMLN in TgF344-AD rats. In addition, we observed that activity
within the BFB preceded the activity in regions of the DMLN in wildtype littermates, but
not in TgF344-AD rats, suggesting altered basal forebrain function at the pre-plaque
stage. Interestingly, these changes in network activity coincided with increased
astrocyte abundance limited to several nuclei of the BFB in TgF344-AD rats, suggesting
an important role of BFB neuroinflammation on whole-brain network activity. During
the early-plaque phase, spatial and temporal properties of quasi-periodic patterns in
TgF344-AD rats were more similar to wild-type littermates, and the astrogliosis in the
basal forebrain was diminished. These findings suggest that compensatory mechanisms
are at play during the early-plaque phase, which partially restore the network imbalance
observed at the pre-plaque stage.

Secondly, we investigated how neuronal activity within the hippocampus, a region
important for learning and memory, was altered during these presymptomatic stages of
AD. We evaluated circadian rhythmicity, sleep architecture and hippocampal function
during the pre- and early-plaque stages of AD in TgF344-AD rats. During the pre-plaque
stage, we have observed decreased REM bout length, suggestive of REM sleep
fragmentation in TgF344-AD rats. In addition, several electrophysiological correlates of
memory function, such as the power of gamma oscillations and theta-gamma coupling,
were found to be altered in TgF344-AD rats. Interestingly, during the early-plaque phase
we observed a partial functional recovery of hippocampal oscillations and REM bout

length in TgF344-AD rats, which coincided with an increase in the number of cholinergic



synapses in several hippocampal regions. The partial recovery of hippocampal function
and behavior suggests that the cholinergic sprouting which originates from the BFB
could be an important compensatory mechanism during the early-plaque stage of AD.
In a next study we further validated that hippocampal function during the pre-plaque
stage was altered while animals are awake and exploring a novel environment. We
observed altered hippocampal oscillatory activity at the pre-plaque stage, which
coincided with increased anxiety in TgF344-AD rats compared to wild-type littermates.
Thirdly, we aimed to investigate the effects of modulating cholinergic signaling on the
functional connectivity in whole-brain networks. We observed that activation of
cholinergic neurons in the nucleus basalis of Meynert, one of the cholinergic regions
affected in AD, induced a decrease in functional connectivity in the DMLN, clearly
demonstrating the importance of BFB cholinergic signaling in the modulation/regulation
of the DMLN. Moreover, it provides important evidence that chemogenetic tools could
be a method to selectively activate specific neuronal populations, to counteract network
imbalances during early stages of AD and thereby altering the disease course of AD.

In conclusion, the results presented in this thesis demonstrate that during pre-plaque
stages of AD, alterations in network function and hippocampal function can be observed
in TgF344-AD rats, which are associated with soluble AB pathology, astrogliosis in the
BFB and impaired BFB function. Moreover, cholinergic compensatory mechanisms are
at play during the early-plaque stage, which partially recover hippocampal network
activity and whole-brain network activity in TgF344-AD rats. Finally, the results of this
thesis suggest that activation of cholinergic neurons in the nucleus basalis of Meynert
using chemogenetic tools could be a valuable technique to counteract network

imbalances during the presymptomatic stages of AD.
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Samenvatting

Door de vergrijzing van de bevolking zal het aantal mensen dat lijdt aan de ziekte van
Alzheimer (AD) in de toekomst drastisch toenemen. AD is een ernstige
neurodegeneratieve aandoening die leidt tot dementie. Dementie wordt gekenmerkt
door cognitieve- en gedragsproblemen die ertoe zullen leiden dat personen niet meer
voor zichzelf kunnen zorgen en professionele 24-uurs zorg nodig hebben, wat een grote
economische en maatschappelijke last met zich meebrengt.

In AD is er een opstapeling van toxische amyloide-beta (AB)-aggregaten en
neurofibrillaire tau-kluwen in de hersenen, die de normale neuronale functie ernstig
verstoren. De ziekte wordt gekenmerkt door een lange preklinische fase, waarin de
progressieve accumulatie van AB en tau de synaptische functie en netwerkactiviteit
verstoort, zonder symptomen te veroorzaken. Recente studies hebben aangetoond dat
deze synaptische disfunctie, geinduceerd door oplosbare AB-monomeren en -
oligomeren, al optreedt voordat er AB-plaques in de hersenen aanwezig zijn. Methoden
die deze synaptische disfunctie op betrouwbare wijze kunnen detecteren, zoals resting-
state functionele MRI (rsfMRI), kunnen waardevolle biomarkers zijn voor AD. Bovendien
is aangetoond dat de disbalans in netwerkactiviteit, veroorzaakt door synaptische
disfunctie, het ziekteproces versnelt. Onderzoekers vermoeden dat het herstellen van
de balans in netwerkactiviteit tijdens vroege stadia van AD het ziekteverloop zou kunnen
vertragen of zelfs stoppen. Echter, de ziektemechanismen die aan de basis liggen van
deze presymptomatische netwerkdisfunctie zijn nog niet bekend. Onderzoek om te
achterhalen welke neuronale systemen zijn aangetast in de presymptomatische stadia
van de ziekte is noodzakelijk en zou in de toekomst kunnen leiden tot nieuwe
therapeutische behandelingen.

De hippocampus is een gebied in de hersenen dat belangrijk is voor hetgeheugen.
Wanneer men wakker is, zorgt de hippocampus ervoor dat nieuwe herinneringen
aangemaakt worden. Tijdens slaap worden deze nieuwe herinneringen versterkt of
verzwakt, een proces dat geheugenconsolidatie wordt genoemd. Beschadiging van de

netwerken in de hippocampus leidt tot geheugenaandoeningen, zoals die aanwezig zijn



bij personen die lijden aan AD. De hippocampus is een van de eerste hersenregio’s die
aangetast zijn in AD, waardoor geheugenproblemen hier de eerste kenmerken van zijn.
Het is echter nog niet bekend hoe de netwerkfunctie in de hippocampus is aangetast
tijdens vroege stadia van de ziekte.

In dit proefschrift onderzochten we hoe de activiteit van verschillende hersennetwerken
en de neuronale activiteit in de hippocampus verandert in pre- en vroege-plaquestadia.
Daarnaast onderzochten we hoe deze veranderingen verband houden met
histopathologische AD-gerelateerde veranderingen en gedragsveranderingen. Daarvoor
hebben we een multimodale benadering gebruikt waarbij we rsfMRI, in vivo metingen
van neuronale activiteit in de hippocampus in wakkere en slapende dieren en ex vivo
histologische analyse combineerden. De focus lag hierbij op de pre- en vroege-
plaquestadia van AD, die overeenkomen met de presymptomatische stadia van AD.
Hiervoor gebruikten we het TgF344-AD rattenmodel, dat alle ziektekenmerken van AD
vertoont.

Ten eerste hebben we onderzocht hoe spatiale en temporele eigenschappen van
terugkerende patronen van hersenactiviteit veranderd zijn in TgF344-AD ratten, door
gebruik te maken van rsfMRI en de analyse van quasi-periodieke patronen van
hersenactiviteit. We hebben aangetoond dat tijdens het pre-plaquestadium, voordat
AB-plaques en tau-accumulaties in de hersenen aanwezig zijn, grote verschillen in
spatiale activatie optreden bij de TgF344-AD ratten. Er werd een verminderde co-
activatie waargenomen tussen verschillende regio's van het default mode-like network
(DMLN) en de basale voorhersenen, wat duidt op een ontkoppeling tussen de
subcorticale en corticale regio’s van het DMLN in TgF344-AD ratten. Bovendien hebben
we waargenomen dat activiteit in de basale voorhersenen voorafgaat aan de activiteit
in regio’s van het DMLN in gezonde ratten, maar dat dit niet het geval is in TgF344-AD
ratten. Dit duidt op een veranderde functie van de basale voorhersenen in het pre-
plaguestadium. Deze veranderingen in netwerkactiviteit vielen samen met een
verhoogd aantal astrocyten in verschillende nuclei van de basale voorhersenen in
TgF344-AD ratten. Dit leidde tot het vermoeden dat neuro-inflammatie van de basale

voorhersenen een belangrijke invloed heeft op de netwerkactiviteit van het hele brein.



In de vroege-plaquefase observeerden we dat de quasi-periodieke patronen in TgF344-
AD ratten meer leken op die van gezonde ratten. Dit suggereert dat er een herstel van
de netwerkactiviteit optreedt tijdens het vroege-plaquestadium. Daarnaast was de
astrogliose in de basale voorhersenen afwezig tijdens dit ziektestadium. Deze
bevindingen suggereren dat compensatiemechanismen een rol spelen in de vroege-
plaquefase, waardoor de disbalans in netwerkactiviteit die tijdens de pre-plaquefase
aanwezig was, gedeeltelijk hersteld werd.

Ten tweede onderzochten we hoe neuronale activiteit in de hippocampus veranderd is
tijdens deze presymptomatische stadia van AD in wakkere en slapende dieren. Daarvoor
onderzochten we het circadiaans ritme, de slaaparchitectuur en de hippocampale
functie tijdens de pre- en vroege-plaquestadia van AD in TgF344-AD ratten. Tijdens de
pre-plaquefase observeerden we kortere REM-episodes in TgF344-AD ratten, wat wijst
op REM-slaapfragmentatie. Bovendien bleken verschillende elektrofysiologische
kenmerken van geheugen, zoals de amplitude van gamma-oscillaties en theta-gamma-
koppeling, veranderd te zijn in TgF344-AD ratten. Tijdens de vroege-plaquefase zagen
we een gedeeltelijk herstel van de hippocampale oscillaties en de lengte van REM-
episodes in TgF344-AD ratten. Daarbij zagen we een toename van het aantal cholinerge
synapsen in verschillende gebieden van de hippocampus tijdens de vroege-plaquefase
in de TgF344-AD ratten. Het gedeeltelijke herstel van de hippocampale functie en het
slaapgedrag suggereert dat de verhoogde densiteit van cholinerge uitlopers, die
afkomstig zijn van cholinerge neuronen in de basale voorhersenen, een belangrijk
compensatiemechanisme is tijdens het vroege-plaquestadium van AD. In een volgende
studie hebben we verder gevalideerd dat de functie van de hippocampus tijdens de pre-
plaquefase is veranderd terwijl dieren wakker zijn en een nieuwe omgeving verkennen.
Ook hier observeerden we veranderde neuronale oscillaties in de hippocampus tijdens
het pre-plaquestadium. Deze bevindingen suggereerden dat de geheugenfunctie van de
hippocampus ook in wakkere TgF344-AD ratten was aangetast. De open field test, een
gedragstest die gebruikt wordt om onderzoekend gedrag en ruimtelijk geheugen te

testen, toonde een verhoogde angst aan in TgF344-AD ratten.
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Ten derde onderzochten we de effecten van het moduleren van de activiteit van
cholinerge neuronen in de basale voorhersenen, op de connectiviteit in verschillende
hersennetwerken. We toonden aan dat activatie van cholinerge neuronen in de nucleus
basalis van Meynert, een van de cholinerge regio's die al vroeg in AD is aangetast, leidt
tot een afname van functionele connectiviteit in het DMLN. Deze resultaten toonden
duidelijk het belang aan van cholinerge modulatie in de regulatie van hersennetwerken.
Bovendien leveren deze resultaten belangrijk bewijs op dat chemogenetische stimulatie,
waarbij selectief specifieke neuronale populaties geactiveerd kunnen worden, gebruikt
kan worden om de netwerkfunctie tijdens vroege stadia van AD te herstellen.

Ten slotte tonen de resultaten gepresenteerd in dit proefschrift aan dat tijdens de pre-
plaquestadia van AD, veranderingen in netwerkfunctie en hippocampale functie kunnen
worden waargenomen bij TgF344-AD ratten met behulp van rsfMRI en elektrofysiologie.
Deze veranderingen zijn geassocieerd met oplosbare AB-pathologie, astrogliose in de
basale voorhersenen en een veranderde functie van de basale voorhersenen. Bovendien
spelen cholinerge compensatiemechanismen een rol tijdens het vroege-plaquestadium,
die de functie van de hippocampus en de netwerkfunctie van het hele brein gedeeltelijk
herstellen bij TgF344-AD ratten. Ten slotte suggereren de resultaten van dit proefschrift
dat de chemogenetische activatie van cholinerge neuronen in de nucleus basalis van
Meynert een waardevolle techniek zou kunnen zijn om netwerkfunctie te herstellen

tijdens de pre-symptomatische stadia van AD.
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1. General Introduction

1.1 What is Alzheimer’s Disease?

According to the World Health Organization, approximately 55 million people are
suffering from dementia today. Dementia is a debilitating neurological syndrome
characterized by cognitive deficits, behavioral changes and functional impairments
which have a large impact on daily life activities and human wellbeing. Due to the aging
world population, this number is expected to increase to 78 million people suffering
from dementia in 2030. In 2019, the estimated global societal cost of dementia was $1.3
trillion, demonstrating the large economic burden of dementia on society (Brayne &
Miller, 2017). Currently, disease modifying therapies are still lacking. Alzheimer’s disease
(AD) is one of the major causes of dementia, accounting for approximately 60-70% of all
dementia cases. Alzheimer’s disease is characterized by the progressive accumulation of
two toxic protein aggregates in the brain, the extracellular amyloid-beta (AB) plaques
and intracellular neurofibrillary tangles (NFT), which lead to neuroinflammation,

neuronal loss and dementia.

AB is the product of proteolytic cleavage of the amyloid precursor protein (APP), a
transmembrane protein which is thought to have important functions in cell signaling,
neurite growth, synapse formation, synaptic function and synaptic plasticity (Muller,
Deller, & Korte, 2017). APP can be cleaved by a-secretase and y-secretase, the so-called
non-amyloidogenic pathway, resulting in the production of non-pathological fragments.
In addition, APP can be processed by B-secretase and y-secretase through the
amyloidogenic pathway, resulting in the neurotoxic ABi40 and APis42. Both
amyloidogenic APP products have an increased tendency to aggregate and are the main

components of the AB-plaques observed in AD patients (O'Brien & Wong, 2011).

The second neuropathological hallmark of AD are the NFT’s which consist of

hyperphosphorylated tubulin associated unit proteins (Tau). Tau proteins are a group of



six protein isoforms that are produced by splicing of the microtubule-associated protein
tau. These proteins are part of the healthy cytoskeleton and have an important role in
stabilizing microtubules in the axons. The function of tau is regulated by
phosphorylation. Tau in a low phosphorylated state, as is observed in healthy adults, is
necessary for stabilization of microtubules. However, in AD, hyperphosphorylation of
tau (pTau) occurs, leading to aggregation of pTau into NFT’s (Y. Wang & Mandelkow,
2016).

Abnormal

A

—— AB-plaques
Synaptic function
Tau-tangles
= Brain volume
Cognition

= Clinical function

Norﬁal
Preclinical MCI Dementia

Figure 1-1: Dynamic biomarkers change from normal to abnormal across the continuum of AD.
AB is identified by amyloid PET and/or cerebrospinal fluid (CSF) measurements and starts to
accumulate decades before the onset of symptoms. Synaptic dysfunction can already be detected
before AB-plaques are accumulating in the brain, as indicated by the dashed line. CSF biomarkers
for tauopathy become abnormal at a later preclinical phase, together with brain atrophy, just

before cognitive symptoms arise. Figure adapted from (Sperling et al., 2011).

The pathophysiological changes in AD start decades prior to clinical manifestations of

the disease, limiting the ability to define AD purely on its clinical presentation. AD is



considered as a continuum of pathophysiological and clinical representations, which
describes several phases of the disease: preclinical AD, subjective cognitive decline
(SCD), mild cognitive impairment (MCI) and AD related dementia (Aisen et al.,
2017)(Figure 1-1). The MCI stage is considered as the first symptomatic stage, when
cognitive deterioration is observable, which does not interfere with daily activities.
People with SCD are individuals who experience a deterioration in cognitive
performance, which is not detected through neuropsychological evaluation and
therefore, does not meet the criterium for MCl. But as studies have demonstrated that
there is a higher prevalence of positive biomarkers for AB and neurodegeneration, SCD
is categorized as an early preclinical phase of AD (Studart & Nitrini, 2016). During the
dementia phase, the cognitive and behavioral problems interfere with daily activities,
eventually resulting in the need for 24-hour care. Currently AD is diagnosed at the MCI
or the dementia phase, based on the presence of cognitive deterioration in the absence
of other physiological diseases. However, figure 1-1 demonstrates that irreversible

damage has already been inflicted to the brain at the MCl stage (Aisen et al., 2017).

Despite decades of research, the exact cause of AD is still unknown, however, several
hypotheses have been proposed. One important hypothesis is the amyloid cascade
hypothesis, which is based on the fact that AB accumulation is the first detectable
neuropathological event in the brain of AD patients. The amyloid cascade hypothesis
states that the abnormal accumulation of pathological AP induces tau
hyperphosphorylation, neuroinflammation, synaptic dysfunction, neuronal loss, and
cognitive and behavioral deficits (Tolar, Abushakra, & Sabbagh, 2020). This hypothesis
led to the development of disease modifying treatments targeting AR plaques, which
unfortunately, showed mixed results with lack of therapeutic efficacy being the main
problem. One possible explanation for this is that these approaches were applied too
late in the disease progression of AD, when extensive damage is already inflicted to the
brain (Anderson, Hadjichrysanthou, Evans, & Wong, 2017; Tolar et al., 2020). A large-
scale phase 3 clinical trial which tested a monoclonal antibody against AB-plaques did

show promising results, as the treated patients demonstrated a slower cognitive decline



then the untreated patients. However, severe side effects were observed, such as brain
hemorrhages, leading to the death of already three patients (Dhadda et al., 2022;
Mahase, 2023; Mead & Fox, 2023; Sabbagh & van Dyck, 2023). This failure again
demonstrates the need for novel therapeutic targets to slow down or halt disease
progression. Several studies have demonstrated that soluble AB (sAB) alters
neurotransmission and causes disturbances in networks before the formation of AB-
plaques (Busche & Konnerth, 2015). Moreover, sAp monomers and oligomers have
been demonstrated to induce neuronal hyperexcitability by increasing glutamatergic-
and decreasing GABAergic neurotransmission (Hector & Brouillette, 2020). The neuronal
hyperexcitability perturbs normal network function before cognitive symptoms become
apparent. Moreover, this increased neuronal activity further increases the production
and excretion of sAB, and therefore, drives disease progression (Bi, Wen, Wu, & Shen,
2020; Styr & Slutsky, 2018). Methods to detect network disruptions caused by early
synaptic dysfunction at pre-plaque stages of AD could be valuable to allow diagnosis
and intervention during the presymptomatic phase of AD. Moreover, unraveling the
disease mechanisms underlying the altered network activity could provide promising

therapeutic targets which might alter disease progression.

1.1.1 Modeling Alzheimer’s disease in vitro

Although in vivo studies of AD provide some understanding of important pathological
mechanisms, findings from these studies have not yielded the specific target to develop
a successful therapy to treat AD. This shows the importance of the development of
systems that recapitulate human-specific features of AD (Fig 1-2). The development of
human-induced pluripotent stem cell-derived neurons offers the opportunity to study
neuropathological mechanisms of AD in patient-derived tissue cultures (Mungenast,
Siegert, & Tsai, 2016; Slanzi, lannoto, Rossi, Zenaro, & Constantin, 2020). Neuronal
cultures grown from patients with familial AD, carrying mutations in key genes of AD,
recapitulate important AD pathologies, including AB pathology, p-tau accumulation, and
neuronal hyperactivity. These 2D models have revealed several pathological

mechanisms of AD (Mungenast et al., 2016). However, these neuronal cultures suffer



from several drawbacks, including the inability to reproduce all disease hallmarks, no
replication of age-dependent pathogenic events and a lack of supporting glial cells such
as astrocytes, which play an important role in AD (Bubnys & Tsai, 2022; Slanzi et al.,
2020).

In vitro models In vivo models
2 dimensional Organoids Transgenic models Knock-in models
APP/PS1 APPHLGE

3xTg

Figure 1-2: In vitro and in vivo models of AD. In vitro models of AD are 2 dimensional neuronal
cultures originating from pluripotent stem cells and organoids. In vivo models are either
transgenic models, which bear human AD related mutations or knock-in models, where the mouse

APP gene is humanized, resulting in amyloidosis.

These limitations have encouraged the development of three-dimensional models of
AD, of which the cerebral organoids (COs) are the latest discovery (Bubnys & Tsai, 2022;
Venkataraman, Fair, McElroy, Hester, & Fu, 2022). These organoids offer several
advantages compared to 2D neuronal cultures and in vivo models. The COs consist of
different cell populations, such as astrocytes, oligodendrocytes and even vasculature,
resulting in a spatial organization which resembles the fetal neocortex. Moreover,
functional synapses are present, and the neurons display periods of coordinated firing,
suggestive of the presence of neuronal networks. In addition, compared to 2D in vitro
models, the gene expression of the cells in a CO more closely resemble the in vivo
conditions. These organoids are ideal for high throughput assays for drug discovery. But
most importantly, COs offer one major advantage. Because mice don’t develop AD, most
models rely on non-physiological protein overexpression or induction of multiple human
mutations, resulting in an AD-like pathology. Because COs are derived directly from AD
patients, they may develop AD pathology which represents a more physiological disease
stage (Bubnys & Tsai, 2022). However, COs still have several limitations such as

immaturity of the neurons, the difference in cellular composition from in vivo situation



and a lack of mature neuronal networks. In addition, COs do not mimic all the
neuropathological hallmarks of AD. Apart from the limitations, COs do offer the
possibility to answer research questions related to disease onset, propagation and
spread of AD proteins, investigating cellular vulnerability in AD and identification of
biomarkers based on transcriptomics and genomics, as patient-derived cells will provide
insights in how the genetic landscape contributes to the pathogenesis of AD (Bubnys &

Tsai, 2022; Venkataraman et al., 2022).

1.1.2 Animal models of AD

Animal models have been extensively used to investigate the neuropathological
mechanisms of AD and to develop new techniques to detect AD at earlier stages of the
disease. The main advantage of animal models with regard to humans is the possibility
to investigate very early stages of AD, before cognitive symptoms are present.
Moreover, animal models offer the opportunity to follow up disease progression over a
relatively short time span. In addition, animal experiments allow (pharmacological)
manipulations aiming to elucidate disease mechanisms and/or to follow up treatment
effects. The majority of AD models are mouse models which carry genetic mutations
known to cause familial AD in humans. To date, the majority of the experimental models
are animal models, which consist mostly of transgenic mice that express human genes
that result in the formation of amyloid plaques (human APP gene alone or in
combination with human PSEN1 gene) and/or neurofibrillary tangles (expression of
human MAPT gene) (Myers & McGonigle, 2019). These mouse models display an age-
dependent amyloidosis and/or tauopathy, based on the inserted genes and mutations.
Moreover, neuroinflammatory responses such as microgliosis and astrogliosis are
present in these animal models. A more recent group of animal models are knock-in or
knock-out models. These models are generated by humanizing mouse AB and knocking
in specific familial AD mutations, instead of inserting human A in the mouse genome.
These mice are considered to be a more physiological model of AD as they are designed
to avoid the confounding effects of APP over-expression present in all other transgenic

mouse models. However, similar to the transgenic models are knock-in mice models of



familial AD and not sporadic AD (Drummond & Wisniewski, 2017; Jankowsky & Zheng,
2017).

One major disadvantage of the current mouse models is that none of them replicates
the entire human AD pathology, but usually only display specific aspects of the disease,
limiting the translation to humans. Several clinical trials assessing potential novel
treatments, which were shown to be beneficial in mice, have failed in humans,
demonstrating the importance to develop new translational animal models in order to
bridge this gap between preclinical and clinical research. Taking this into account, rats
are a promising preclinical model as they are evolutionarily closer to humans, especially
reflected in their genetic and physiological traits (Do Carmo & Cuello, 2013; Jacob &
Kwitek, 2002). One important difference regarding mice and rats is that rats express the
full tau proteome, consisting of six isoforms, similar to humans, whereas mice only
express three tau isoforms (Hanes et al., 2009; McMillan et al., 2008). Rats exhibit more
complex behavioural phenotypes and are of larger size, which makes them a better

suited model to study.

Several AD rat models recapitulate some of the hallmarks for AD, but fail to present all
human AD hallmarks, such as the McGill-R-Thy1-APP rat model, which demonstrates
amyloid pathology in the absence of tauopathy and neuronal loss. The recently
developed TgF344-AD rat model (R. M. Cohen et al., 2013), is a promising AD model as
it recapitulates all human pathological hallmarks of AD, including amyloidosis,
tauopathy, synaptic dysfunction, neuronal loss, and cognitive deficits (R. M. Cohen et
al., 2013). Numerous studies have been performed to characterize the AD pathology in
these TgF344-AD rats, to disentangle disease mechanisms and to investigate the effect
of therapeutic strategies (Figure 1-3). Most of the studies have been performed at the
start of AB plaque deposition, which starts around 6 months of age (R. M. Cohen et al.,
2013). Interestingly, at 6 months of age, pTau accumulations were observed in the locus
coeruleus (LC), which is also the first region affected by tauopathy in human AD
(Rorabaugh et al.,, 2017). This tauopathy shows seeding-like spreading to the

hippocampal circuit and medial entorhinal cortex, similar as in humans (Braak & Braak,



1991). Even more interesting is the fact that it’s the rat tau protein that spontaneously
starts to hyperphosphorylate, similar to the spontaneous hyperphosphorylation of tau
(pTau) observed in humans, further demonstrating the high translational value of these
rats. The early accumulation of pTau has been demonstrated to alter noradrenergic
signalling. Researchers observed decreased noradrenergic innervation in the
hippocampus of TgF344-AD rats starting from 6 months of age, which led to a B-
adrenergic receptor function-induced hyperexcitability in the hippocampus (A. M.
Goodman, Langner, Jackson, Alex, & McMahon, 2021; Smith, Goodman, & McMahon,
2022). Impaired spatial memory has been observed at 4 months of age, while other
studies report memory deficits starting from 6 months of age (Berkowitz, Harvey, Drake,
Thompson, & Clark, 2018; Fowler et al., 2022; Proskauer Pena et al., 2021). TgF344-AD
rats further demonstrate increased anxiety from 4 months onward and alterations in
sleep at 17 months of age, suggesting that AD related behavioural changes are also
present in this model throughout different disease stages (Kreuzer et al., 2020;
Pentkowski et al., 2018; Sare et al., 2020). In addition to the classical AD-like features,
further research has demonstrated synaptic dysfunction leading to impaired
neuroplasticity in the hippocampal circuit starting from 6 months of age (Bazzigaluppi et
al., 2018; Ratner et al., 2021; Smith & McMahon, 2018; Stoiljkovic, Kelley, Stutz, Horvath,
& Hajos, 2019), and alterations in whole brain connectivity were observed from 5
months onward (Anckaerts et al., 2019; Tudela, Munoz-Moreno, Sala-Llonch, Lopez-Gil,
& Soria, 2019). Moreover, neurovascular dysfunction has been observed between 9-10
months of age (Joo et al., 2017). These observations demonstrate that the TgF344-AD
rat model is highly promising in being a translational model for AD, since it

recapitulates almost all human-like AD hallmarks.
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Figure 1-3: Overview of AD pathology in the TgF344-AD rat model. This figure is based on results
reported in (Anckaerts et al., 2019; Bazzigaluppi et al., 2018; Berkowitz et al., 2018; Bernaud et
al., 2022; Chaney et al., 2021; R. M. Cohen et al., 2013; Fowler et al., 2022; A. M. Goodman et al.,
2021; Joo et al., 2017; Kreuzer et al., 2020; Pentkowski et al., 2018; Pentkowski, Bouquin, Maestas-
Olguin, Villasenor, & Clark, 2022; Rorabaugh et al., 2017; Sare et al., 2020; Smith et al., 2022; Smith
& McMahon, 2018; Stoiljkovic et al., 2019; Tudela et al., 2019)

1.2 In vivo magnetic resonance imaging (MRI) to study networks
in the brain at rest

The human brain is a complex network of interconnected brain regions, where each
network has a unique connectivity pattern, allowing regions to have specific roles in a
variety of brain functions. For example, some brain regions collectively increase their
activity during periods of rest, while another set of brain regions increase their activity
during cognitive tasks. Disturbances in the functional integrity of networks or changes
in the interaction between different networks have been linked with several brain
disorders. Decades of research have focused on understanding how functionally
connected neuronal systems are responsible for various cognitive functions and

unravelling the specific roles of different brain regions during different behaviors.



Box 1-1: Magnetic resonance imaging (MRI)

The MRI signal originates from the hydrogen nucleus, the most abundant element in our body,
which contains one proton, spins around its own axis creating a magnetic momentum (u). The
direction of the momentum of spins is random under normal circumstances (1). However, when a
magnetic field is applied (Bo) to the hydrogen spins, the spins will be restricted in a spin-up or spin-
down state along the magnetic field (2). The spins will precess additionally around the magnetic
field Bo with a frequency (wo) proportional to the magnetic field strength. The majority of spins will
be in the spin up state, creating a netto longitudinal magnetization (M,). Next, a radiofrequency
(RF) pulse is applied to the spins, which changes the distribution of the equilibrium of the spins and
bring the proton spins in phase, which will cause the M, component to be rotated, creating a
transversal My, component (4). The precessing of ions (My,) induces magnetic flux which will be
detected by the receive RF coil. Over time, the spins will dephase and fall back to their equilibrium
state due to two relaxation processes (5, 6). The relaxation process is dependent on the physical
and chemical features of the surrounding tissue (7). Therefore, relaxation can be divided into T1
relaxation, or spin-lattice relaxation and T2 relaxation, so-called spin-spin relaxation. T1 relaxation
reflects the mobility of the surrounding molecules of the spins, which absorb the energy of the
proton spin, enabling it to return to equilibrium. T2 relaxation is independent on T1 relaxation and
occurs at the same time. Spin-spin interactions cause non-stationary variations in the magnetic
field, resulting in the spins to sligtly shift their phases, resulting in a decay of M,,. In addition,
inhomogeneties of the By field also influence the decay of My, which is characterized by the T2*
relaxation time. Those three types of relaxation are dependent on the biochemical environment

and therefore provide tissue specific MRI contrast.
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Magnetic Resonance Imaging (MRI) is a noninvasive imaging technique which uses a
magnetic field to investigate structural and functional properties of the body. The
principles behind MRI are described in box 1-1. Several MRI techniques are used in
neuroscience which provide insights on for example anatomical differences, blood flow,
molecular composition and brain activity (functional MRI — fMRI). The first functional
studies were aiming to reveal the brains’ functional organization by mapping the
regional activation during specific tasks. This has led to the discovery of a set of brain
regions of which the activity increased while the subject was involved in externally
oriented attention demanding tasks. This network was named task positive network
(TPN). The human TPN includes cortical regions which are consistently activated during
directed attention and have also been termed the dorsal attention network: the
intraparietal sulcus and the frontal eye fields. In addition, the TPN includes regions which
are activated during various cognitive tasks and include the dorsal, lateral, and ventral

prefrontal regions, insular cortices, and the supplementary motor area.

Besides the observations of several brain regions which increased their activity upon
cognition, researchers discovered several brain regions that were consistently
deactivated during various cognitive tasks (Gusnard, Akbudak, Shulman, & Raichle,
2001; Raichle et al., 2001). Moreover, they observed that the magnitude of decrease
was proportional to the difficulty of the task, the higher the attentional demand, the
stronger the decrease in those brain regions (Mayer, Roebroeck, Maurer, & Linden,
2010). Upon termination of the task, the activity within these regions increased,
suggesting that these regions are highly active during periods of rest (Raichle et al.,
2001). This network was named the default-mode network (DMN) and includes the
medial prefrontal cortex, anterior and posterior cingulate cortex, lateral parietal cortex,
inferior temporal cortex and hippocampal formation (Fox et al., 2005; Raichle, 2015)
(Figure 1-4A). The DMN has been shown to be activated during internally directed
mental processes, such as mind wandering, self-referential thoughts, recall of past
episodes and thinking about the future. Earlier works have analyzed this network as a

single large-scale system, however, given the different cognitive functions within the
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DMN, studies have divided the network into a midline core, the anterior DMN or dorsal
medial prefrontal cortex system and the posterior DMN or medial temporal lobe
subsystem (Andrews-Hanna, Reidler, Sepulcre, Poulin, & Buckner, 2010) (Figure 1-4B).
The medial temporal lobe subsystem of the DMN is associated with memory related
internal mental processes, whereas the dorsal medial prefrontal system is closely
related to self-referential thoughts and social cognitive processes (Andrews-Hanna,
Reidler, Sepulcre, et al., 2010). Collectively, these findings suggest an antagonistic
relationship between the DMN, involved in internally oriented mental processes, and
the TPN, activated during externally oriented attention demanding tasks. However, the

mechanisms by which these two networks are modulated still remain elusive.

Spatially and functionally homologous networks have been observed in different
species, such as monkeys, mice, and rats (Gozzi & Schwarz, 2016; Liska, Galbusera,
Schwarz, & Gozzi, 2015; Lu et al., 2012; Vincent et al., 2007). The main nodes of the
lateral cortical network (LCN), the rodent homolog of the TPN, consist of the frontal
association cortex, somatosensory cortices, motor cortices and insular cortices (Gozzi &
Schwarz, 2016; Liska et al., 2015) (Figure 1-4A). The default mode-like network (DMLN),
which is the rodent analog of the DMN consists of the cingulate cortex, retrosplenial
cortex, orbitofrontal cortices, limbic cortices, temporal cortex/auditory association
cortex, visual cortex, and dorsal hippocampus (Gozzi & Schwarz, 2016) (Figure 1-4A).
Interestingly, the DMLN in rodents can be compartmentalized in an anterior and
posterior DMLN, based on cognitive functions, similar to the human DMN (Figure 1-4B)
(Liska et al., 2015). The high intraspecies homology of the networks supports the value

of investigating network dynamics in rodents.
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Figure 1-4: Comparison between DMN and DMLN in the human and rodent brain, respectively.
A) The rodent default-mode like network (DMLN) consists of anatomically homological regions
similar to the human default mode network (DMN). B) Both the human DMN and rodent DMLN
can be compartmentalized into different subnetworks, based on cognitive functions. Figure
adapted from (Andrews-Hanna, Reidler, Sepulcre, et al., 2010; Gozzi & Schwarz, 2016; Liska et al.,
2015)

These findings inspired researchers to examine if regions belonging to the
aforementioned networks were functionally connected in the absence of a task using
resting state functional MRI (rsfMRI). Several studies have demonstrated that
spontaneous BOLD activation patterns within regions belonging to specific networks,
such as the DMN, were highly correlated at rest and were therefore functionally
connected also during rest (Fox et al., 2005; Fransson, 2006; Greicius, Krasnow, Reiss, &
Menon, 2003; Greicius & Menon, 2004). Interestingly, the connectivity between regions
of these so-called resting-state networks and the interaction between networks has

been demonstrated to be altered in various neurological disorders. Numerous clinical
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rsfMRI studies have detected FC alterations in patients with MCl and AD-related
dementia, as well as in animal models of AD. Aberrations in FC were mainly observed in
the DMN and have been linked to cognitive and behavioral performance (Anckaerts et
al., 2019; Herdick et al., 2020; Latif-Hernandez et al., 2019; Pan et al., 2017; Shah et al.,
2013; Shah et al.,, 2016; van Harten et al.,, 2018; Y. Xie et al.,, 2019). Network
disturbances caused by synaptic dysfunction are hypothesized to arise very early in
AD, therefore, rsfMRI would be an interesting tool to develop non-invasive biomarkers

for AD.

1.2.1 Resting state functional MRI

Resting state functional MRI is a non-invasive technique, used to measure neuronal
activity represented as coupling between neuronal activity, energy demand and cerebral
blood flow, i.e., neurovascular coupling. This technique detects local changes in blood
oxygenation levels by using the blood oxygenation level dependent (BOLD) signal (Figure
1-5). The BOLD signal is based on differences in magnetic properties of oxyhemoglobin
(oxyHb) and de-oxyhemoglobin (deoxyHb). DeoxyHb is paramagnetic due to its unpaired
electron, which will distort the local magnetic field Bo, inducing faster dephasing and
reducing the T2* signal. OxyHb on the other hand is diamagnetic and therefore will not
alter the Bo. Thus, higher concentrations of oxyHb will result in an increased T2* signal,
because of slower dephasing. Based on this endogenous contrast mechanism,
spontaneous activation of neuronal populations can be investigated. When neurons are
active, their demand for glucose and oxygen increases. This initiates a metabolic
signaling cascade which induces vasodilation, hence an increased local cerebral blood
flow (CBF). This vascular response overcompensates the metabolic 02 demand,
resulting in an increased oxyHb/deoxyHb ratio, resulting in less inhomogeneities of Bo.

As a result, the T2(*) BOLD signal intensity within these activated regions will increase.



De-oxyHb
Oxygen

Inactive Neural activity

B Rest Neuronal Activity T BOLD response
v
Metabolic signalling
v
Neurovascular reponse
¥

[OxyHb]/[DeoxyHb] T =5
L Time L J

M stimulus

Signal Intensity

Figure 1-5: Principle of the BOLD response. A. In rest, blood supply to neurons contains a limited
amount of oxygen. B. Upon neuronal activation, the hemodynamic response will result in an
increased ratio of OxyHb/DeoxyHb. C. The increased ratio of OxyHb/DeoxyHb upon activation
reduce the distortion of the magnetic field, resulting in an increased T2* relaxation time and thus
higher signal intensity in the activated region (blue curve). D. Schematic overview of the
hemodynamic response and neurovascular coupling, on which BOLD fMRI measurements are

based.

Spontaneous neuronal activity during rest can be observed as fluctuations of the BOLD
signal in the low frequency range (0.01-0.2 Hz), the so-called low frequency fluctuations
(LFF). These resting state LFF can be measured using T2* weighted echo planar imaging
(EPI). This MRI sequence allows the acquisition of whole brain images in 2 seconds.
Images are continuously acquired for a period of usually 10 minutes, resulting in a series
of images from which the time courses or temporal BOLD fluctuations can be obtained
(Figure 1-6). The temporal correlation of BOLD time series across spatially remote brain

regions is an indication of the level of functional connectivity (FC) between those brain
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regions. Regions which demonstrate a high similarity in BOLD time course, thus a high

FC, can be clustered to form resting state networks such as the DMN and TPN.

Functional Connectivity Independent Component Analysis
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Figure 1-6: Functional connectivity analysis of rsfMRI data. The obtained BOLD time series show
spontaneous fluctuations over time. The temporal correlation between these fluctuations of
different regions is referred to as functional connectivity (FC). Functional connectivity can be
assessed using different techniques, such as independent component analysis (A), region of
interest-based FC matrix in which the color represent the strength of functional connectivity
between pair of regions (B), and seed-based FC analysis (example given for a seed in the
retrosplenial cortex) demonstrating in yellow-red voxels for which the BOLD timecourse is

significant correlated with the seed-specific BOLD timecourse.(C).

Preprocessing of the resting state data consists of various steps such as spatial
normalization, spatial smoothing, and temporal filtering in the LFF range. Processing of
rsfMRI data to evaluate FC can include a variety of methods (Figure 1-6) of which the
most popular approaches are independent component analysis (ICA), region-of-interest
(ROI) based FC analysis and seed-based FC analysis (SBA). ICA is a data-driven approach

to evaluate FC, where the data is decomposed into a set of maximally independent time



courses and associated spatial maps which describe temporal and spatial characteristics
of distinct resting state components. The main advantage of ICA is that it is free of any
a priori assumption or potential user-biased seed selection (Figure 1-6A). In contrast,
ROI-based FC analysis and SBA do require selection of a set of ROls or seed regions. In a
ROI based FC analysis, an average BOLD time course is extracted from all voxels within
a ROl and FC between other ROl time courses is calculated using a Pearson correlation,
resulting in a ROl based FC matrix (Figure 1-6B). In a seed-based FC analysis, the BOLD
signal of all voxels from a region of interest, called the seed region, are averaged, to give
a seed-specific BOLD time course which is then compared to the BOLD timecourse of
each other voxel in the brain. This will result in a seed-specific FC map which shows the
voxels for which the BOLD timecourse is significantly correlated to the averaged BOLD
timecourse of the seed region (Figure 1-6C). Dependent on the research question, the

SBA can be performed for different seeds.

RsfMRI has been used to investigate how regional connectivity within networks is
altered in AD and how these alterations are linked with cognitive deficits associated with
AD. Numerous studies have investigated brain connectivity in patients with MCl, severe
dementia, and cognitively healthy individuals at risk of dementia, for example people
with commonly known genetic risk factors such as APOE4. Current evidence
demonstrates alterations in FC, mainly within the DMN across the spectrum of AD stages
(Badhwar et al., 2017; Brier, Thomas, & Ances, 2014; Krajcovicova, Marecek, Mikl, &
Rektorova, 2014; Sheline et al., 2010). Several studies have reported an initial increase
in FC in the hippocampus and posterior DMN, followed by a continuous decline in
posterior DMN connectivity. A similar pattern was observed in the anterior DMN, where
an initial increase in FC was observed in the anterior DMN, followed by a decreased FC
at later stages of AD. Moreover, a progressively decreased FC between anterior and
posterior DMN has been observed across the AD spectrum. (Hafkemeijer et al., 2017;
Jalilianhasanpour, Beheshtian, Sherbaf, Sahraian, & Sair, 2019). Interestingly, several
studies have demonstrated that alterations in DMN connectivity correlate with clinical

symptom severity (Jalilianhasanpour et al., 2019).
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Despite all the efforts to unravel network dysfunction in AD, the disease mechanisms
underlying the alterations in FC are still largely unknown. Moreover, the majority of the
studies are performed during symptomatic stages of AD, when advanced pathology is
already present in the brain. This is the main reason for the limited knowledge about
disease mechanisms of early network dysfunction in AD. Investigating network
dysfunction in animal models for AD using rsfMRI offers the advantage to further
disentangle the neuropathological mechanisms of AD at different stages of the disease,
including the presymptomatic, pre-plaque stages of AD. Several studies have observed
aberrant FC within the DMLN and hippocampus at different stages of AD, similar as is
observed in humans, even before amyloid deposits were present in the brain (Latif-
Hernandez et al., 2019; Shah et al., 2013; Shah et al., 2018; Shah et al., 2016). Moreover,
alterations in FC have been linked to cognitive deficits and altered synaptic transmission
in several mouse models for AD (Ben-Nejma et al., 2019; Shah et al., 2018; Stargardt,
Swaab, & Bossers, 2015). Interestingly, preclinical MRI studies observed increased FC
within the hippocampal network and DMLN, before AB-plaques were observed in the
brain, confirming that network activity is altered prior to the accumulation of Ap-
plagues (Ben-Nejma et al., 2019; Latif-Hernandez et al., 2019; Shah et al., 2018; Shah et
al., 2016).

1.2.2 Dynamic analyses methods for rsfMRI data

The results of aforementioned studies are highly promising towards the development of
rsfMRI biomarkers for AD and rsfMRI has proven to be a powerful tool to study brain
functional connectivity, but it has not reached its full potential. Several downsides to
rsfMRI include low reproducibility, large variability between results and low specificity
of the results, meaning that, for example, different neurological diseases demonstrate
similar decreases in FC, limiting the diagnostic use of these FC changes. All rsfMRI studies
described earlier have used analysis strategies that assume that FC is stationary across
the duration of an entire scan session, because the relationship between two given brain

regions is calculated from their entire time series. This results in a single value to



describe the interaction between two brain regions. The brain’s functional organization
is however dynamic, with brain regions interacting across multiple time scales. Ignoring
this can potentially results in the loss of relevant information. The recent advances in
the fMRI field towards dynamic (d)rsfMRI confirmed that when the dynamics of FC are
taken into account, fundamental new insights into macroscale neural processes are
uncovered (X. Liu, Zhang, Chang, & Duyn, 2018; Majeed, Magnuson, & Keilholz, 2009;
Moguilner et al., 2021).

The most often used strategy is the sliding window analysis (SWA), which investigates
FC within short time window that is shifted across all images across time. In SWA, a
correlation value between two regions is calculated for each window, resulting in time-
varying correlation between the regions. This could, for example, demonstrate short
instances of high FC, which would not be detected using static FC across the complete
time course. SWA analysis can be used to detect transient patterns of connectivity, so-
called connectivity states. Parameters of these states, such as dwell time, which is the
duration of a certain state, and frequency of occurrence, have been shown to be altered
in various neurological disorders (Billings et al., 2017; Y. Du, Fu, & Calhoun, 2018; Shakil,
Lee, & Keilholz, 2016). Aforementioned results indicate that sliding window correlations
and/or connectivity states are a promising tool to investigate brain network activity at
shorter timescales. However, several limitations should be considered, such as defining
the appropriate window size to reduce noise without losing the ability to detect

potentially relevant transient effects (Y. Du et al., 2018; Hutchison et al., 2013).

Researchers hypothesized that the dynamic connectivity states reflect short-lasting
patterns of co-activations and/or co-deactivations between different brain areas. Co-
activation patterns (CAPs) are an example of patterns of brain activity that can be
extracted from the dynamical analysis of rsfMRI data using k-means clustering over all
BOLD images based on the spatial dissimilarity of the whole-brain activation pattern of
each frame (Figure 1-7) (Gutierrez-Barragan, Basson, Panzeri, & Gozzi, 2019; X. Liu et al.,

2018). These CAPs represent BOLD-based transient brain states that are obtained at a
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single time frame resolution (i.e., at every measured fMRI volume). CAPs demonstrate
the co(de)activation between several regions and for example show the anticorrelated
activity between the DMN and TPN (Figure 1-7). Several properties of these CAPs, such
as the magnitude of spatial BOLD activity and occurrence of a certain CAP, have been
shown to be altered at late stages of AD in the APP/PS1 mouse model of AD (Adhikari et
al. 2020) .
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Figure 1-7: Co-activation patterns (CAP). K-means clustering is performed based on the spatial

dissimilarity of the whole-brain activation pattern of each frame. The BOLD images in a cluster are

then averaged to create a CAP.

The observation that network states can be captured at very short time scales has led
researchers to question whether sequences of BOLD volumes, where BOLD activity
propagates across regions, are present in rsfMRI data. Spatiotemporal patterns of BOLD
activity have been observed in mice, rats, monkeys, and humans using a pattern finding
algorithm (Abbas, Belloy, et al., 2019; Belloy, Naeyaert, et al., 2018; Majeed et al., 2009;
Thompson, Pan, Magnuson, Jaeger, & Keilholz, 2014). These recurrent spatiotemporal
patterns of whole brain BOLD activity were termed Quasi-periodic patterns (QPPs) and
demonstrate transient, anticorrelated flow of BOLD activity in the TPN and DMN. The
principles of the pattern finding algorithm are shown in figure 1-8. First, all preprocessed
rsfMRI scans from all subjects within one group are concatenated to create one image
series. In step 1, at a random image frame in the image series the consecutive BOLD
images are used to create an initial seed-template. The length of this template is based
on a predefined window size. In step 2, the template is incrementally shifted along the

image series and a mean Pearson correlation is calculated between the BOLD activity in



each voxel of the template and “windowed” image series. Instances when the average

Step 1: Selecting BOLD template at random seed location

Random seed location v

Group-based image series Template of voxel-level BOLD signal
Step 2: Sliding Pearson correlation template vs BOLD imageseries

. . o

Sliding Template Correlation

\j v \J \j

A

\ 4

Step 4: Repeat 2&3

threshold

Pearson correlation

Time
Step 3: Averaging BOLD activity across occurrences

| | Updated Terplate

Figure 1-8: Algorithm for the extraction of Quasi-periodic patterns of BOLD activity.

Pearson correlation exceeds the detection threshold (0.2) are saved and for each voxel
their BOLD activity for these instances are averaged to update the template (step 3).
This updated template is then used to repeat step 2 and 3 until the template does not

change between two consecutive runs, resulting in a QPP. The complete process is
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repeated with different seed templates starting at a random image frame, to obtain 200
QPPs which are further clustered to get the representative QPPs. These QPP patterns
have been demonstrated to be highly similar across species, since these recurrent
patterns of BOLD activity involving the DMN and TPN have een observed in humans,

rats, mice and monkeys (Figure 1-9).

QPPs have spatial and temporal properties, which might be altered in neurological
diseases. Spatial properties involve the extent of spatial activation, whereas examples
of the temporal properties of QPPs are the occurrence rate of QPPs and the timing of
the peak activity within certain regions during a QPP. Interestingly, spatial and temporal
alterations in QPPs have been observed in people with attention deficit hyperactivity
disorder (ADHD), specifically in regions known to be disrupted in ADHD, suggesting that

QPPs are sensitive to detect network disturbances in neurological disorders.

At present, a large number of studies have been investigating dynamic properties of FC
in AD. The first study used SWA to investigate dynamic FC in AD patients. They observed
that AD patients spent less time in a brain state where posterior DMN is strongly
activated and more time in states with higher anterior DMN function (D. T. Jones et al.,
2012). Longitudinal studies investigating dynamic FC across the AD spectrum further
demonstrated altered dFC in patients with SCD and MCI in the temporal and frontal
networks together with alterations in the DMN. These findings supported the hypothesis
that the BOLD oscillatory patterns are progressively altered across the AD spectrum
eventually leading to a smaller repertoire of functional states in the brain of AD patients
(Cordova-Palomera et al., 2017; Demirtas et al., 2017). In addition, a recent study in
patients with SCD, also observed decreased occurrence of a brain state where DMN was
activated, while other networks were deactivated (Liang et al., 2021), suggesting that
dynamic FC can be used to disentangle network alterations at early stages of AD.
Moreover, several studies aiming to use dynamic FC properties as a biomarker for AD
were able to discriminate early MCI patients from healthy subjects (X. Chen, Zhang, &

Shen, 2016; X. Chen et al.,, 2017). In addition, our lab has demonstrated that QPP



properties improve classification of a mouse model of amyloidosis (Belloy, Naeyaert, et
al., 2018). However, the biological underpinnings of dynamic FC are still poorly
understood and disease mechanisms underlying the dynamic FC alterations in AD
remain elusive. One of the aims of this thesis is to use QPP analysis to unravel network
dysfunction in AD at presymptomatic stages of AD and to elucidate underlying
neuropathological mechanisms to gain a better insight into synaptic dysfunction at

early stages of AD.

BOLD signal (z-score)

oy

(2109s-2) |eubis 1049

Figure 1-9: Quasi-periodic patterns in humans and rodents. QPPs presented involve regions
belonging to the default mode network (DMN) and task positive network (TPN) in humans (top)
and their analogues in rodents, default mode-like network (DMLN) and lateral cortical network

(LCN) (bottom). Figure adapted from Belloy visual + ADHD abbas

1.2.3 Investigating effects of network specific modulation using rsfMRI

We have described two major networks in the brain that have complex and poorly
understood interactions, and which have been shown to be altered in several

neurological disorders. The regulation of these networks is still elusive, but researchers
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have demonstrated that neuromodulatory systems have important roles in the
regulation of whole-brain networks. Neuromodulation is the alteration of neuronal and
synaptic properties by neurons and/or by substances released by neurons. One of the
main neuromodulatory systems in the brain is the cholinergic system, which uses
Acetylcholine (ACh) to modulate neuronal activity. The cholinergic system has been
shown to be important in various cognitive functions, such as attention, learning and
memory, sleep and consciousness (Alger, Nagode, & Tang, 2014; Bloem, Poorthuis, &
Mansvelder, 2014; Hasselmo, 2006; Solari & Hangya, 2018; Vazquez & Baghdoyan, 2001;
Zaborszky et al., 2018). The most important source of cholinergic neurons is the basal
forebrain (BFB), a heterogenous subcortical region consisting of four nuclei, namely the
medial septum (MS), nucleus basalis of Meynert (NBM), the substantia innominate (Sl)
and the horizontal limbs of the diagonal band of Broca (HDB). Cholinergic neurons
originating from these structures project to the complete cortex and hippocampus
(Bloem, Schoppink, et al., 2014). Recent studies suggest that the basal forebrain
cholinergic system (BFCS) plays an important role in the regulation of whole brain
network activity, in particular the DMN (Alves et al., 2019; Chaves-Coira, Martin-
Cortecero, Nunez, & Rodrigo-Angulo, 2018; Espinosa, Alonso, Lara-Vasquez, &
Fuentealba, 2019; Fritz et al., 2019; Klaassen, Heiniger, Vaca Sanchez, Harvey, & Rainer,

2021; Nair et al., 2018; Turchi et al., 2018).

In AD, imbalance in synaptic function is hypothesized to alter network activity, which in
turn drives disease progression. Interestingly, the basal forebrain cholinergic system
(BFCS) is one of the first brain systems affected by AD (Cantero et al., 2020; Fernandez-
Cabello et al., 2020; Schmitz et al., 2018; Teipel et al., 2022; Teipel, Fritz, Grothe, &
Alzheimer's Disease Neuroimaging, 2020). The currently available symptomatic
treatments available are aiming to restore this synaptic transmission by increasing
cholinergic transmission and/or decreasing glutamatergic transmission. However, these
therapeutics only delay the onset of symptoms, possibly due to the fact that the
treatment is only started once symptoms are present. Moreover, the current treatments

induce side effects due to the fact that the concentration of the targeted



neurotransmitters is increased across the whole brain, while only certain circuits are

affected. Circuit specific restoration of network activity at early stages of AD could be

valuable treatments to restore neurotransmission in the brain.
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Figure 1-10: Schematic overview of the DREADDs technology for neural modulation. DNA coding

for a specific promotor, DREADD receptor (hM3Dq) and fluorescent tag is first packaged into a

viral vector, which will be injected into the target brain area during stereotactic surgery. The

DREADD receptor can be stimulated by using a selective DREADD-agonist, resulting in an increase

in action potentials and release of neurotransmitters such as acetylcholine (ACh) and activation

of postsynaptic receptors such as the cholinergic receptors (AChR). This selective modulation of

neurotransmission alters activity and functional connectivity (FC) of functional networks, which

can be detected using resting state functional MRI (rsfMRI).
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To understand the functional organization of the brain, it is essential to discover how
neuromodulatory signaling alters whole brain network activity in health and in disease.
Several studies have used a combination of pharmacological stimulation with rsfMRI to
investigate the effects of activation or inhibition of specific neurotransmitter systems on
different resting state networks. However systemic administration of pharmacological
compounds induces changes in neurotransmission across the whole brain. Over the past
years, several methods have been developed to perform cell-type specific modulation,
such as chemogenetics, that allow investigation of the in vivo effects of circuit specific
activation or inactivation on behavior and/or network activity (Roth, 2016).
Chemogenetic tools, such as designer receptors exclusively activated by designer drugs
(DREADDs) rely on the viral expression of receptors which respond exclusively to a
synthetic ligand (Figure 1-10). DREADDs are used to increase or decrease neuronal
activity upon systemic administration of an inert agonist. Combining chemogenetic tools
with rsfMRI allows investigation of the effects of circuit specific stimulation on whole-
brain network activity, offering important insights into brain function (Kosten, Emmi,

Missault, & Keliris, 2022; Peeters, Missault, Keliris, & Keliris, 2020).

1.3 Direct measurements of neuronal activity to evaluate
network function

Cognitive processes require the coordination of activity of different neuronal
populations, which are widely distributed across the brain. Neuronal activation is
marked with an increase of the membrane potential of a neuron. As a result, neuronal
activity can be measured invasively at the cellular level (intra- or extracellular neuronal
spike recordings), at a local level (local field potentials (LFP)), or even global, at cortical
levels (electroencephalograms (EEG)). These techniques offer the advantage, compared
to rsfMRI, of acquiring the data at a higher temporal resolution (in ms) and relatively
easy interpretation, as these techniques are a direct measurement of potential

oscillations. EEG signals can be measured simultaneously across the whole brain.



However, localization of the EEG signal is challenging, limiting the spatial resolution. On
the other hand, the spatial information of LFPs is limited, as only a small region can be
targeted with the electrodes. However, analysis of LFPs does allow interrogation of
specific neuronal circuits. A major confound of rsfMRI in rodents is the need for
anesthesia, which limits the direct translation of the results to humans, since rsfMRI in
humans is not performed under anesthesia. Moreover, research has demonstrated that
different types of anesthesia affect the neurovascular coupling and therefore, the BOLD
response, which further hampers the biological interpretation of BOLD alterations. EEG
and LFP recordings can be performed while animals are freely moving, offering the
opportunity to interrogate network function during different behavioral states. This
can provide valuable insights into network dysfunction during different types of
behavior, and provide further knowledge about how this impairment of neuronal

activity is linked with symptoms of AD.

1.3.1 Electroencephalography (EEG)

Electroencephalography or EEG is a technique which uses electrodes placed on the scalp
of a patient, to measure electrical activity in the brain. When an action potential (strong
depolarizing membrane potential) arrives at the presynaptic terminal,
neurotransmitters are released in the synaptic cleft. These neurotransmitters will bind
to their receptor which is located on the membrane of the postsynaptic neuron, where
it will open an ion channel. Based on the type of synapse (excitatory or inhibitory), a net
inflow of positively charged or negatively charged ions will enter the neuron, either
creating a depolarization (EPSP) or hyperpolarization (IPSP) of the membrane potential
of the postsynaptic neuron (Figure 1-11A). The summation of these postsynaptic
potentials is the basis for the EEG signal. The local intraneuronal depolarization caused
by an EPSP creates a relative negatively charged extracellular environment around the
soma of the neuron. Which in turn creates a relatively positively charged extracellular
environment around the apical dendrite of the neuron, hence creates a change in

potential at the brain surface (Figure 1-11B). The constant excitation and inhibition of
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cortical neurons leads to constantly varying local oscillations in potential on the surface

of the brain, that are measured with EEG.
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Figure 1-11: Basis of neurotransmission and EEG signal. A) Action potentials induce
neurotransmitter release at the presynaptic terminal of the synapse. These released
neurotransmitters bind to their respective ionotropic receptors, which facilitate flow of ions to
the inside of the postsynaptic neuron. The inflow of charge creates either a slow depolarization
(excitatory postsynaptic potential EPSP) or hyperpolarization (inhibitory postsynaptic potential
IPSP) of the membrane potential. This local intracellular change in charge induces a change in the
relative charge of the extracellular matrix surrounding the soma of the neuron. Therefore, the
apical dendrite of the neuron is positively charged. This constantly changing charge at the surface

of the brain is the signal measured with EEG.



The brain oscillations measured with EEG have different frequencies and the power of
these different frequencies are heavily dependent on the location where the EEG is
measured, and behavioral state. The main frequency bands of human EEG are delta (0.5-
4 Hz), theta (5-8 Hz), alpha (8-13 Hz), beta (14-30 Hz) and gamma waves (30-120 Hz).
Healthy aging causes changes in the activity of the brain that are reflected in EEG
recordings and include a reduction in the amplitude of alpha activity (8—13 Hz), and an
increase in delta (1-4 Hz) and theta (4-8 Hz) power (Ishii et al., 2017). Research has
demonstrated that physiological EEG variations are pathologically exacerbated in AD
patients. EEG anomalies in AD patients can be grouped into three categories: change in
frequency pattern, reduction in the complexity, also known as the non-linearity, of EEG
signals, and perturbation in EEG synchrony across regions (Monllor et al., 2021). In MCI
and AD patients, a “slowing of the EEG signal” is observed, where the power of alpha
and beta rhythms are decreased, while the power of delta and theta oscillations are
increased (Monllor et al., 2021). This deceleration has been shown to be correlated with
cognitive performance, disease severity and severity of AD pathology such as

amyloidosis and tauopathy (Monllor et al., 2021).

EEG signals are caused by the interaction of different sources of oscillations. Therefore,
non-linear analysis methods have been introduced to study the EEG signals and to
quantify the complexity of the EEG signals (Dringenberg, 2000). The complexity of the
EEG signals are thought to reflect the amount of information that is integrated within a
neural system (Tononi, Edelman, & Sporns, 1998). Research has demonstrated that the
complexity of the EEG signals in patients with MCl and AD decreases, suggesting altered
information processing. This decreased complexity is thought to be related to the EEG
slowing, since this deceleration lowers the complexity of the EEG signals (Dauwels et al.,
2011). Synchronization between spatially distinct neuronal populations reflects the
interaction between neural networks, which can be quantified with spectral coherence.
This coherence is quantified by the spectral covariance of oscillatory activity between
two spatially separated electrode locations. Research has demonstrated that resting-

state EEG coherence is reduced for faster rhythms, but increased for slower EEG rhythms
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in AD patients compared to healthy controls (Locatelli, Cursi, Liberati, Franceschi, &
Comi, 1998). In addition, several studies observed altered direction of information flow,
suggesting that the AD pathology affects both coherence and directionality of

information flow across the brain (Babiloni et al., 2009).

EEG is measured on the scalp, which acts as a lowpass filter, reducing the detectability
of high frequency oscillations. Moreover, even though it's common practice in human
research, results obtained from EEG are not specific to certain diseases, especially since
the lack of spatial information. However, in preclinical models, we have the opportunity
to measure neuronal signals on a more sensitive scale which allows us to detect fast
oscillatory events at specific regions in the brain by using an invasive technique called
electrophysiology. Here, an electrode will be placed in the brain tissue, to directly
measure the relative changes in extracellular potentials, so-called local field potentials
(LFPs), which allows the detection of higher frequency oscillations (<300Hz). Moreover,
activity of individual neurons, which is measured as fast spikes (>1000 Hz) in the raw
signals, can be observed, if the electrode is placed in close proximity to a neuron. This
allows direct investigation of neuronal spiking activity. An advantage of
electrophysiology is that this technique allows targeting of specific circuits, depending
on where the electrode is placed. This could offer novel insights into neuronal activity

during specific tasks in, for example, memory related circuitry.

1.3.2 In vivo electrophysiology of the hippocampal circuit

One of the main brain regions involved in memory is the hippocampus, which is located
in the medial temporal lobe. Previous research evaluating local field potentials and
neuronal activity during different hippocampal dependent behaviors, has elucidated
several aspects of how the brain is coding (spatial) memories. Investigating hippocampal
electrophysiology offers opportunities to investigate alterations in the memory related
circuitry in neurological disorders, such as AD. The hippocampus is imperative for
healthy memory function, and damage to the hippocampus is known to severely impair

short-term and long-term episodic memory, and spatial memory formation. This



organized brain structure is highly similar across species and consists of several
subfields, the CA1, CA2, CA3 and CA4 and the dentate gyrus (DG) (Figure 1-12A). Each of
these subfields have a very distinct structure, consisting of several layers which each
contain different neurons or neuronal structures belonging to specific pathways. The
main neuronal pathway in the hippocampus is the tri-synaptic pathway, which conveys
input from the entire brain to the hippocampus in a cortico-hippocampal loop. The
signals from the cortical regions enter the hippocampus through the entorhinal cortex
(Ent). Projections originating from the Ent to the DG form the perforant pathway (Figure
1-12B). These fibers form synaptic connections onto the dendrites of the granular
neurons of the DG. This information is further transported through the so-called mossy
fibers projecting to pyramidal neurons in the CA3 layer. The pyramidal neurons relay this
information to the pyramidal neurons in the CA1 layer though the Schaffer collaterals.
CA1 pyramidal cells provide the final output to the entire cortex through projections
back to the Ent (Buzsaki et al., 2003; Colgin et al., 2009; Deng, Aimone, & Gage, 2010;
Kitabatake, Sailor, Ming, & Song, 2007; Strange, Witter, Lein, & Moser, 2014).
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Figure 1-12: Anatomy of the hippocampus in rodents and humans. A) The hippocampus of
rodents (left) versus the hippocampus in humans (right). The bottom panels show the different
subfields of the hippocampi. B) The rodent tri-synaptic pathway as depicted by solid arrows. C)
Hippocampal oscillatory characteristics. Gamma amplitude (red) is modulated by theta phase
(yellow). The raw trace is shown in blue. Example of a SWR event in the rat hippocampus. Figure

adapted from (Buzsaki & Tingley, 2018; Colgin et al., 2009; Deng et al., 2010; Strange et al., 2014).

The well-defined circuitry and its lamellar organisation makes the hippocampus an ideal

region to study the mechanisms of network oscillations and therefore, oscillatory



activity within the hippocampus has been extensively studied (Figure 1-12C). The
oscillatory activity in the hippocampus is characterized by different types of oscillations,
which are in part also occurring in the cortex. The most prominent hippocampal brain
activity is rhythmic theta activity in the frequency range between 5-12 Hz, which is
dominant during rapid eye movement sleep (REM), grooming and movement. Theta
oscillations within the hippocampus are highly synchronized with theta oscillations
across cortical regions such as the somatosensory cortex and frontal cortices (Bland &
Oddie, 2001; Solomon et al., 2017). These hippocampal theta oscillations have been
linked to attentional processes, information processing, cognition, and higher brain
functions (Bland & Oddie, 2001; Buzsaki et al., 2003; Z. Gu & Yakel, 2022; Hasselmo,
2006; Solomon et al., 2017). GABAergic neurons in the medial septum (MS), one of the
BFB nuclei, target inhibitory interneurons in the hippocampus and induce rhythmic
disinhibition of the pyramidal neurons in the hippocampus, therefore generating the
theta rhythm. In addition, the theta rhythm is regulated by cholinergic projections
originating from the MS (Buzsaki et al., 2003; Colgin, 2016; Z. Gu & Yakel, 2022; Somogyi,
Katona, Klausberger, Lasztoczi, & Viney, 2014; Stoiljkovic, Kelley, Nagy, & Hajos, 2015).
Studies in patients suffering from AD have demonstrated that alterations in power
oscillations are heavily dependent on the disease stage. Studies in animal models of AD
observed decreases in theta power at different stages of AD, which have been correlated
to memory deficits and are thought to be caused by functional impairment of GABAergic
septal hippocampal neurons by soluble AB (Caravaglios et al., 2010; Nimmrich, Draguhn,
& Axmacher, 2015; Scott et al., 2012; Stoiljkovic et al., 2016; Stoiljkovic, Kelley, Horvath,
& Hajos, 2018; Stoiljkovic et al., 2019; Villette et al., 2010; J. Wang et al., 2017).

A second prominent hippocampal rhythm are gamma oscillations (25-150Hz) which have
been demonstrated to be involved in memory encoding and memory retrieval (Buzsaki
et al., 2003; Colgin, 2016; Trimper, Galloway, Jones, Mandi, & Manns, 2017). Gamma
frequencies can be divided in two brain rhythms, based on its origin and the frequency.
Activity in the lower frequency ranges (25-55 Hz) have been termed slow gamma

oscillations and are driven by the CA3 region. These oscillations synchronize CA1 and
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CA3 activity, thereby supporting memory retrieval. Fast gamma oscillations (60-160 Hz)
are driven by the Ent and synchronize CA1 activity with Ent activity, supporting memory
encoding (Colgin et al., 2009). Gamma oscillations are generated by inhibitory
interneurons in the hippocampus. In healthy subjects and animals, an increase in the
power of slow and fast gamma oscillations is observed during memory encoding,
sensory processing and wake immobility (Bragin et al., 1995). This increase in gamma
power appears to predict if memory formation will be successful in humans but also in
mice (Matsumoto et al., 2013; Palop & Mucke, 2016; Sederberg et al., 2007). A number
of studies have reported conflicting observations regarding gamma oscillations in
patients (Basar, 2013). These divergent findings are thought to be caused by
methodological differences, and the difficulty to measure these high frequency
oscillatory events through the skull using EEG (Basar, 2013; Byron, Semenova, & Sakata,
2021; Nimmrich et al., 2015). Electrophysiological measurements in different mouse
models of AD observed decreased gamma power in animal models for AD, suggestive of
cognitive deficits (Carr, Karlsson, & Frank, 2012; Gillespie et al., 2016; Nakazono, Jun,

Blurton-Jones, Green, & Igarashi, 2018).

The amplitude of the hippocampal gamma rhythm is modulated by the phase of theta,
a phenomenon named phase-amplitude coupling (PAC) (Figure 1-12C). Theta driven
modulation of gamma oscillations has been thought to play an important role in the
execution of cognitive functions. The strength of the PAC has been shown to increase
during learning. Moreover, the PAC strength is also directly correlated with an increased
chance of correctly performing a cognitive task, suggesting that PAC facilitates the
transfer of information in the brain (Fell & Axmacher, 2011; Kitchigina, 2018; Tort,
Komorowski, Eichenbaum, & Kopell, 2010; Tort, Komorowski, Manns, Kopell, &
Eichenbaum, 2009). In patients with AD-related dementia and MCI, a decreased theta-
gamma PAC was observed when compared with healthy subjects, which worsened as
the disease progressed (M. S. Goodman et al., 2018). Similar decreases of theta-gamma
PAC have been observed in rodent models for AD. Interestingly, impairment of theta-

gamma PAC can already be observed before the onset of AB plaque formation in the



APP23 mice and in (AB overexpressing) TSCRND8 mice (Goutagny et al., 2013; Kitchigina,

2018), suggesting early synaptic dysfunction within the hippocampal circuitry.

Another hippocampal oscillatory event is the sharp-wave ripple (SWR), which consists
of a high frequency ripple oscillation (150-250 Hz) in the pyramidal layer of the CAl
region, together with a sharp wave (15Hz) in the stratum radiatum of CA1 (Figure 1-12C).
These LFP patterns are mainly observed during wake immobility, slow wave sleep and
consummatory behavior. SWRs are thought to be the hallmark of memory replay, as
during a SWR, large populations of pyramidal neurons are activated, often in sequences
that recapitulate past or potential future experiences (Buzsaki, 2015; Colgin, 2016). The
sharp waves and ripples are thought to be separate events with distinct origins. The
sharp waves are excitatory events originating from the CA3, which induce locally
generated ripple oscillations in the CA1 pyramidal layer. The ripple events are generated
by a delicate interaction between excitatory pyramidal neurons and local GABAergic
interneurons that, if disrupted, can lead to pathological forms of activity which impair
memory processes (Buzsaki, 2015; Buzsaki et al., 2003; Caccavano et al., 2020; Colgin,
2016; Sanchez-Aguilera & Quintanilla, 2021; Zhen et al., 2021). Research has shown that
several features of SWR are altered in advanced stages of AD. SWR abundance, peak
spectral frequency (PSF) and amplitude was decreased in several animal models of AD
(Benthem et al., 2020; Caccavano et al., 2020; Fernandez-Ruiz et al., 2019; Gillespie et
al., 2016; Oliva, Fernandez-Ruiz, Fermino de Oliveira, & Buzsaki, 2018; Sanchez-Aguilera
& Quintanilla, 2021; Stoiljkovic et al., 2019; Witton et al., 2016; Zhen et al., 2021).
However, these studies focussed on advanced stages of AD. Early synaptic dysfunction
is known to induce hyperexcitability in cortical and subcortical circuits, which could

interfere with SWR activity.

1.4 Brainstates and behavioral states

The activity of the brain is constantly wandering between states, and this affects not
only our responses to sensory inputs, but also our ability to process the constant flow of

information, make decisions, and take appropriate actions. We are always checking our
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surroundings, constantly interpreting all sensory input, to predict and be able to react if
the situation is dangerous or not. To adequately meet these demands, humans and
animals must continuously integrate sensory input, memories, expectations, and motor
commands. As mentioned earlier, researchers observed that even during rest, the brain
is highly active and several networks are continuously activating and deactivating
(Vidaurre, Smith, & Woolrich, 2017). These fluctuations of brain activity are not random
noise, but they represent the various needs of the central nervous system, and they are
tightly linked to the behavioral state the subject is in. You can think of the state of the
brain as a dot in a high dimensional space, where each position corresponds to activity
of relevant neurons or brain regions (Figure 1-13A). This dot will move through this space
over time, but not all locations will be visited as often as others, creating a number of
discrete brain states which are tightly linked with behavioral variations in arousal,
attention, and movement (McCormick, Nestvogel, & He, 2020). Each brain state is
characterized by distinct patterns of neuronal activation and EEG signatures, and
different neuronal systems are active during different behavioral states (Figure 1-13).
These alterations in neuronal activity are also reflected in local field potentials. The next
chapters will discuss different behavioral states, their LFP characteristics and EEG/LFP
alterations observed in AD. The first section will describe the awake state, which is
divided into active wake and wake immobility (1.4.1), after which two behavioral states
occurring during sleep, non-rapid eye movement sleep (NREM) and rapid eye movement

sleep will be described (REM) (1.4.2).
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Figure 1-13: Behavior and brain activity move through preferred states. A) Continuously varying
brain states in human fMRI activity. This is an example of the different fMRI states in one human
subject for 60 seconds (top). Each state is characterized by the mean activation (bottom). B) The
principle of brain states representing a dot moving through a high dimensional space, would result
in clouds of preferred brain states. DMN = default mode network. Figure adapted from

(McCormick et al., 2020; Vidaurre et al., 2017)

1.4.1 Awake behavioral states

As mentioned before, cyclic alterations in brain states occur while subjects are awake
and represent the integration of sensory and emotional information to continuously
interpret the surroundings. Brain activity is highly dependent on vigilance state and
arousal, for example, brain oscillatory activity during exploration of a novel environment
is different than oscillatory activity when a subject is at rest. Awake behavioral states
can be divided into active wake and wake immobility and both states are characterized
by fast, desynchronized cortical activity and a high muscle tone (Figure 1-14). EEG
activity during active wake, for example while a subject is involved in a spatial memory
task, is characterized by high cortical activation, where faster frequencies like beta and
gamma dominate the cortical EEG. In the hippocampus, theta waves and gamma waves
are the most dominant frequencies. This allows the subject to integrate all sensory
inputs and for example, store spatial information. Wake immobility is when a subject is
at rest and is characterized by a reduction in sensory processing. Wake immobility

facilitates memory through activity consolidation mechanisms, similar to when a subject
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is asleep. EEG activity is dominated by slower waves, such as alpha waves, delta waves
and theta waves (Brokaw et al., 2016). Within the hippocampus, electrophysiological
correlates of memory consolidation, such as Sharp-wave ripples, have been observed in
rodents and humans during wake immobility (Axmacher, Elger, & Fell, 2008; Carr,
Jadhav, & Frank, 2011). These characteristics in oscillatory activity during these two
behavioral states are caused by differences in the delicate interplay of several wake- and
arousal promoting neurotransmitter systems. Peripheral stimuli activate glutamatergic
neurons in the reticular formation and ascending reticular activating system in the
brainstem, which project to either the nucleus intralaminari of the thalamus (dorsal
pathway) or to the BFB, hypothalamus, and cortex (ventral pathway) to mediate cortical
activation and arousal (Figure 1-15). Several neurotransmitter systems are involved in
the regulation of wake, which will be discussed in the next paragraph as separate entities
(table 1-1). However, we should keep in mind that these systems are likely to interact

with each other given their anatomical connections and similar targets.

Wake NREM REM
Active Quiet

Cortical EEG

EMG P s it s |1mV

Figure 1-14: EEG and electromyography (EMG) characteristics different behavioral states.
Wakefulness is separated in active wake and wake immobility. Active wake is characterized by
desynchronized cortical activity and high muscle tone, in contrast, during wake immobility muscle
tone is decreased. During NREM sleep, synchronized, high amplitude, slow EEG activity can be
observed, together with a low EMG signal. During REM Sleep, cortical desynchronization can be

observed in the absence of EMG activity. Figure adapted from (B. E. Jones, 2020)

Wake-promoting monoaminergic neuron types produce noradrenaline (NA), serotonin
(5-HT), dopamine (DA) and histamine and they directly innervate the cortex, BFB and

lateral hypothalamus. The highest firing rates of these monoaminergic neurons are



observed during active wake, while the firing rate lower NREM sleep, and almost
completely silent during REM sleep. (B. E. Jones, 2005, 2020; Scammell, Arrigoni, &
Lipton, 2017). The locus coeruleus (LC) is the source of NA in the brain. The LC has been
implicated to play an important role in the large-scale reorganization of networks in
response to surprise, which is crucial for behavioral adaptation and the switching
between exploration and exploitation behaviors (Avery & Krichmar, 2017). Serotonin is
produced in the raphe nuclei and has been demonstrated to promote wakefulness.
However, these neurons are also important regulators of mood and reward, and further
work is needed to define the specific conditions during which they contribute the most
to arousal (Scammell et al, 2017). Dopamine (DA), another monoaminergic
neurotransmitter is released from the ventral tegmental area, substantia nigra and
periaqueductal gray. DA agonists have been demonstrated to increase wakefulness,
while lesioning of DA circuits reduces it. However, DA neurons do not show the
traditional firing rate pattern observed in the other monoaminergic wake-promoting
regions as the firing rate of dopaminergic neurons is not the highest during the awake
state. Research has demonstrated that DA signaling induces wakefulness especially
under conditions of high motivation (Eban-Rothschild, Rothschild, Giardino, Jones, & de
Lecea, 2016; Scammell et al., 2017). The tuberomammillary nucleus (TMN) is the sole
source of histamine in the brain. Antihistaminic drugs have been shown to induce
drowsiness and histaminergic neurons in the TMN have high firing rates during awake

states (Scammell et al., 2017).
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Figure 1-15: Wake promoting pathways. Several neurochemical circuits promote arousal and
desynchronized cortical activity which is observed during wakefulness. Monoaminergic neurons
(light green) directly innervate the cortex as well as several subcortical regions including the
thalamus and hypothalamus. Wake promoting signals also arise from the parabrachial nucleus
and cholinergic nuclei in the brainstem and the basal forebrain (Dark green). Figure adapted from

(Scammell et al., 2017).

The BFB is a subcortical brain region which contains GABAergic, glutamatergic, and
cholinergic neurons (see 1.2.3). The cholinergic neurons in the MS and NBM innervate
the hippocampus and the entire cortex respectively and have been demonstrated to be
strongly involved in various cognitive processes, such as attention, memory, sensory
processing, and cortical plasticity (Gielow & Zaborszky, 2017; Lin, Brown, Hussain Shuler,
Petersen, & Kepecs, 2015). Moreover, research consistently demonstrates that BFB
cholinergic neurons promote fast cortical activity, however, it is less clear if these
neurons are necessary for wakefulness itself. In contrast, GABAergic neurons in the BFB
are strongly wake promoting, since stimulation of these neurons dramatically increases
wakefulness for several hours by reducing activity of cortical inhibitory neurons (Anaclet

etal., 2015). The role of glutamatergic BFB neurons is less understood, but they do seem



to promote cortical activation through projections to cortical and subcortical arousal-

promoting regions.

Orexins are neuropeptides produced by the lateral hypothalamus (LH) which are
essential for the regulation of wakefulness and REM sleep. Orexinergic neurons
innervate all wake-promoting brain regions and the cortex, where they excite target
neurons (Figure 1-16). Firing rates of these neurons are highest during wakefulness,
especially during periods of high locomotor activity. Suppression of orexinergic neurons
increases wakefulness and decreases REM sleep for several hours (Adamantidis, Zhang,
Aravanis, Deisseroth, & de Lecea, 2007; Sasaki et al., 2011). Orexin signaling mainly
induces arousal in response to homeostatic challenges. Food deprivation for example,
increases wake and encourages locomotor activity to promote foraging (Yamanaka et

al., 2003).
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Figure 1-16: Projections of the Orexin Neurons. Orexin is produced in the lateral hypothalamus
which projects to neurons in the cortex, thalamus, and all wake-promoting areas. Figure adapted
from (Scammell et al., 2017)

In AD, several of the aforementioned neurotransmitter systems are affected at different

stages of the disease. Research has demonstrated that the BFB is one of the first brain
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regions affected by AD and mainly the cholinergic neurons residing in the BFB are very
vulnerable for AD related pathology (Cantero et al., 2020; Fernandez-Cabello et al.,
2020; Kilimann et al., 2014; Scheef et al., 2019; Schmitz et al., 2018). Moreover,
accumulation of tau starts in the LC, where it is known to interfere with noradrenergic
signaling (A. M. Goodman et al., 2021; Kelly et al., 2019; Rorabaugh et al., 2017). Altered
noradrenergic signaling is associated with impaired cognition, and pharmacological
modulation of NA concentrations in the brain have been demonstrated to improve
cognition in animal models of AD (Rorabaugh et al., 2017). The relationship between
orexin and AD has been mostly discussed in the context of AD related sleep
disturbances. Dysregulation of orexin concentrations in the cerebrospinal fluid (CSF)
have been observed in AD patients, where increased orexin was observed at late stages
of AD, which was associated with decreased sleep efficiency and REM sleep disturbances
(F. Gao, Liu, Tuo, & Chi, 2021). In addition, orexin receptor antagonists have been
demonstrated to improve sleep quality and reduce AD pathology (Duncan et al., 2019;
Zhou et al., 2020). The aforementioned results demonstrate that several
neurotransmitter systems are impaired in AD. However, the relative contribution of the
different systems to network dysfunction and behavioral alterations remains poorly
understood, especially at presymptomatic stages of AD. Detection of these
disturbances in neurotransmission could aid in the early detection of AD and could
provide important novel insights into therapeutic strategies to restore

neurotransmitter imbalance at preclinical stages of AD.



Table 1-1: Brain regions and neurotransmitters involved in sleep/wake regulation

BRAIN REGION

BASAL
FOREBRAIN
BASAL
FOREBRAIN

BASAL
FOREBRAIN
BRAINSTEM
(PONS)

LOCUS
COERULEUS
RAPHE NUCLEI
TUBERO
MAMILLARY
NUCLEUS
LATERAL
HYPOTHALAMUS

VLPO

SLD

NT =

NT BEHAVIORAL STATE
Active Wake NREM  REM
Wake  immobility
ACh +++ + — 4+
GABA +++ + == 4+
GLUT + + +
ACh +++ + == 4+
NE +++ + - Silent
5-HT +++ + - -
Hist +++ + Silent
Orexin +++ + = Silent
GABA - - +++ +++
Glut +++

noradrenaline, 5-HT =

neurotransmitter, VLPO =

serotonin, GABA =

ventrolateral preoptic area, ACh =

y-aminobutyric acid, Hist =

FUNCTION

Cortical activity
/desynchronization
Cortical activity
/desynchronization,
wake promoting
Cortical activity
/desynchronization
Cortical activity
/desynchronization,
wake promoting
Increased vigilance and
attention to stimuli
Cortical activation, locomotion

Cortical activation (direct and
indirect through cholinergic
system)

Cortical activation (direct and
indirect through regions
involved in arousal)
Inhibition arousal-promoting
areas

REM promoting region

acetylcholine, NE

Histamine, Glut

glutamatergic, VLPO ventrolateral preoptic area, SLD = sublaterodorsal nucleus, RF = reticular

formation, , NREM = Non rapid eye movement, REM = rapid eye movement. Table adapted from

(Franco-Perez, Ballesteros-Zebadua, Custodio, & Paz, 2012)

1.4.2 Sleep

Sleep is a complex behavioural state defined by the complete loss of behavioural control

and consciousness. It is essential for many vital functions including development, energy

conservation, brain waste clearance, modulation of immune responses and cognition

(Zielinski, McKenna, & McCarley, 2016). Sleep is characterized by the cyclic occurrence

of non-REM (NREM) sleep, which induces slow wave sleep (SWS) and REM sleep (Figure

1-17). Daily cycles of wakefulness and sleep are tightly regulated by interactions

between wake promoting and sleep promoting neural circuitry. During wakefulness,
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cholinergic neurons in the brainstem and BFB, noradrenergic neurons in the LC,
serotonergic neurons in the raphe nuclei and orexinergic neurons in the lateral
hypothalamus stimulate cortical activation and behavioural arousal (Table 1-1, Figure 1-
17B). Each of these neuronal populations modulates different aspects of wakefulness-

related functions in the brain.

Transitions from wakefulness to sleep occur due to inhibition of these arousal systems
by GABAergic projections originating from the ventrolateral preoptic area (VLPO).
Reciprocal inhibitory connections between the VLPO and arousal systems create a flip-
flop mechanism which allows fast transitions between sleep and wake. During
prolonged periods of wakefulness, metabolic products, mainly adenosine originating
from astrocytes, build up in the interstitial fluid of the brain, which activated the VLPO.
This activation of the VLPO inhibits the arousal related regions, inducing sleep.
Orexinergic neurons in the LH, which receive homeostatic input regarding hunger,
satiety, and circadian rhythm, are able to re-activate the arousal related regions in
response to homeostatic needs, such as hunger. This activation of arousal system
inhibits the VLPO, causing awakening of the subject (Brown, Basheer, McKenna,
Strecker, & McCarley, 2012; Franco-Perez et al., 2012; W. Boron, 2016; Zielinski et al.,
2016).

In addition to the sleep/wake flip-flop system, a REM-on/REM-off system is present in
the brain. This system regulates the switch between NREM and REM through reciprocal
inhibitory connections between the ventrolateral periaqueductal grey matter (vIPAG),
the REM-off centre and the sublaterodorsal nucleus (SLD), REM-on centre (Figure 1-
17C). The SLD sends projections to the cholinergic neurons in the BFB and pontine nuclei,
inducing cortical arousal and genital activity associated with REM sleep. Moreover,
neurons in the SLD innervate inhibitory interneurons, which inhibit spinal motor
neurons, causing REM associated muscle atonia. Signals from the LH in response to
homeostatic inputs inhibit the vIPAG, therefore promoting wakefulness (Brown et al.,

2012; Herice, Patel, & Sakata, 2019; W. Boron, 2016; Weber & Dan, 2016).
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Figure 1-17: Sleep architecture and regulation. A) Human sleep architecture showing the cyclic
patterns of REM and different NREM stages during sleep. B) The sleep/wake flip-flop system which
uses reciprocal inhibitory connections between the sleep promoting VLPO and wake promoting
arousal systems. Orexinergic signaling from the LH stimulates arousal systems, while adenosine, a

product produced in astrocytes during prolonged wakefulness, simulates the VLPO. C) The REM

on/REM off flip-flop system uses reciprocal inhibitory connections between the REM-off center
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(vIPAG) and REM-on center (SLD). Excitatory projections from the SLD target cholinergic neurons
in the pons and basal forebrain to induce genital activity and arousal. Moreover, projections from
the SLD target inhibitory neurons projecting to the spinal motor neurons, which induce muscle
atonia during REM sleep. The REM-off center is modulated by the orexinergic neurons in the LC,
which inhibit the REM-off center, causing the subject to wake up if these neurons in the LH are
activated. VLPO = ventrolateral preoptic area, ACh = acetylcholine, NE = noradrenaline, 5-HT =
serotonin, LH = lateral hypothalamus, vIPAG = ventrolateral periaqueductal grey, SLD =
sublaterodorsal nucleus, RF = reticular formation. Figure adapted from (Herice et al., 2019; W.

Boron, 2016).



The different sleep states can be distinguished using EEG/LFP recordings, as NREM and
REM sleep both display distinct oscillatory patterns (Figure 1-14). Delta waves (1-4Hz)
are the dominant frequency of brain oscillations during NREM sleep. In addition, Sharp-
wave ripples occur in the hippocampal circuit during NREM sleep. These fast oscillatory
events described in section 1.3.2 are a hallmark of memory replay and consolidation

occurring most frequently during NREM sleep.

The regulation of sleep requires a delicate interplay between several neurotransmitter
systems, of which some are affected already at early stages of AD. Approximately 60%
of the people suffering from AD develop sleep disturbances (Casagrande, Forte, Favieri,
& Corbo, 2022; Kang, Lee, & Lim, 2017; Vitiello & Borson, 2001) (Figure 1-18). These
disturbances in sleep architecture and sleep quality are thought to be the result of
neurodegenerative processes affecting the neuronal circuits regulating sleep. The
majority of the studies on sleep alterations in AD focused on later, symptomatic stages
of AD and observed disturbed circadian rhythm, sleep fragmentation and decreased
REM and NREM sleep time in AD patients (Kang et al., 2017; Kent, Strittmatter, &
Nygaard, 2018; Winer & Mander, 2018). However, recent studies suggest that sleep
disturbances occur very early in the course of AD (Hita-Yanez, Atienza, Gil-Neciga, &
Cantero, 2012; Kang et al., 2017; Liguori et al., 2020; Winer & Mander, 2018).
Researchers hypothesize that this is due to early alterations in synaptic function in
regions responsible for the regulation of sleep. Evaluation of sleep and oscillatory brain
activity during sleep at very early stages of AD might lead to novel biomarkers to detect
AD at these preclinical stages and it would offer novel insights into early
neuropathological mechanisms of AD. Moreover, treating early alterations in sleep
could be a valuable therapeutic target, since disturbances have been known to
exacerbate AD pathology (Casagrande et al., 2022; Y. E. Ju, Lucey, & Holtzman, 2014;
Kang et al., 2017; L. Xie et al., 2013).
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Figure 1-18: Changes in sleep architecture during aging and in AD. Alterations in sleep
macroarchitecture during healthy aging (solid lines) and in AD (dotted lines) of several sleep
parameters. It becomes apparent that sleep disturbances seem to arise before cognitive
symptoms are present. TST = total sleep time, N1-2 = light NREM sleep, SWS = deep stages NREM,
REM = rapid eye movement, MCI = mild cognitive impairment, AD = Alzheimer’s disease, HFO =

high frequency oscillations. Figure adapted from (Romanella et al., 2021)

Rodents are an ideal model for sleep studies since behavioral states can be easily
measured with EEG or LFPs and the high homology between the neurocircuitry and
neurochemistry of sleep with that of humans. Moreover, studies in rodents allow
pharmacological and/or genetic manipulations of sleep circuitry. However, there are
some differences in sleep architecture, since rodents are so-called polyphasic sleepers,
meaning that they cycle through many sleep bouts and wake bouts during light and
during dark. Moreover, rodents are nocturnal animals, meaning that they sleep during
the light phase, and are active during the dark phase (Figure 1-19). Despite the
differences in sleep architecture and circadian rhythmicity, rodent models for AD are
still often used to evaluate sleep disturbances in AD. Interestingly, similar changes in
sleep architecture, such as sleep fragmentation, altered circadian rhythmicity and less
time spent in NREM and REM and decreased power of slow oscillations have been
observed in different rodent models of AD (Benthem et al., 2020; Duncan et al., 2022;

Kent et al., 2018; Kreuzer et al., 2020; Roh et al., 2012; Wisor et al., 2005; B. Zhang et



al., 2005). These results demonstrate the high translational value of sleep research in
AD models. Using animal models of AD to investigate sleep alterations has several
advantages, such as the possibility to investigate very early stages of the disease,
follow up sleep alterations over the progression of the disease and evaluate the effects

of manipulation of sleep circuits.
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Figure 1-19: Sleep architecture in humans versus rodents. Humans have a monophasic sleep,
meaning that they sleep for several hours and cycle through different sleep stages during this
period. However, rodents are polyphasic sleepers, meaning that they have more sleep cycles
during both day and night. Moreover, rodents are nocturnal animals, and therefore display more
REM and NREM sleep during the light phase, compared to the dark phase. Figure adapted from
(Mong & Cusmano, 2016)
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2. Objectives & Outline

Due to the aging world population, the number of people suffering from Alzheimer
Disease (AD), a severe neurodegenerative disorder leading to dementia, is expected to
dramatically increase (Brayne & Miller, 2017). AD is a progressive disorder, in which the
accumulation of toxic amyloid-beta aggregates and neurofibrillary tangles disrupts
neuronal function. The protein deposits induce neuronal loss and severe cognitive
deficits and behavioral alterations, which affect the activities of daily living, eventually
resulting in the need for 24-hour care. AD is characterized by a long preclinical phase,
where there is a progressive accumulation of AB and tau, in the absence of cognitive
symptoms (Braak, Thal, Ghebremedhin, & Del Tredici, 2011; Sperling et al., 2011). The
advantage of this long preclinical phase is that there is time to interfere with the disease
before irreversible damage is inflicted to the brain. But to do this, we need to be able to
detect AD at this preclinical phase, which is currently still not feasible, since AD is mainly
diagnosed based on cognitive symptoms observed with neuropsychological

examinations (Aisen et al., 2017).

A vast amount of AD research is focusing on finding early biomarkers of AD, to offer the
opportunity to detect AD and to start therapeutic treatment at presymptomatic stages
before extensive damage is afflicted to the brain (De Roeck, Engelborghs, & Dierckx,
2016; Dubois et al., 2014). Several cerebrospinal fluid (CSF) biomarkers have been
discovered which allow detection of APi-40, AB1-42, total tau and pTau concentrations.
The combination of several CSF biomarkers have been shown to be sensitive for AD and
are to some extend capable of differentiation between different causes of dementia.
However, obtaining CSF requires a lumbar puncture and therefore limits the use of this
technique (Bouwman et al., 2022; Somers, Goossens, Engelborghs, & Bjerke, 2017).
Several imaging biomarkers are currently used to evaluate loss of brain volume
(structural magnetic resonance imaging) and amyloidosis (e.g., Positron emission

tomography (PET)) (Ishii et al., 2017; Ruan et al., 2016; Sharma & Singh, 2016). The non-
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invasive nature of MRI and PET is a major advantage, however, the changes observed

with these techniques in AD occur at a relatively late stage.

Synaptic dysfunction has been demonstrated to induce alterations in activity and
connectivity of functional brain networks (Shah et al., 2015). Interestingly, these
network disturbances can be detected using noninvasive resting state functional MRI
(rsfMRI) (Badhwar et al., 2017; Ben-Nejma et al., 2019; Y. Gu et al., 2020; H. Li et al.,
2017). Moreover, several studies have demonstrated that synaptic dysfunction occurs
very early in AD, even before amyloid accumulations are observed (Ben-Nejma et al.,
2019; Latif-Hernandez et al., 2019; Shah et al., 2018; Shah et al., 2016). Therefore, rsfMRI
is a promising tool to develop non-invasive biomarkers for AD. However, standard FC
measures have been demonstrated to suffer from several caveats, such as a lack of
specificity for AD, therefore limiting its potential as a biomarker. Interestingly, several
advanced analyses methods of rsfMRI data have been demonstrated to be sensitive to
altered network activity in people suffering from AD from healthy controls. Moreover,
by taking into account the dynamic properties of FC, researchers were able to classify
people suffering from subjective cognitive decline and AD compared to healthy controls,
suggesting that these novel measures could have the potential to be used as
presymptomatic biomarker (Hohenfeld, Werner, & Reetz, 2018; Liang et al., 2021;
Moguilner et al., 2021; Yamada et al., 2017). Quasi-periodic pattern (QPP) analysis is a
recent technique which investigates recurrent patterns of network activity, which are
highly similar across species. Recent studies observed that these QPPs are able to detect
alterations in network disturbances in neurological disorders such as ADHD and AD

(Abbas, Bassil, & Keilholz, 2019; Belloy, Shah, et al., 2018).

One of the first networks affected in AD is the hippocampal network, which is imperative
for proper memory function. The hippocampus is a small structure in the medial
temporal lobe, which is involved in the encoding and consolidation of spatial and
episodic memory, cognitive functions which are impaired at the early symptomatic

stages of AD (Axmacher et al., 2008; Basar, 2013). The mechanisms by which the



hippocampus encodes, and stores memories has been an important topic in research
for several decades (Belluscio, Mizuseki, Schmidt, Kempter, & Buzsaki, 2012; Buzsaki,
2006, 2015; Buzsaki et al., 2003; Buzsaki & Tingley, 2018; Colgin, 2016). Several
characteristics of hippocampal neuronal activity have been linked to memory processes,
which have been demonstrated to be altered during different stages of AD (Bazzigaluppi
et al., 2018; Benthem et al., 2020; Caccavano et al., 2020; A. M. Goodman et al., 2021;
Goutagny et al., 2013). However, it is still unknown how hippocampal function is altered
at very early stages of AD, and what mechanisms are contributing to this network

dysfunction.

The synaptic dysfunction occurring at early stages of AD has been demonstrated to
impair connectivity of brain networks, leading to alterations in behavior such as memory
problems (Latif-Hernandez et al., 2019; Shah et al., 2018). Very subtle behavioral
alterations due to altered network function, could be driving disease progression, since
several important (homeostatic) brain processes would be disrupted. Sleep is a complex
behavioural state defined by the complete loss of behavioural control and consciousness
and is essential for energy conservation, synaptic plasticity and homeostasis, brain
waste clearance, modulation of immune responses and cognition (Zielinski et al., 2016).
Daily cycles of wakefulness and sleep are tightly regulated by interactions between
wake-promoting and sleep promoting neural circuitry, of which several are thought to
be affected by AD already at presymptomatic stages. Several studies have demonstrated
that sleep disturbances occur very early in the course of AD (Hita-Yanez et al., 2012;
Kang et al., 2017; Liguori et al., 2020; Winer & Mander, 2018). Evaluation of sleep and
brain activity during sleep at very early stages of AD might lead to novel biomarkers to
detect AD at these preclinical stages and it would offer novel insights into early
neuropathological mechanisms of AD. Moreover, treating early alterations in sleep
could be a valuable therapeutic target, since sleep disturbances have been
demonstrated to exacerbate AD pathology (Casagrande et al., 2022; Y. E. Ju et al., 2014;
Kang et al., 2017; L. Xie et al., 2013).
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Despite decades of research and numerous clinical trials aiming to stop the progression
of AD by breaking down protein aggregates and inhibiting the production of these
proteins, there is still no disease modifying therapy available for AD (Mehta, Jackson,
Paul, Shi, & Sabbagh, 2017; Yiannopoulou, Anastasiou, Zachariou, & Pelidou, 2019). The
continuously failing clinical trials highlight the importance of finding novel therapeutic
targets which can alter disease progression. However, disease mechanisms at early
stages of AD, especially during the preclinical phase, are still elusive. Recent studies
have demonstrated that early network imbalance, caused by synaptic dysfunction due
to the accumulation of soluble amyloid species, drives disease progression in AD (Bi et
al., 2020; Busche & Konnerth, 2015; Maestu, de Haan, Busche, & DeFelipe, 2021; Styr &
Slutsky, 2018). Therefore, researchers hypothesize that restoring the network imbalance
at early stages of the disease could slow down or stop the disease progression of AD
(Busche et al.,, 2015; Styr & Slutsky, 2018). However, insights into the disease
mechanisms underlying presymptomatic network dysfunction are still lacking.
Investigation of network dysfunction during different behavioral states could provide
valuable insights into which neuronal systems are affected at the presymptomatic stages
of disease. And maybe in the future, by targeting these affected systems, an effective

disease modifying treatment could be developed.

The overall aims of this PhD project were to investigate aberrations in whole brain
network activity and hippocampal oscillatory activity at pre- and early-plaques stages
of AD and to evaluate how these are linked to histopathological AD-related alterations
and behavioral disturbances. For this purpose, we used a multimodal approach where
we combined rsfMRI, hippocampal measurements of neuronal activity in freely
behaving animals and histological analysis. We investigated pre-plaque and early plaque
stages of AD, using the TgF344-AD rat model, which displays all phenotypical hallmarks
of AD. First, we investigated whole brain alterations in network activity using rsfMRI
combined with histology to gain insights into disease mechanisms contributing to the
changes in network activity (chapter 3). Next, we used hippocampal electrophysiology

to evaluate neuronal activity and hippocampal function during different sleep stages and



during exploration of a novel environment. In addition, analysis of the abundance of
cholinergic, glutamatergic, and GABAergic synapses was performed to gain insight into
synaptic alterations which might contribute to the altered hippocampal activity (chapter
4 & 5). Cholinergic neurons in the basal forebrain (BFB) have been demonstrated to be
vulnerable for AD pathology, leading to cholinergic deficits already at early stages of the
disease. In the next step, we aimed to investigate the effects of modulating cholinergic
signaling on the functional connectivity in whole-brain networks. Therefore, we used
designer receptors exclusively activated by designer drugs (DREADDs) to modulate the
neuronal activity of BFB cholinergic neurons in healthy rats and evaluated the effects of
the DREADD stimulation on whole brain functional connectivity using rsfMRI in chapter

6.

2.1 Objective 1: Disentangle disruption of whole-brain network
activity at pre- and early-plaque stages of AD in TgF344-AD rats

Before evaluating alterations in recurrent patterns of network activity, it was important
to validate that the timepoints we selected for the analyses would correspond to pre-
and early-plaque stages of AD. Therefore, histological analysis was performed to
evaluate AD related pathology. These results confirmed that at 4-months of age, soluble
amyloid pathology was present in the brain, in the absence of amyloid plaques or tau
tangles and that the first amyloid plaques could be observed at 6 months of age. Next,
we performed whole-brain resting state functional MRI in TgF344-AD rats and wildtype
littermates. We used quasi-periodic pattern analysis to investigate how BOLD activity is
altered during recurrent patterns of brain activity. We compared spatial and temporal
properties of whole brain network activity between groups. In addition, we’ve
performed histological analysis of neuro-inflammation and quantified the amount of
glutamatergic, GABAergic, and cholinergic synapses to gain insight into possible disease
mechanisms contributing to the changes observed in the rsfMRI. The results are

reported in chapter 3.
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2.2 Objective 2: Unravel synaptic dysfunction during different
behavioral states during pre-plaque and early-plaque stages of
AD

The hippocampus is a subcortical structure which is highly involved in the encoding and
consolidation of episodic and spatial memory (Buzsaki et al., 2003; Buzsaki & Tingley,
2018). Moreover, it is one of the first structures affected in AD, resulting in cognitive
deficits such as memory impairments (Braak et al., 2011). Early accumulation of amyloid
induces alterations in neuronal excitability within the hippocampal circuit, resulting in
alterations in oscillatory activity and cognitive deficits (Caccavano et al., 2020; A. M.
Goodman et al., 2021; Goutagny et al., 2013). To evaluate if oscillatory activity within
the hippocampus is altered at pre-plaqgue and early-plaqgue stages of AD,
electrophysiological recordings in the CA1 layer of the hippocampus were performed.
The recordings were acquired from freely moving animals, allowing the evaluation of
hippocampal activity during different behavioral states, which are regulated by different
neuromodulatory systems (Fontanini & Katz, 2008; McCormick et al., 2020). This could
provide new insights into the neuromodulatory underpinnings of (hippocampal)

network dysfunction during pre- and early-plaque stages of AD.

We first wanted to evaluate how hippocampal function and network activity was altered
during different sleep stages, namely rapid eye movement sleep (REM) and non-rapid
eye movement sleep (NREM), since hippocampal-dependent memory consolidation is a
process which occurs mainly during sleep. Moreover, given the observation that sleep
architecture and circadian rhythmicity have been shown to be altered in AD, we aimed
to evaluate if behavioral alterations in sleep were observed during these early stages of
AD. Hippocampal oscillatory activity in the CA1 region and sleep architecture were
compared between TgF344-AD rats and wild-type littermates during the pre- and early-
plaque stage of AD. In addition, histological analysis was performed focusing on the
amount of glutamatergic, GABAergic, and cholinergic synapses in the dentate gyrus and

CA1l layer of the hippocampus. The results of this study are represented in chapter 4.



Next, we wanted to investigate hippocampal function while the TgF344-AD rats were
exploring a novel environment, since the hippocampus is known to play an important
role in spatial navigation and online encoding of spatial memories (Buzsaki, 2006;
Buzsaki & Tingley, 2018). Electrophysiological signals from the CA1l layer of the
hippocampus were recorded while the animals were exploring an open field (consisting
of a square box of 1x1 meter, guided by cues on the wall). We evaluated explorative
behavior, spatial navigation, and hippocampal oscillatory activity to gain insights into
early hippocampal dysfunction during pre-plaque stages of AD. The results are described

in chapter 5.

2.3 Objective 3: Effects of circuit specific basal forebrain
cholinergic activation on whole-brain functional connectivity

The cholinergic system is an important neuromodulatory system involved in various
cognitive functions, such as attention and memory (Anaclet et al., 2015; Gritton et al.,
2016; W. Li et al., 2015; Solari & Hangya, 2018). Research has demonstrated that the
cholinergic neurons, originating from the BFB, are important for healthy cognitive
function (Nair et al., 2018; Turchi et al., 2018). Cholinergic neurons residing in the BFB
project to the entire cortex and hippocampus and have been demonstrated to be
extremely vulnerable for AD pathology, leading to a loss of cholinergic neurons already
at early stages of the disease (Dringenberg, 2000; X. Du, Wang, & Geng, 2018). Several
studies observed that BFB degeneration precedes the cortical spread of amyloid in
patients suffering from AD, further suggesting the early involvement of this structure in
AD. Moreover, these studies have demonstrated that the reduced BFB volume is
correlated with decreased cognition in AD and that it can predict the conversion from
mild cognitive impairment to AD related dementia (Brueggen et al., 2015; Fernandez-
Cabello et al., 2020; Teipel et al., 2022; Xia et al., 2022). Current symptomatic treatments
aimed at increasing the amount of acetylcholine in the brain have been shown to

alleviate cognitive symptoms and slightly delay disease progression in AD.
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Since the cholinergic system is an important modulator of whole brain network activity,
we wanted to investigate how unilateral activation of BFB cholinergic neurons in the
nucleus basalis of Meynert, affects functional connectivity within the default-mode like
network. Therefore, we used chemogenetic tools combined with rsfMRI to elucidate the
role of the cholinergic BFB in the regulation of network activity. This proof-of concept
study provides novel insights into the effects of circuit specific, cholinergic activation.

The results are presented in chapter 6.

Finally, chapter 7 concludes with a general discussion in which we elaborate on potential
disease mechanisms during pre- and early-plaque stages of AD, based on the outcomes

of this PhD dissertation.



3. Unraveling whole-brain alterations in network interaction at
pre-plaque and early-plaque stages of AD

This chapter is based on:

M. van den Berg, M. H. Adhikari, M. Verschuuren, I. Pintelon, T. Vasilkovska, J. Van
Audekerke, S. Missault, L. Heymans, P. Ponsaerts, W. H. De Vos, A. Van der Linden, G. A.
Keliris and M. Verhoye (2022). "Altered basal forebrain function during whole-brain
network activity at pre- and early-plaque stages of Alzheimer's disease in TgF344-AD

rats." Alzheimers Res Ther 14(1): 148
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3.1 Abstract

Background: Imbalanced synaptic transmission appears to be an early driver in
Alzheimer’s Disease (AD) leading to brain network alterations. Early detection of altered
synaptic transmission and insight into mechanisms causing early synaptic alterations
would be valuable treatment strategies. This study aimed to investigate how whole-
brain networks are influenced at pre- and early-plague stages of AD and if these

manifestations are associated with concomitant cellular and synaptic deficits.

Methods: To this end, we used an established AD rat model (TgF344-AD) and employed
resting state functional MRI and quasi-periodic pattern (QPP) analysis, a method to
detect recurrent spatiotemporal motifs of brain activity, in parallel with state-of-the-art

immunohistochemistry in selected brain regions.

Results: At the pre-plaque stage, QPPs in TgF344-AD rats showed decreased activity of
the basal forebrain (BFB) and the default-mode like network. Histological analyses
revealed increased astrocyte abundance restricted to the BFB, in the absence of amyloid
plaques, tauopathy and alterations in number of cholinergic, GABAergic, and
glutamatergic synapses. During the early-plaque stage, when mild amyloid-beta (AB)
accumulation was observed in the cortex and hippocampus, QPPs in the TgF344-AD rats
normalized suggesting the activation of compensatory mechanisms during this early
disease progression period. Interestingly, astrogliosis observed in the BFB at the pre-
plague stage was absent at the early-plaque stage. Moreover, altered
excitatory/inhibitory balance was observed in cortical regions belonging to the default
mode-like network. In wild-type rats, at both time-points, peak activity in the BFB
preceded peak activity in other brain regions — indicating its modulatory role within
QPPs of brain activity. However, this pattern was eliminated in TgF344-AD suggesting
that alterations in BFB-directed neuromodulation have a pronounced impact in network

function in AD.



Conclusions: This study demonstrates the value of rsfMRI and advanced network
analysis methods to detect early alterations in BFB function in AD, which could aid early
diagnosis and intervention in AD. Restoring the global synaptic transmission, possibly by
modulating astrogliosis in the BFB might be a promising therapeutic strategy to restore

brain network function and delay the onset of symptoms in AD.

3.2 Introduction

Alzheimer’s disease (AD) is a severe neurodegenerative disorder with an insidious onset
of disease. Due to an aging society, an increasing number of people are expected to
suffer from this incurable disorder, bringing enormous economic and societal burden.
Despite decades of research and numerous clinical trials, disease-modifying therapies
are still lacking, mainly due to the incomplete insight into the pathological mechanisms
of AD (Anderson et al., 2017). AD is characterized by a progressive accumulation of two
toxic proteins, the amyloid-beta (AB) and hyperphosphorylated tau (pTau), inducing
neuronal loss, cognitive impairment, and dementia. Since the accumulation of AR is one
of the earliest events in AD pathology, it has long been hypothesized that it triggers the
formation of pTau and neurodegeneration. However, AB plague accumulation is not
linearly correlated with dementia symptoms. Interestingly, neuronal hyperexcitability
(resulting from increased glutamatergic and decreased GABAergic signalling) has been
observed prior to plaque formation [3-6]. This hyperexcitability exacerbates the
formation of soluble AR species, therefore, driving disease progression [6]. Soluble
monomeric and oligomeric AB have been demonstrated to be neurotoxic to cholinergic
neurons originating from the basal forebrain (BFB), causing the BFB to become affected
during early stages of AD (X. Q. Chen & Mobley, 2019). Studies have demonstrated that
decreased BFB volume precedes the cortical spread of AB (Fernandez-Cabello et al.,
2020; A. M. Hall, Moore, Lopez, Kuller, & Becker, 2008). The BFB has been implicated in
the modulation of cognition, specifically the projections from the diagonal band of
Broca, substantia innominata and the nucleus basalis of Meynert (NBM) to the cortex
(Lozano-Montes et al., 2020; Nair et al., 2018). Moreover, the BFB is known to be an

important modulator of network activity and is involved in cortical network switching
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between brain states by exerting direct and/or indirect control on the prefrontal cortex
(Espinosa, Alonso, Morales, et al., 2019; W. Li et al., 2015; Turchi et al., 2018). Therefore,
alterations in BFB signalling due to AD pathology might lead to early disruption of

network activity in the brain.

Resting state functional MRI (rsfMRI) is a non-invasive MRI technique, which uses the
blood oxygen level dependent (BOLD) contrast to indirectly assess spontaneous
neuronal activity while the subject is at rest. Low frequency, temporally correlated
fluctuations of BOLD activity between brain regions, have been shown to consistently
exist across certain distally located areas that are defined as resting state networks
(Allen et al., 2011; J. Grandjean et al., 2020; N. Xu et al., 2022). Moreover, the strength
of temporal correlation is thought to be representing functional connectivity (FC)
between the nodes of these networks. We recently demonstrated that activation of
cholinergic neurons in the NBM induces a decrease of FC in the default-mode like
network (DMLN) (Peeters, van den Berg, et al., 2020), a major resting state network
active during self-referential tasks such as mind wandering and introspection (Raichle,
2015). Numerous clinical rsfMRI studies have detected FC alterations in patients with
Mild Cognitive Impairment and AD-related dementia, as well as in animal models of AD.
Aberrations in FC were mainly observed in the default mode network and have been
linked to cognitive and behavioral performance setting it as an important target for
therapies (Anckaerts et al., 2019; Herdick et al., 2020; Pan et al., 2017; Shah et al., 2013;
Shah et al., 2016; van Harten et al., 2018; Y. Xie et al., 2019).

Recent advances in dynamic rsfMRI analysis approaches revealed fundamental new
insights regarding regional involvement, and regulation of so-called brain states, by
considering the dynamic, temporal properties of FC (Filippi, Spinelli, Cividini, & Agosta,
2019; Jalilianhasanpour et al., 2021; Sendi et al., 2021). In addition, other dynamic
analysis methods - related but not identical to FC - have also been proposed and offer
some important advantages such as increased time resolution and a better estimation

of the instantaneous or short-term relationship of activity across areas (Abbas, Belloy,



et al., 2019; Gutierrez-Barragan et al., 2019; X. Liu et al., 2018; Thompson et al., 2014).
One such method is the Quasi-periodic pattern (QPP) analysis, which detects recurrent,
relatively short-lived spatiotemporal motifs of whole-brain activity using the BOLD
signal. One of the strengths of QPPs is that they are a sensitive method to directly
demonstrate the anti-correlated activity between the default mode-like network, and
the lateral cortical network (LCN) in rodents (Belloy, Naeyaert, et al., 2018) - the rodent
analog of the so called task positive network in humans, a network that has been shown
to be activated in cognitive and attention demanding tasks (N. Xu et al., 2022). Thus, we
speculated that QPP analysis would be very powerful and could offer novel insights into
spatial and temporal alterations in neuronal activity during specific recurrent brain
states at pre-plaque stages of AD. Moreover, QPP analysis could potentially uncover

regions involved in the modulation and regulation of these states and networks.

Imbalance in synaptic function appears to be an early driver of AD progression (Bi et al.,
2020; Brier, Thomas, & Ances, 2014; Busche et al., 2015; Maestu et al., 2021; Small,
2008). Thus, sensitive measures of early network disturbances could assist in the
development of promising biomarkers for early diagnosis of AD. Moreover, targeting the
impaired network function during this presymptomatic phase might prove imperative
for disease modifying treatments. However, the mechanisms underlying the early
network dysfunction, are still unknown. In this study we hypothesized that during the
pre-plaque stage, alterations in BFB activity induce changes in whole brain, recurrent
patterns of brain activity involving the DMLN and LCN, which can be detected with
rsfMRI and QPP analysis. We test this hypothesis using rsfMRI in a well characterized,
highly translational TgF344-AD rat model of AD, which bears human APPswe and PS1aes
mutations, resulting in an age-dependent accumulation of AB depositions (R. M. Cohen
et al., 2013), endogenous pTau accumulation, (Joo et al., 2017; Rorabaugh et al., 2017),
and cognitive deficits, akin to human AD (Braak et al., 2011). Further, to unravel the
concomitant cellular and synaptic deficits underlying network alterations, QPP analysis
was complemented with state-of-the-art histological investigation of relevant brain

areas such as BFB and nodes of the DMLN and LCN
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3.3 Material and Methods

3.3.1 Animals and ethical statement

TgF344-AD and F344 rats for this study were bred in-house. Heterozygous TgF344-AD
rats were purchased from the RRRC (RRID:RGD_10401208) and were coupled with F344
rats (Charles River, Italy). The male offspring was used in this study. Fifteen male TgF344-
AD rats and 11 wildtype (WT) littermates underwent rsfMRI scans at both 4 and 6
months of age. The four-month timepoint represents the pre-plaque stage of AD, with
accumulation of soluble amyloid species in the absence of amyloid plaque depositions,
while the six-month timepoint has been shown to represent an early-plaque stage in
TgF344-AD rats (R. M. Cohen et al., 2013). An additional 42 male rats were used for
histological (6 WT and 6 TgF344-AD rats for both time points), and biochemical analysis
(3 WT and 6 TgF344-AD rats for both time points). Animals were group housed with a
12h light/dark cycle (lights on at 7 am) and with controlled temperature (20 — 24°C) and
humidity (40-60%) conditions. Standard food and water were provided ad libitum. All
procedures were in accordance with the guidelines approved by the European Ethics
Committee (decree 2010/63/EU) and were approved by the Committee on Animal Care

and Use at the University of Antwerp, Belgium (approval number: 2019-06).

3.3.2 In vivo MRI procedures

Rats were anesthetized using isoflurane (5% for induction and 2% during handling
procedures). The animals were endotracheally intubated and mechanically ventilated
(70 breaths per minute) using a ventilator (Microventilator, Carfil, Belgium) under 2%
isoflurane. Ear bars were used to fix the head of the animal and a cannula was placed in
the tail vein, after which an intravenous bolus injection of medetomidine (0.05 mg/kg,
Domitor®, Pfizer, Germany) and Pancuroniumbromide (0.5 mg/kg, VWR, Belgium) was
administered. The constant intravenous infusion of medetomidine (0.1 mg/kg/h) and
Pancuroniumbromide (0.5 mg/kg/h) was started 15 minutes after the administration of

the bolus and the isoflurane concentration was gradually lowered to 0.4%. Animal



physiology was closely monitored during the handling and the scanning. Body
temperature was maintained at (37 + 0.5) °C using a feedback controlled warm air
circuitry (MR-compatible Small Animal Heating System, SA Instruments, Inc., USA). A
pressure-sensitive pad (sampling rate 225 Hz; MR-compatible Small Animal Monitoring
and Gating system, SA Instruments, Inc., USA) was used to record the breathing rate.
Additionally, a pulse oximeter was placed on the hind paw of the animal to monitor the
heart rate and blood oxygenation (MR-compatible Small Animal Monitoring and Gating

System, SA Instruments, Inc., USA).

3.3.2.1 MRI acquisition

Data were acquired using a 9.4T Biospec MRI system (Bruker BioSpin, Germany) with
Paravision 6 software, using a 2x2 array receiver head radiofrequency coil. To allow
uniform slice positioning, T2-weighted TurboRARE images were acquired along three
directions (TR 2500ms, TE 33ms, FOV (30x30) mm?, matrix [128x128]). Magnetic field
inhomogeneity was corrected by local shimming in an ellipsoid volume of interest
covering the brain. Resting state functional MRI (rsfMRI) was acquired using a single shot
gradient echo EPl-sequence (TR 600ms, TE 18ms, FOV (30 x 30) mm?, matrix [96 x 96],
12 coronal slices of 1.0 mm, slice gap 0.1mm, 1000 repetitions). RsfMRI scans started 35
minutes after the initial bolus administration and the total scan time was 10 min.
Intravenous infusion of medetomidine and Pancuroniumbromide anaesthesia was
terminated after completion of the rsfMRI scan and isoflurane was increased to 2%.
Next, T2-weighted 3D images were acquired using a 3D RARE sequence (TR 2500 ms,
effective TE 44 ms, FOV (30x30x22) mm?3, matrix [256x256x128], RARE-factor 16). At the
end of the scan session, a subcutaneous injection of 0.1 mg/kg atipamezole (Antisedan®,
Pfizer, Germany) was administered to counteract the effects of the medetomidine
anaesthesia and the animals were put on a second ventilator and heating pad to recover.
All animals recovered within 1 hour after the end of the scan session, except for two 4-
month-old TgF344-AD rats that did not recover after the scan session due to premature

extubation.
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3.3.2.2 Data preprocessing

Pre-processing of the data including debiasing, normalisation, realignment, smoothing,
and co-registration was performed using SPM12 software (Statistical Parametric
Mapping). First, we performed debiasing on the 3D RARE scans in order to remove the
smooth, spatially varying intensity gradient induced by the receiving RF coil. Next, we
created a study-specific 3D template from a subset (4M 11 WT/15 TG - 6M 11 WT/ 13Tg)
of animals debiased 3D RARE scans in Advanced Normalization Tools (ANTS). Then, all
rsfMRI images were realigned to the first image using a 6-parameter rigid body spatial
transformation estimated using a least-square approach. Next, rsfMRI images were
coregistered to the anatomical 3D scan of the same imaging session using a global 12-
parameter affine transformation with mutual information as the similarity metric. The
anatomical 3D scan was finally spatially normalized to the study-specific 3D template
using a global 12-parameter affine transformation followed by a non-linear deformation
protocol. The combined transformation (realignment and spatial normalization to the
template) is applied to realign all EPI and co-register them to the 3D RARE template.
Finally, ventricles were masked out of the data and in-plane smoothing was performed

using a Gaussian kernel with full width at half maximum of twice the voxel size.

3.3.2.3 Quasi-periodic pattern (QPP) analysis

Global signal regression, quadratic detrending, demeaning and Fischer z-score
transformation was performed on pre-processed rsfMRI scans, after which the scans
were filtered between 0.01-0.17 Hz using a Butterworth band pass filter. Next, rsfMRI
scans of all subjects were concatenated per genotype and per age to create four image
series. QPPs were extracted from each image series using a modified algorithm first
described by (Majeed et al., 2009), which detects recurrent, spatiotemporal patterns of
BOLD activity. The first step in this algorithm extracts a template, which is a set of a pre-
specified number (i.e., window size) of consecutive BOLD images, is selected at arandom
seed time frame within the image series. This template is then incrementally shifted
along the image series, and the average, voxel wise spatial correlation of the BOLD

signals, restricted to a brain mask, of the template and the successive image-series



segments of the same is calculated. The resulting correlation time-series is termed the
sliding template correlation (STC). Local peaks in the STC with peak correlation
exceeding a threshold of 0.2 are identified and the corresponding image series segments
are averaged, voxel-wise, to form an updated template. This correlation threshold is
based on previous studies which detected QPPs in humans and mice (Belloy, Naeyaert,
et al., 2018; Majeed et al., 2009). This process is repeated until the spatial correlation
between the updated and previous template is at least 0.99 resulting in a QPP.
Thereafter the whole process is repeated with a new random seed location. The length
of the template and hence the resulting QPP defined by the user prior to the extraction.
The number of QPPs extracted for each image series is based on the number of chosen
random seeds points. In this study, 200 QPPs were identified for each genotype and age,
with a length of 6 TR (3.6s) and 15 TR (9s), consistent with a template of 6 and 15
consecutive BOLD images. These lengths were selected based on previous literature

describing QPPs in rats (Majeed et al., 2009).

For both short and long window size, 200 QPPs were hierarchically clustered based on
their temporal and spatial similarity, using correlation distance as a metric, to identify
clusters of similar QPPs. The advantage of hierarchical clustering is that this method
does not require prior knowledge about the number of clusters present in the data.
Temporal similarity between a pair of QPPs was measured in terms of Pearson’s
correlation between their sliding template correlation time-courses. To obtain spatial
similarity, one of the two QPPs is circularly shifted one image frame at a time and for
each shift, a Pearson’s correlation between its voxel-wise BOLD signal with that of the
other unshifted QPP is obtained. Spatial similarity between the two QPPs is the
maximum value of correlation across ws shifts, where ws is the window size. The spatio-
temporal distance between every pair of QPPs is obtained by taking the Euclidian
distance of the spatial and temporal domain distances. Using this NxN (N = number of
QPPs) distance matrix, we performed hierarchical clustering to identify similar QPPs.
This will result in a clustered distance matrix in which all the QPPs are hierarchically

sorted according to distance. Plotting this distance matrix using a colour map makes it
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easier to interpret the results (Fig 3-4). Next, we identified optimal # of clusters and their
representative QPPs. First different clustering solutions, with different number of
clusters were obtained. For each clustering solution, the silhouette coefficient for each
QPP was calculated using its average within-cluster distance and between-cluster
distances. These individual coefficients were averaged across QPPs and the clustering
solution with the highest value was identified as the optimal solution. Next, out of the K
clusters, robust clusters were objectively identified using several criteria including a
minimum cluster size of 20 QPPs. In addition, QPPs should occur in at least 90% of the
subjects for at least 50% of the QPPs within that cluster. The QPPs with the highest
occurrence within their cluster, as measured by the instances the STC exceeds the

threshold of 0.2, were selected as representative QPPs (rQPPs) for that cluster.

To visualize and identify the sequential regional activation and deactivation pattern that
characterize a specific rQPP, one sample t-tests (two-tailed, FDR p<0.05, minimum
cluster size 10 voxels, Matlab) were performed using the BOLD signals of the instances
at which the local peaks in STC exceed the threshold of 0.2. Clusters of QPPs were
matched between groups using a spatial cross correlation coefficient after which the
activation patterns of spatially matched rQPPs (Pearson correlation coefficient >0.70)
were compared using a two-sample t-test (two-tailed, FDR p<0.05, minimum cluster size
10 voxels, Matlab). The effect size was estimated by calculating the Cohens d on the ROI
based time courses for each BOLD image of the rQPP separately. Each QPP has its own
STC from the image series they are derived from, which can be used to extract
occurrence rates at the subject level. Cluster-wise occurrence rate, defined as the
average across occurrence rates of the QPPs that constitute the cluster, of matched
clusters were compared between groups using an unpaired two-sample t-test (two-

tailed, FDR p<0.05, Matlab).

To evaluate propagation of activity within QPPs, 9s QPPs were extracted and
representative QPPs were selected based on hierarchical clustering as described above.

Representative QPPs of the TgF344-AD rats were phase-aligned to the QPP of the WT



animals based on maximal spatial correlation between the rQPPs across groups,
ensuring that the phase of DMLN activation of the rQPPs is the same across groups. To
evaluate BOLD activity within QPPs in specific regions of interest (ROI), group averaged
BOLD-time courses from each ROl were extracted from the image series and plotted.
Next, the peak timings of the (non-z-scored) BOLD signal within each voxel in a ROl was
averaged across all QPP-occurrences over the group, to create voxel-wise distribution of
mean peak timings within each ROI. Unpaired two-sample t-tests (FDR p<0.05, Matlab)
were performed to compare mean, across ROl voxels, peak timings between regions
within each group in order to identify significant differences in the timing of peak activity

of regions.

3.3.3 Immunohistochemistry

3.3.3.1 Immunofluorescent stainings

To evaluate AD pathology and alterations in synaptic markers, histological analyses were
performed on cryosections of 12 TgF344-AD rats (4 months N=6, 6 months N=6) and 12
WT littermates (4 months N=6, 6 months N=6). The rats were deeply anesthetized using
an intravenous injection of pentobarbital (Dolethal®, Vetoquinol, Belgium). Cardiac
perfusion was performed with an ice-cold PBS solution, followed by a 4%
paraformaldehyde solution (Merck Millipore, Merck KGaA, Darmstadt, Germany) for
fixation of the tissues. Brains were surgically removed and post-fixed in 4%
paraformaldehyde solution after which a sucrose gradient (5%, 10% and 20%) was
applied. Brains were snap frozen in liquid nitrogen and stored at -80 °C until further
processing. For immunohistochemistry, hemispheres were separated, and left
hemispheres were embedded in OCT-embedding medium for sectioning. At Bregma
levels 0.4, 1.40 and 3.90, sagittal sections of 12 um were made using a Leica CM1950
cryomicrotome (Leica BioSystems, Belgium), thaw mounted on VWR Superfrost Plus

micro slides (VWR, Leuven, Belgium) and dried for 2 hours at 37°C.

All immunohistochemical incubations were carried out at RT, using non-consecutive

sections per Bregma level and staining. Primary and secondary antibodies were diluted
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in blocking buffer containing 0.01M PBS, 10% normal horse serum, 0.01% bovine serum
albumin, 0.05% thimerosal, and 0.01% sodium azide. In short, sections were
preincubated for 30 min in blocking buffer containing 1% Triton X-100 before an
overnight incubation with the primary antibodies. Glial cells were visualized with a
combination of GFAP (1:200, Goat, Abcam, Ab53554, RRID:AB_880202) and Ibal (1:500,
Rabbit, Fujifilm Wako Chemicals, 019-19741, RRID:AB_839504). To investigate the
synaptic excitatory/inhibitory balance a triple staining was performed using VGAT
(1:200, Rabbit, Synaptic Systems, 131003, RRID:AB_887869); VGLUT (Guinea Pig,
Synaptic Systems, 135304, RRID:AB_887878); VAChT (1:100, Goat, Merck, ABN100,
RRID:AB_2630394). For the detection of the immunoreactivity, the sections were
incubated for 4 hours with the appropriate combination of fluorescent-conjugated
secondary antibodies (Jackson Immunoresearch, West Grove, USA). Followed by a
nuclear counterstain using 4',6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich,
Hoeilaart, Belgium) for 10 min at room temperature. Samples were mounted in Citifluor
AF1 (EMS, Hathfield, USA) or the permanent Citifluor PVP-1+ Antifadent (EMS) for whole
slide imaging. Respective single-labeling studies which resulted in comparable staining,
were performed to rule out nonspecific findings resulting from the multiple-staining
process. Negative staining controls were performed by substitution of non-immune sera

for the primary or secondary antisera.

To follow the progression of the AD AB-plaques and pTau were visualized. X-34 was used
as pan-AP marker and pTau was specifically detected using a mouse AT8 antibody
(1:500, pSer202/Thr205/PSer208, Invitrogen, MN1020, RRID:AB)223647). This antibody
was labelled with a near-infrared fluorescent tag (PerkinElmer VivoTag 680XL) following
the manufacturer's protocol. Sections were permeabilized for 15 min with 0.02% Triton
in 0.01M PBS prior to a 20 min incubation with x-34 (10 uM) in 40% ethanol. In a next
step, sections were further incubated for 30 min with blocking buffer containing 1%
Triton X-100 followed by an overnight incubation with AT8 antibody diluted in blocking

buffer. Propidium lodide (5 pug/ml; 5 min; Sigma Aldrich) was used as a nuclear stain.



Sections were mounted using a permanent mounting medium Citifluor PVP-1+

Antifadent.

3.3.3.2 Image acquisition

To acquire images of fluorescently stained sections, a Zeiss Axioscan Z1 (Zeiss, Leuven,
Belgium) was used with a Zeiss Colibri 7 solid-state light source of which the 385 nm,
475 nm, 555 nm, and 630 nm were used, a filter set 90 HE LED suitable for the applied
fluorescent dyes (DAPI, FITC, Cy3 and Cy5) and a Hamamatsu Orca Flash 4.0 V3 digital
camera. Zeiss Zen software was used to control the image acquisition and stitching.

Whole slide scanning was done with al0x Plan-apo objective (NA 0.45).

Confocal images of immunolabeled tissue sections were acquired with a Perkin Elmer
Ultraview Vox dual spinning disk confocal microscope, mounted on a Nikon Ti body using
a 40x Plan Apo objective (NA 0.95). Lasers with wavelength 405 nm, 488 nm, 561nm and
640nm were used in combination with a quadruple dichroic and 445/60 - 525/50 -
615/70 - 705/90nm emission filters. Detection was done on a Hamamatsu C9100-50
CMOS camera. Image acquisition was done using Volocity software. Regions of interest
were localized based on the DAPI staining. Per animal, 3 images were acquired on 3 non-

consecutive sections in 3 axial positions separated by a 2um spacing.

3.3.3.3 Image analysis

Image analysis for neuroinflammation and AR and pTau pathology was done using the
free, open-access image analysis software QuPath (v0.3.0) (Bankhead et al., 2017). On
whole section images the regions of interest were annotated manually based on the
nuclear counterstain. For each marker, an intensity threshold was manually defined to
measure the positive area percentage with respect to the annotated region. For each

marker the threshold settings were kept constant for all regions and ages studied.

Image analysis of the synaptic excitatory/inhibitory ratio was done in FlJl image analysis

software (Schindelin et al., 2012). A macro script was written for FlJI image analysis

71



72

software [1] to detect synaptic markers and measure their intensity and is available on
GitHub (https://github.com/DeVosLab/SynapseDetection). This script is built on
modules that were already integrated in similar image analysis pipelines previously
developed (Verschuuren et al., 2019; Verstraelen et al., 2020). After maximum
projection of the Z-stacks, synaptic marker spots were enhanced using a single or multi-
scale Laplace filter with user-defined kernel sizes. For each marker the threshold settings
were kept constant for both groups and ages studied. A manually defined threshold per
region was applied to segment the spots after which an additional max finding (and
region growing) step was included to untangle clustered spots. Only spots that had a
projected area within a specific range (0.20 — 3.00 um) were retained. Images with more
than 10000 spots were discarded to exclude over segmented images. During manual
verification of images, it was noticed that cholinergic markers labeled cell bodies in MS,
HDB/SI & NBM regions. The cell bodies were excluded from the search region to avoid
the detection of spots within these cell bodies. Detection of cell bodies was done after
applying a median filter with a large user-defined kernel size. followed by a user-defined
threshold and detection of objects larger than 20 um. Moreover, the manual verification
of the images showed differences between glass slides in the GABA-ergic and
glutamatergic stainings. The variability between glass slides was reduced by taking the
ratio of the number of glutamatergic and GABA-ergic synapses. Therefore, the ratio of
excitatory and inhibitory synapses is used as a measure instead of the absolute number

of synapses.

3.3.4 ELISA

TgF344-AD rats (4 months N=6, 6 months N=6) and WT littermates (4 months N=3, 6
months N=3) were deeply anesthetized with an intravenous injection of pentobarbital
(Dolethal®, Vetoquinol, Belgium) after which cardiac perfusion with an ice-cold PBS
solution was performed. The brains were surgically removed, separated by hemisphere
and snapshot frozen in liquid nitrogen. Both hemispheres were stored at -80 °C until

further processing.


https://github.com/DeVosLab/SynapseDetection

Next, AR was extracted using an adapted protocol first described by Izco et al. (2013)
(Izco, Pesini, Perez-Grijalba, Fandos, & Sarasa, 2013). Briefly, right hemispheres were
homogenized (100 mg tissue/mL) on ice using Tris buffered saline (TBS, Sigma)
supplemented with protease inhibitors (HALT, Invitrogen, ThermoFisher Scientific,
Belgium). After two short blasts of sonication (30 seconds), homogenates were
centrifuged for 90 minutes at 20800 g. Supernatans, which contained the TBS soluble
fraction of amyloid monomers and oligomers, was collected, aliquoted and stored at -

80 °C for further analysis.

Sandwich-ELISA assays were performed according to the manufacturer’s guidelines, to
detect monomeric AB 1-40 (Invitrogen, KHB3481, ThermoFisher Scientific, Belgium) and
AB 1-42 (Invitrogen, KHB3441, ThermoFisher Scientific, Belgium) and oligomeric AB
species (Invitrogen, KHB3491, ThermoFisher Scientific, Belgium). All kits were sensitive
to human recombinant AB species. The ELISA signal was quantified using a microplate

reader (Versamax, GE Healtcare, Belgium).

3.3.5 Statistics

Regarding the pathological stainings (AB-plaques and pTau) and neuro-inflammatory
stainings (astrogliosis and microgliosis), outliers were detected per genotype, age, and
region, based on principal component analysis. Measurements with a T2 statistics indices
higher than the 95% confidence interval were excluded. Two-way ANOVA (genotype,
age, genotype*age) per region were performed to evaluate differences in %Area in p-
tau, astrogliosis and microgliosis. In case of a significant interaction, post-hoc tests were
performed using Student’s t-test with FDR correction (p<0.05). For the analysis of the
synaptic markers, outlier detection was performed using the interquartile range (1.5x
IQR) per genotype, age, and region on all individual images (3 per animal). Animals with
less than 2 images were excluded and the remaining images were averaged for each
animal. A second outlier detection was performed on the subject averages, using PCA.
Two-way ANOVAs (genotype, age, genotype*age) per region were used to evaluate

differences in vGLUT/VGAT ratio and the number of cholinergic synapses, followed by a
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post-hoc FDR-corrected Student’s t-test (FDR p<0.05). All statistical analyses were
performed in JMP Pro 16. For statistical analysis of the ELISA data, both wild-type groups
were combined, since no significant differences between ages were observed in this
group. Protein concentrations of all animals were normalized to the mean concentration
of the WT. Next, Mann-Whitney U tests (Bonferroni corrected) were performed

between groups, using GraphPad Prism 9.0.

3.4 Results

3.4.1 Histological evaluation of AD-pathology in 4-month-old TgF344-
AD rats

Previous histological analysis in the TgF344-AD rat model demonstrated an age-
dependent development of AB pathology and tauopathy. From 6 moths onwards, Ap-
plagues and pTau accumulations were observed in the TgF344-AD rats (R. M. Cohen et
al., 2013; Joo et al., 2017). The goal of this study was to investigate how network activity
was altered before AR plaques were present in the brain, during the so-called pre-plaque
stages of AD. Therefore, immunohistochemical and biochemical analyses were
performed in 4-month-old, our assumed pre-plaque stage, and 6-month-old TgF344-AD
rats. Soluble AB species were investigated by performing ELISA immune assays on brain
homogenates of complete hemispheres. Four-month-old TgF344-AD rats demonstrate
significantly increased concentrations of TBS soluble AR monomers, AB1-40 (p=0.0021),
AB1-42 (p=0.0021) and oligomers (AB-o0) (p=0.0129) compared to WT (Figure 3-1A).
While the concentrations of AB-o and AB1-40 remained at the same concentrations in
6-month-old TgF344-AD rats (AB-o; p=0.5368, AB1-40; p= 0.0931), the concentrations of
AB1-42 significantly increased in TgF344-AD rats from 4 to 6 months of age (p=0.0022).
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Figure 3-1: AB pathology and pTau-pathology in TgF344-AD rats. A) Biochemical analysis of
soluble AB monomers and oligomers. Graphs show the mean +/- SEM. The marks show the
concentrations of each individual animal, individual values were normalized to the mean values
of the WT across both ages. Mann-Whitney U-tests with Bonferroni correction for multiple
comparisons were performed to evaluate statistical differences in concentrations. B)
Representative histological images of AB-plaques(light blue - arrowheads) in TgF344-AD rats.
Nuclei are counterstained in grey. C) Representative images of pTau accumulation (red) in the
locus coeruleus (LC) and CA1 region of the hippocampus (CA1). Nuclei are counterstained in grey.
D) Graphs represent the percentage area positive for pTau (mean +/- SEM). Blue color represents
the wild-type (WT) animals, while orange represents the TgF344-rats. Dashed lines indicate
significant genotype effects (black) or age effects (red). *p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001. CG = cingulate cortex, RSC = retrosplenial cortex, mENT = medial entorhinal cortex, SS
= somatosensory cortex, MS = medial septum, DG = Dentate gyrus, LC = locus coeruleus, HDB/SI =
horizontal limb of the diagonal band of Broca/Substantia Innominata, NBM = nucleus basalis of

Meynert
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Immunohistochemistry (IHC) with a pan- AB marker X-34 demonstrated the absence of
amyloid plaques in the cortex, hippocampus and BFB in 4-month-old TgF344-AD rats,
except one animal with a small plaque present in the hippocampus. At 6 months of age,
accumulation of AB-plaques were observed in the hippocampus and cortex in all TgF344-
AD rats (Figure 3-1B). Immuno-histochemical analysis of AT8-stained pTau
accumulations revealed a significant effect of age in the cingulate cortex (CG), horizontal
limb of the diagonal band of Broca and substantia innominata (HDB/SI), medial septum
(MS), medial entorhinal cortex (mENT), nucleus basalis of Meynert (NBM) and
retrosplenial cortex (RSC) with increased pTau in both WT and TgF344-Ad rats at 6-
months of age compared with 4 months (Figure 3-1C, D). A significant genotype effect
was observed in the locus coeruleus (LC), demonstrating increased pTau accumulation
in the TgF344-AD rats. In addition, a significant genotype effect was observed in the
dentate gyrus (DG), showing an increased pTau accumulation in the TgF3440AD rats,
whereas a significant effect of age and genotype was observed in the CA1 region of the
hippocampus, both showing an increased pTau accumulation over time and increased
pTau in the TgF344-AD rats compared to WT (Supplementary table 3-1).
Aforementioned results indicate that the 4-month-old timepoint is a pre-plaque stage

in TgF344-AD rats, while the 6-month-old timepoint resembles the early-plaque stage.

3.4.2 Quasi-periodic pattern analysis in 4-month-old TgF344-AD rats

and WT littermates

The great majority of studies investigating network aberrations in AD employed classical
FC analysis. Thus, as a first and reference estimate of network aberrations in our model
we performed region of interest (ROI) based analysis starting at 4-month-old TgF344-AD
rats and littermate WT controls. Selected ROIs were important functional nodes of the
default mode-like network (DMLN), hippocampal network (Hipp), lateral cortical
network (LCN), sensory cortical network (Sens) and subcortical network excluding the

hippocampal network and were based on the F344 atlas (Goerzen et al., 2020).
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Figure 3-2: ROI based analysis demonstrates no significa)nt differences in static FC between
TgF344-AD (TG) rats and Wild-type (WT) littermates. ROl based matrices which displays the z-
scored FC between ROI-pairs for the WT (top half of matrix) and TG (bottom half of matrix) at 4
months of age (A) and 6 months of age (B). Two-sample t-test (FDR p<0.05) demonstrates no
significant differences in FC between groups, as is shown on the right matrix. DMLN = default
mode-like network, Hipp = hippocampal network, Sens = sensory network, LCN = lateral cortical
network, subC = subcortical network, L = left, R = right, Cg = cingulate cortex, RSC = retrosplenial
cortex, OFC = orbitofrontal cortex, TeA = temporal association cortex, DG = dentate gyrus, VC =
visual cortex, Aud = auditory cortex, Pir = Piriform cortex, S1 = primary somatosensory cortex, S2

= secondary somatosensory cortex, MC = motor cortex, FrA = frontal association cortex, Ins =

insular cortex, CPu = caudate putamen, NAcc = nucleus Accumbens, BFB = basal forebrain, Thal

thalamus

77



78

In figure 3-2, the FC matrix including the group-averaged z-scored FC between each ROI
pair is presented. In both groups and at both ages, FC can be observed within the LCN
and between regions belonging to the DMLN, Hip and Sens networks. In the WT animals,
anti-correlation can be observed between these networks and the LCN as is
demonstrated by the blue color of the connections between these regions. This anti-
correlation has a lower correlation value in the TgF344-AD rats at 4 months of age.
However, two-sample statistical tests revealed no significant differences between
genotypes after FDR correction, suggesting that static FC was not altered at the pre-and
early plaque stage of AD in the TgF344-AD rats (Figure 3-3, Supplementary table 3-2).

A.
4 Months B. 6 Months
_ WTvs TG W;F;TG 7 WT vs TG WT>TG

o ! 03

Hipp

Figure 3-3: ROI based analysis without FDR correction. FC difference matrices which displaying
the results of an uncorrected two-sample t-test demonstrating significant differences in FC (white
boxes lower half of the matrix) which do not survive FDR correction. DMLN = default mode-like
network, Hipp = hippocampal network, Sens = sensory network, LCN = lateral cortical network,
subC = subcortical network, L = left, R = right, Cg = cingulate cortex, RSC = retrosplenial cortex,
OFC = orbitofrontal cortex, TeA = temporal association cortex, DG = dentate gyrus, VC = visual
cortex, Aud = auditory cortex, Pir = Piriform cortex, S1 = primary somatosensory cortex, S2 =
secondary somatosensory cortex, MC = motor cortex, FrA = frontal association cortex, Ins = insular
cortex, CPu = caudate putamen, NAcc = nucleus Accumbens, BFB = basal forebrain, Thal =

thalamus

Subsequently, to potentially unravel subtle differences in network function that the

static FC analysis was not sensitive enough to show, quasi-periodic pattern (QPP)



analysis was performed. Based on previous findings in mice, 200 short 3.6s QPPs were
extracted at the group level for each genotype at 4-months of age. These short group-
level QPPs were expected to reveal the brain dynamics of single brain states (Belloy,
Naeyaert, et al., 2018; Belloy, Shah, et al., 2018). Next, hierarchical clustering was
performed on the 200 extracted QPPs to identify clusters of patterns representing a
unitary or very similar brain states based on the similarity between their spatial and
temporal properties (see M&M 3.3.2.3). The clustering revealed two large clusters in the
wildtype (WT) rats, whereas multiple smaller clusters could be observed in the TgF344-
AD rats (Figure 3-4).
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Figure 3-4: Hierarchical clustering based on Spatiotemporal properties of QPPs of 4-month-old
WT and TgF344-AD rats. Distance matrices of the clustering solution in the wild-type (WT) animals
(left) and TgF344-AD rats (right). Colors indicate the distance between a pair of QPPs. Red squares
mark the clusters of QPPs which were robust according to the criteria, and which were used in

further analysis.

The QPPs with the highest occurrence rate were named as representative QPPs (rQPPs)
for each cluster. Two anti-correlated group-level rQPPs were observed in the WT and
TgF344-AD rats (Figure 3-5). The first rQPP, referred to as QPP-DMLN*, showed co-
activation of regions belonging to the DMLN (i.e. CG, RSC, orbitofrontal cortex (OFC),
prelimbic cortex (PrL), infralimic cortex, visual cortex (VC), and auditory cortex) and co-

deactivation of regions belonging to the lateral cortical network (LCN) (i.e., primary, and
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secondary somatosensory cortices, primary and secondary motor cortices, frontal
association cortex and the caudate putamen) (Figure 3-5 A&B). The second rQPP,
referred to as QPP-LCN*, showed the opposite pattern with a deactivated DMLN and

activated LCN (Figure 3-5C). Both rQPPs showed a high spatial similarity between

groups.
A W group - répreasatative QPP DMLN' C WT group - representative QPP LCN T- values
0.6s 1 85
roup - representative QPP LCN T- values
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Figure 3-5: Visualization of group-level rQPPs of 4-month-old TgF344-AD rats (Tg) and wildtype
littermates (WT). Results of one-sample t-test (FDR p<0.05, minimum cluster size 10 voxels) of
QPP-DMLN (A) and QPP-LCN (C) visualized on the study-specific 3D template, demonstrating
rQPPs for each experimental group. The T-maps represent voxels with a statistically significant
higher (red, yellow) / lower (blue green) BOLD activity at the occurrences of the QPP relative to
the mean BOLD signal across all time points of the image series.(p<0.05, FDR corrected). B)
Regional outlines of coronal slices of the Paxinos atlas overlaid on the T-map of QPP-DMLN+ of
the WT. OFC = Orbitofrontal cortex, FrA = Frontal Association cortex, MC = motor cortices, SS =
somatosensory cortices, Cg = cingulate cortex, PrL = Prelimbic cortex, IL = Infralimbic cortex, Ins =
insular cortex, nAcc = nucleus Accumbens, CPu = Caudate Putamen, BFB = basal forebrain, Pir =

Piriform cortex, VC = visual cortices, RSC = retrosplenial cortex, Au = auditory cortex.



Alterations in neuronal activity can lead to differences in regional activation during
certain brain states, which could induce spatial differences in activation within rQPPs.
Therefore, voxel-level co-activations and co-deactivations in both matched rQPPs were
compared between groups (Figure 3-6A, B). Significant differences in BOLD activity
within QPP-LCN* were observed and included higher involvement of the somatosensory
and motor cortices in the TgF344-AD rats (Figure 3-6A-B, Supplementary table 3-3).
Moreover, differences in spatial BOLD activation were also observed within QPP-DMLN*
(Figure 3-6, Supplementary table 3-3). In 4-month-old TgF344-AD rats, BOLD activity was
significantly reduced in regions belonging to the DMLN, mainly the entorhinal cortex,
OFC and PrL (Cohen’s d = 0.75). Interestingly, an increased BOLD activity was observed
in the CG of TgF344-AD rats (Cohen’s d = 0.40), a hub region within the DMLN, indicating
a potential disinhibition of this area in AD. In addition, the basal forebrain region (BFB),
was found to be significantly co-activated with regions belonging to the DMLN in the WT
animals, but not in TgF344-AD rats (Cohen’s d = 0.80). The observed loss of co-activation
between the BFB and the DMLN in TgF344-AD rats within QPPs at the pre-plaque stage,
as well as the disinhibition of CG that has strong connections to BFB, strongly
corroborate the important role of BFB in the regulation of network activity and are

consistent with the spatial alterations observed in QPP-DMLN* .
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Figure 3-6: Spatiotemporal alterations in network activity in 4-month-old TgF344-AD rats (Tg) as
compared to control littermates (WT). A) T-maps (two-tailed one sample t-tests, FDR p<0.05,
minimal cluster size 10) show the two rQPPs in each group. B) T-maps of the two-sample t-test
(two-tailed two sample t-tests, FDR p<0.05, minimal cluster size 10) between the rQPPs of TgF344-
AD and WT rats. The warm colors (red/yellow) indicate a significant difference in BOLD activity
between groups for voxels which are positive (activated) in the original QPP of the WT group. The
right color bar (light blue/dark blue) indicate significant genotype differences for voxels which
were deactivated in the original QPP of the WT group. For the QPP-DMLN+, TgF344-AD rats
demonstrate a significantly lower involvement of the OFC, PrL, Ent and BFB is observed
(arrowheads), together with a significantly increased activity of the CG (arrow). C) Comparison of
cluster wise-occurrence rates between groups (mean +/- SEM, two-sample t-test, two-tailed, FDR,
p<0.05) demonstrate significantly lower occurrences in the TgF344-AD rats for both QPPs.
*p<0.05.

Having established alterations in the spatial structure of the QPP-DMLN* in the TgF344-

AD rats, we then proceeded to analyse if the frequency of occurrence of QPPs would



also change across the groups. Therefore, average occurrence rates were calculated for
each group (for methods check section 3.4.3.3). Significantly decreased occurrence rates
of QPPs were observed for both the QPP-DMLN* and the QPP-LCN* clusters in the 4-
month-old TgF344-AD rats when compared to WT (Figure 3-6C, papr-omin = 0.0427, pape-
ten=0.0449), demonstrating that the instances of coordinated network activity were less

common in the TgF344-AD animals during the pre-plaque stage.
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Figure 3-7: Analysis of 9 second long QPPs at 4 and 6 months-old TgF344-AD and WT rats. A)
Distance matrices based on the results of the hierarchical clustering of all 200 extracted QPPs.
Yellow colors indicate a high distance, while blue colors mean a small distance (high similarity).
After applying all criteria to select robust clusters, only 1 cluster remained for each group at each
time point. B) Statistically lower cluster wise occurrence rates for long QPPs at 4 months, but not

at 6 months (two sample t-tests, FDR p<0.05)

As indicated above, short duration QPPs resemble unitary brain states depicting co-
modulation of brain regions around their peak activity. To investigate if other longer
duration QPPs exist and/or to uncover the temporal evolution of brain activity around
the short duration QPPs we proceeded with the detection of longer patterns (9 seconds
=15TRs) in the two groups. In this case, spatiotemporal clustering resulted in one cluster
of rQPPs in each group (Figure 3-7). rQPPs were again visualized using a one-sample t-

test, and were phase-aligned (Figure 3-8A). Visual inspection of the resulting pattern
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revealed that this 9s long rQPP showed the network activity prior to, and during the

complete QPP-DMLN* brain state.
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Figure 3-8 Long QPPs to investigate propagation of network activity A) T-maps (two-tailed one
sample t-tests, FDR p<0.05, minimal cluster size 10) show the long rQPP in each group. Colors
indicate T-values. B) average BOLD time courses within regions of interest during 9-second QPPs.
C) Peak timings averaged across occurrences for each voxel within a certain region. Dots represent
the distribution of average peak timing of individual region of interest (ROI)-specific voxels; the
black lines represent the mean peak timing across all ROI-specific voxels. D) Differences (peaky-
peakx) in mean peak timing across voxels for each connection. The top half represents the
wildtype (WT) animals, while the lower half represents the TgF344-AD rats (Tg). Unpaired two-
sample t-tests (FDR p<0.05) between regions were performed to evaluate if peak timing was
significantly different between ROIs. CG = Cingulate cortex, OFC = orbitofrontal cortex, RSC/RS =

retrosplenial cortex, HC = hippocampus, BFB = basal forebrain. * p<0.05.



Thus, to better visualize the activity evolution around this brain state, we extracted the
BOLD time courses of ROIs that demonstrated large, regional differences in spatial
activity in the short QPP-DMLN* and altered rQPP occurrences (Figure 3-8B). This
revealed that peak activity in co-modulating ROIs showed differences in time. To
statistically evaluate if activity in certain brain regions precedes the activity in other
regions, differences in voxel-wise peak timing were investigated separately for the rQPP
of each group. Propagation of BOLD activity across regions was evaluated by comparing
the peak times of each voxel in a certain region of interest, averaged across different
rQPP occurrences. Statistical comparison of the distributions of voxel wise peak times
demonstrated that peak activity in the BFB, on average, preceded the peak activity in
regions belonging to the DMLN in the WT animals, as is demonstrated by the significant
difference in peak timings between the BFB and other regions within the WT animals
(Figure 3-8 C-D, Supplementary table 3-4). This indicates that the BFB was leading the
DMLN activity within rQPPs in the WT animals. In addition, peak activity within the visual
cortex lagged behind peak activity in other regions of the DMLN. In the TgF344-AD rats
on the other hand, BFB activity did not significantly precede the activity in other regions
of the DMLN within rQPPs. Instead, peak timing in the OFC preceded the peak timings
in other regions, demonstrating an altered sequence of regional activation within rQPPs

in the TgF344-AD rats at pre-plaque stage.

3.4.3 Quasi-periodic pattern analysis in 6-month-old TgF344-AD rats

and WT littermates

Since we observed large spatial and temporal differences in whole brain network activity
during the pre-plaque stage, we wondered how these patterns of brain activity would
develop at the early-plague stage given that scientists have previously shown that
plagues at this AD stage have a neuroprotective role (Bishop & Robinson, 2004; Brody,
Jiang, Wildburger, & Esparza, 2017). To answer this question, rsfMRI and QPP-analysis
was performed on the same animals at 6 months of age when plaques start to appear
in this animal model. Similar to the analysis at 4 months, two-hundred short duration

QPPs were extracted in each group, and clustered using hierarchical clustering. In both
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groups, two clusters were identified, resulting in a QPP-DMLN* and QPP-LCN* (Figure 3-
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Figure 3-9: Spatiotemporal alterations in network activity in 6-month-old TgF344-AD rats (Tg) as
compared to control littermates (WT). A) T-maps (two-tailed one sample T-tests, FDR p<0.05,
minimal cluster size 10) show the two rQPPs in each group. Comparison of cluster wise-occurrence
rates between groups (two-sample t-test, two-tailed, FDR p<0.05) demonstrate no significant
differences in occurrence of both QPPs between groups. C) T-maps (two-tailed two sample T-
tests, FDR p<0.05, minimal cluster size 10) between rQPP-LCN. The warm colors (red/yellow)
indicate a significant difference in BOLD activity between groups for voxels which are positive
(activated) in the original QPP of the WT group. The right color bar (light blue/dark blue) indicate
significant genotype differences for voxels which were deactivated in the original QPP of the WT

group.



Compared to the 4-month time-point, 2-sample t-tests revealed less prominent inter-
group differences in voxel-level co-activations in six-month old rats (Figure 3-9, Effect
size — Supplementary table 3-3). Spatial alterations in QPP-LCN* included a decreased
BOLD activity in the somatosensory cortex, while the BOLD activity in the CPu was
significantly higher in the TgF344-AD rats. When comparing cluster-averaged occurrence
rates between groups, we observed no significant difference in occurrence rates for
QPP-DMLN* (p=0.294847), and QPP-LCN* (p=0.126209). These results suggest that
network activity within rQPPs in TgF344-AD rats at pre-plaque stages, normalized and

closer resembled the activity of age-matched WT littermates.

The aforementioned results demonstrated increased spatiotemporal similarity of short
rQPPs between groups during the early-plaque stage. Given that the spatiotemporal
changes coincided with altered sequential BOLD activity observed in TgF344-AD during
the pre-plaque stage, we asked if at the early-plaque stage, the sequence of activation
was also closer to the WTs. Therefore, 9-second-long QPPs were extracted in each

group. Spatiotemporal clustering again resulted in one cluster of robust QPPs in each

group.

Representative QPPs were visualized using a one-sample t-test, were phase-aligned and
differences in voxel-wise peak timing were evaluated separately for the rQPP of each
group (Figure 3-10). In WT rats, BFB activity preceded the activity in other regions of the
DMLN, similar to what was observed at the pre-plaque stage in WT rats, which suggested
BFB activity was leading the activity in the DMLN (Figure 3-10). In contrast, In TgF344-
AD rats, peak activity in the OFC preceded the activity in other regions during the rQPP
in the TgF344-AD rats, similar to the pre-plaque stage, which demonstrated that the
altered sequence of activation was persistent at the early-plaque stage. To investigate if
BFB peak timings differed between groups and across ages, an ANOVA analysis was
performed on the voxel-wise peak timings in the BFB. A significant interaction effect (p
= 0.0008), genotype effect (p = < 0.0001) and age effect (p = 0.0007) were observed.

Post hoc students t-tests (FDR p<0.05) demonstrated a significant difference in the BFB
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peak timings between WT and TgF344-AD rats at both ages (pav = <0.0001, psm =
<0.0001). In addition, a significant age effect was observed in the TgF344-AD rats (prgrs4s-
ap=<0.0001), but not in WT rats (pwr = 0.9848), suggesting that, in contrast to the peak
timing in the TgF344-AD rats, BFB peak timing in the WT remained stable over time.
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Figure 3-10: Long QPPs to investigate propagation of network activity at the early-plaque stage
A) T-maps (two-tailed one sample t-tests, FDR p<0.05, minimal cluster size 10) show the long
rQPPs in each group. Colors indicate T-values. B) average BOLD timecourses within regions of
interest during 9-second QPPs. C) Peak timings averaged across occurrences for each voxel within
a certain region. Dots represent the distribution of average peak timing of individual region of
interest (ROI)-specific voxels; the black lines represent the mean peak timing across all ROI-specific
voxels. D) Differences (peaky-peakx) in mean peak timing across voxels for each connection
(X=row, Y=column). The top half represents the wildtype (WT) animals, while the lower half
represents the TgF344-AD rats (Tg). Unpaired two-sample t-tests (FDR p<0.05) between regions
were performed to evaluate if peak timing was significantly different between ROIs. CG =
Cingulate cortex, OFC = orbitofrontal cortex, RSC = retrosplenial cortex, HC = hippocampus, BFB =

basal forebrain. * p<0.05



3.4.4 Immunohistochemical evaluation of neuro-inflammation and

synaptic alterations

Accumulation of (soluble) AR and pTau are associated with increased abundance of
(reactive) astrocytes and microglial cells. To investigate if neuroinflammation was
present in the TgF344-AD rats during the pre-and early-plaque stages,
immunohistochemistry was performed using glial fibrillary acidic protein (GFAP) and Iba-
1 staining for astrocytes and microglial cells respectively (Figure 3-11 A-B) in 7 different
brain regions, which either showed differences in the QPPs (CG, RSC, Ent, SS) or regions
which are part of the BFB nuclei (MS, HDB/SI, NBM). Statistical analysis (two-way
ANOVA, age, genotype, age*genotype) revealed a significant interaction between age
and genotype in the nucleus basalis of Meynert (NBM) (p=0.0262) (Supplementary table
3-5). Post-hoc analysis demonstrated a significantly higher GFAP signal in the NBM in 4-
month-old TgF344-AD rats compared with age-matched WT (p=0.0366), which was not
present at 6 months (p=0.5880). Moreover, a significant decrease in GFAP levels over
time was observed in tissue slices from TgF344-AD rats (p=0.0072), an effect which was
not present in the WT (p=0.9064). Interestingly, a significant genotype effect (p=0.0269)
was observed in another nucleus of the BFB, the horizontal limb of the diagonal band of
Broca and substantia innominata (HDB/SI), demonstrating increased abundance of
astrocytes in the TgF344-AD rats, which was mainly present at 4-months of age (Figure
3-11 A-B). These results suggest that the astrogliosis in the NBM and HDB/SI is present
during the pre-plaque stage but disappears at the early-plaque stage in TgF344-AD rats.
Moreover, significantly higher levels of GFAP were observed in the RSC of TgF344-AD
rats (genotype p = 0.0372), mainly at 6-monhts of age. In the RSC, increased astrogliosis
is observed at both ages. When comparing the microglial abundance, no significant
genotype differences were observed. However, a significant age effect was observed in
the MS, Ent, NBM and SS (Supplementary table 3-6), indicating a decrease of microglial

abundance over time.
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Figure 3-11: Histological evaluation of neuroinflammation and synaptic alterations.
A) Representative images showing astrocytes (green, GFAP) and microglia cells (red, lba-1) in
nucleus basalis of Meynert (NBM). Nuclei were counterstained with DAPI (blue). B) Graphs
represent the %area positive for GFAP (top) or %area positive for Iba-1 (mean +/- SEM) (bottom)
for each brain region. Dashed lines indicate significant genotype effects (black) or age effects (red).
Solid lines indicate significant differences between genotypes (black) or ages (red) after Student
t-test (FDR p<0.05) when genotype*age interaction was significant. C) Graphs represent the mean
VGLUT/VGAT ration (top) and spot count of VAChT (bottom) (mean +/- SEM). Blue represents the
WT animals, while orange represents the TgF344-rats. D) Representative images of the triple
staining (VGLUT in green, vGAT in blue, vVAChT in magenta) of three different regions in a
representative 4-month-old WT rat. *p<0.05, **p<0.01 ***p<0.001. CG = cingulate cortex, RSC =
retrosplenial cortex, Ent = entorhinal cortex, SS = somatosensory cortex, MS = medial septum,
HDB/SI = horizontal limb of the diagonal band of Broca/Substantia Innominata, NBM = nucleus
basalis of Meynert. VAChT = vesicular acetylcholine transporter, vGAT = vesicular GABA

transporter, vGlut = vesicular glutamate transporter, WT = wild-type



Increased concentrations of (soluble) AR and pTau might induce alterations in
neurotransmission of GABAergic and glutamatergic neurons, which could result in an
imbalance between excitatory and inhibitory synapses. Studies have demonstrated that
alterations in the excitatory/inhibitory balance could induce alterations in BOLD activity.
To investigate if alterations in cortical and subcortical excitatory/inhibitory (E/1) balance
were present in the TgF344-AD rats in regions which demonstrated altered regional
activation within QPPs, histological analysis of glutamatergic and GABAergic synapses
was performed. The ratio of the number of glutamatergic and GABAergic synapses
(VGLUT/vGAT) was compared between groups using a two-way ANOVA (Figure 3-11 C-
D). The analysis demonstrated a significant genotype effect in the RSC and CG, indicating
a shift in E/I balance towards decreased excitation or increased inhibition in the TgF344-
AD rats. No significant genotype effects were observed in other brain regions. Significant
age effects were observed in the RSC, MS and NBM of the WT and TgF344-AD rats

indicating an increased vGLUT/vGAT ratio (Figure 3-11 C-D, Supplementary table 3-7).

Cholinergic neurons which reside in the BFB and project to the entire cortex, have been
implicated in the modulation of cortical networks and are known to be vulnerable for
(soluble) AB-induced toxicity. We hypothesized that alterations in cholinergic signalling
could be responsible for the spatiotemporal alterations observed in the QPPs during the
pre-plaque stage. Therefore, immunohistochemical evaluation of cholinergic synapses
was performed to evaluate if the abundance of cholinergic synapses was decreased in
the cortex and BFB. Synaptic counts for cholinergic synapses (VAChT) demonstrated
significant age effects in the Ent and HDB/SI, where the cholinergic synaptic density at
6-months was increased compared to 4-months in both groups. However, no significant
genotype effects were observed in the abundance of cholinergic synapses (Figure 3-11D,

Supplementary table 3-8).

3.5 Discussion

This study investigated whole-brain, recurrent patterns of brain activity, at early stages

of AD in a highly translational rat model of AD. At 4 months of age, during the pre-plaque
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stage, significant inter-genotype differences in voxel-level activation were observed in
QPP-DMLN®, which mainly involved decreased BOLD activity in the BFB and regions
belonging to the DMLN, together with an increased BOLD activity in the CG. Moreover,
peak BOLD activity in the BFB preceded peak activity in other regions in wild-types, but
not in TgF344-AD rats. These results suggest differences in neuronal mechanisms
modulate the spatial involvement of brain regions in TgF344-AD rats. The differences in
network activity coincided with, astrogliosis, limited to the NBM, HDB/SI, and RSC in the
absence of AB depositions and pTau in cortical and subcortical regions. In addition, a
decreased E/I ratio was observed at the pre-plaque stage, suggestive of increased
inhibition or decreased excitation in the CG and RSC, two hub regions of the DMLN.
However, at 6 months of age, during the early-plaque stage, spatiotemporal properties
of QPPs in the TgF344-AD rats were more similar to the WT littermates, while altered
sequence of BOLD activation persisted in the TgF344-AD rats. Interestingly, astrogliosis
in the BFB was absent at the early-plaque stage, while decreased excitation and/or
increased inhibition in the CG and RSC persisted at the early-plaque stage, suggesting an

important role of early astrogliosis in the NBM in global network alterations.

3.5.1 Static functional connectivity vs QPP analysis of rsfMRI data in

TgF344-AD rats

Previous research involving QPP analysis investigated the relationship between QPPs
and static FC, by evaluating FC before and after regression of QPPs in humans. They
observed a decrease in sFC between the default-mode network and task-positive
network after the regression of the main QPP, demonstrating that QPPs contribute to
static FC (Abbas, Belloy, et al., 2019). Thus, the synchronous co-activation events that
QPPs reflect, do contribute to static FC. However, sFC is calculated based on the whole
BOLD-time course, on which the short window QPPs - demonstrating temporary high
FC, only have a small contribution. The current study performed a region-of interest-
based analysis of static FC which did not result in significant differences between
genotypes after multiple comparison correction. On the other hand, we did observe

significant spatial alterations in QPPs in several regions, mainly belonging to the DMLN.



When looking at the observed differences in sFC, without FDR correction (Figure 3-3,
Supplementary table 3-2), differences between regions belonging to the LCN and DMLN
were observed at 4 months of age, consistent with our QPP analysis. In addition, sFC
differences between the BFB and DMLN regions were observed at the pre-plaque stage.
These differences did not survive the FDR correction, but it does indicate that the
changes observed in the QPPs are to a lesser extent present in the sFC differences at 4
months of age. In addition, at 6 months, differences in sFC become less abundant, similar
to what we observe in the QPPs at that timepoint. These results suggest that QPP

analysis is more sensitive to early alterations in network function than static FC analysis.

3.5.2 AD pathology and behavioural alterations in TgF344-AD rats

Amyloid pathology is one of the major histopathological hallmarks of AD. Cortical and
hippocampal AB-plaques have been observed from 6-months onwards in TgF344-AD
rats (R. M. Cohen et al., 2013; Sare et al., 2020), as is observed in the current study. At
4-months of age, AB-plaques were absent, as has been observed before in 4-month old
TgF344-AD rats (Sare et al., 2020). The current study observed increased concentrations
of soluble AB species in 4-month-old TgF344-AD rats, which is in line with the results of
a recent study which observed increased concentrations of soluble AB1-40 and AB1-42
in blood samples of 3-month-old TgF344-AD rats(Ratner et al., 2021). A previous study
has observed pTau accumulation in the locus coeruleus observed at 6 months of age in
TgF344-AD rats (Rorabaugh et al., 2017), similar to our observation in the current study.
However, no other studies have investigated pTau accumulation in other brain regions
at 4 and/or 6 months of age. Only a few studies have investigated cognitive and
behavioral alterations in 4-month-old TgF344-AD rats. The two studies from two
different facilities have observed altered spatial navigation and spatial memory in 4-
month-old TgF344-AD rats using frequently used behavioral tests (e.g., Barnes Maze and
Active Allothetic Place Avoidance test) (Fowler et al., 2022; Proskauer Pena et al., 2021).
Another research group observed impairments in working memory in 5-month-old
TgF344-AD rats, but not at later time points (Tudela et al., 2019). In contrast, a different

research group did not observe significant differences in spatial memory in 4-month-old
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TgF344-AD rats in the Morris water Maze but did find differences at later time points
(Berkowitz et al., 2018). These results clearly illustrate the variability of the behavioral
test results, which are possibly induced by the use of different behavioral assays and
different research groups. Nevertheless, the current study observed altered activity in
the BFB, of which the cholinergic projections to the hippocampus, RSC and parietal
cortex are important in spatial navigation and spatial memory (Solari & Hangya, 2018).
The altered activity in the BFB and DMLN observed in the QPPs could be indicative of
cognitive impairments. Moreover, the current study observed astrogliosis in the NBM
and RSC, together with a decreased E/I ratio in the RSC, which might be important
cellular pathological processes contributing to the behavioral alterations observed in

aforementioned studies.

3.5.3 Spatial and temporal alterations in DMLN activity in AD

The observed QPPs in this study demonstrated two unitary brain states, namely an
activated state of DMLN with LCN deactivated (i.e., QPP-DMLN*) and an activated state
of LCN with DMLN deactivated (i.e., QPP-LCN*). Similar QPPs have been observed in mice
and humans (DMN and TPN) (Belloy et al., 2021; Belloy, Naeyaert, et al., 2018; Yousefi
& Keilholz, 2021). In TgF344-AD rats we found a decreased frequency of occurrence of
both short duration QPPs, and the presence of prominent spatial alterations in QPP-
DMLN* during the pre-plaque stage. Key differences consisted mainly of a decreased co-
activation of the BFB with the DMLN, decreased BOLD activity within the DMLN and an
increased BOLD activity in the CG in TgF344-AD rats. These results are consistent with
similar observations describing changes in the QPP-DMN™ in a recent study in patients
with subjective cognitive decline, a self-perceived cognitive deterioration which is
thought to be associated with an increased risk for developing AD related MCI. Using
dynamic FC analyses in healthy controls and patients with subjective cognitive decline,
Liang et al. observed decreased occurrence of a brain state where DMN was activated,
while other networks were deactivated (Liang et al., 2021). This brain state resembles

the QPP-DMLN observed in this study. The analogy between the findings of Liang et al.



and the current study suggest similar alterations in DMLN activity are observed in

patients with subjective cognitive decline and at pre-plaque stages in the TgF344-AD rat.

3.5.4 BFB dysfunction in AD

Changes in BFB volume measured by MRI have been observed at early stages of AD in
patients and have been proven to be related to early BFB degeneration (Grothe et al.,
2014; Herdick et al., 2020; Scheef et al., 2019). Moreover, decreases in BFB volume are
predictive of an increased risk of conversion from mild cognitive impairment (MCl) to
dementia (Brueggen et al., 2015). During the presymptomatic, prodromal stages, BFB
degeneration, detected with volumetric MRI analysis, precedes the spread of cortical AR
pathology (Schmitz et al., 2018; Schmitz, Nathan Spreng, & Alzheimer's Disease
Neuroimaging, 2016). Since functional changes precede volumetric changes, BFB FC
could be a potential earlier biomarker for AD. A recent study in patients with subjective
cognitive decline demonstrated a significantly decreased FC between the BFB and the
hippocampus (Chiesa et al., 2019). In addition, a recent study observed significant
correlations between BFB connectivity, cerebrospinal fluid biomarkers and blood serum
biomarkers of AD in patients at different stages of the AD (Teipel et al., 2022),
strengthening the hypothesis that alterations in BFB FC could be used to detect AD at
early stages. Future experiments using QPP analysis on data of (presymptomatic) AD
patients would be valuable to investigate if our finding can be translated to human-AD,
i.e., study if the disconnection between the BFB and the DMN within QPPs could be used

as an early biomarker of AD.

3.5.5 Altered BFB modulatory function during whole-brain network

activity in AD

The mechanisms leading and modulating the whole-brain network activity are still
poorly understood. A recent study in humans investigated propagation of activity within
QPPs across different brain regions, in order to elucidate brain regions driving the QPP

activity. In all QPPs observed in humans, peak activity within the thalamus, brainstem
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and deep nuclei preceded cortical activity (Yousefi & Keilholz, 2021). Partially in
agreement with the findings in humans, the current study shows that in WT rats at both
ages, the peak of BOLD activity within the BFB precedes the activity within the DMLN,
suggesting an important role of the BFB in coordinating the network activity in rats and
humans. Further evidence of the modulating role of the BFB in human network activity
was presented in a recent study by Harrison et al. (2021), where they observed that the
deactivation of the BFB precedes the deactivation of the DMN during tasks in human
subjects. Moreover, dynamic causal modelling, an analysis technique used to assess the
direction of FC, confirmed that the BFB was driving the changes in DMN upon task
initiation (Harrison et al., 2021). In addition, other studies state that projections from
the BFB are thought to drive waves of propagating activity from anterior to posterior
brain areas, as is observed in the QPPs (Massimini, Huber, Ferrarelli, Hill, & Tononi, 2004;
Pais-Roldan et al., 2021). Together, these observations support our hypothesis that the
BFB could act as an important leader and modulator of whole-brain network activity
within QPPs in healthy humans and rats. In the TgF344-AD rats, differences in
propagation of activity within the DMLN were observed at both ages, where activity in
the BFB does not precede the activity in the DMLN. Instead, the activity in the OFC
precedes the activity in other regions. These findings imply that different neuronal
mechanisms could be leading the QPPs in the TgF344-AD rats, in the absence of the
modulating input from the BFB. Further research focusing on causal connections
between the BFB and DMLN regions could provide valuable insights into the direction of
information flow in TgF344-AD rats at different disease stages, which might be

translated to early stages of human AD.

3.5.6 Alteration in excitatory/inhibitory balance in AD

The rsfMRI results of the current study demonstrate an increased similarity of
spatiotemporal properties of QPPs between WT and TgF344-AD rats at the early-plaque
stage, while at the pre-plaque stage, large spatiotemporal differences are observed
(Supplementary table 3-3). This could imply that compensatory mechanisms are at play

in the early-plaque stage that counteract the alterations in network activity observed



during the pre-plague stage. In line with the observations of the current study,
compensatory mechanisms occurring at early stages of AD have been observed in
different mouse models of AD (Ammassari-Teule, 2020; Neuman et al., 2015). Previous
work from our lab demonstrated an imbalance in excitatory and inhibitory transmission
coincided with alterations in FC in the DMLN in an amyloidosis mouse model of AD.
Moreover, paradoxical upregulation of presynaptic glutamatergic synapses has been
observed in the frontal cortex of MCl patients (Bell, Bennett, & Cuello, 2007), in the
absence of alterations in GABAergic synapses (Bell et al., 2007; Mitew, Kirkcaldie,
Dickson, & Vickers, 2013)(for a review (Merlo, Spampinato, & Sortino, 2019)). In
addition, a recent study demonstrated increased activity of interneurons at the pre-
plague stage in APP/PS1 mice (Hijazi et al., 2020). In the current study, the excitation-
inhibition balance was evaluated within each region in terms of ratio of synaptic density
of glutamatergic and GABAergic markers. We demonstrate that this ratio was decreased
in the RSC and CG both at the pre-plaque and early-plaque stage in the TgF344-AD rats,
indicating a shift towards decreased excitation or increased inhibition in these cortical
regions. This is in concordance with the aforementioned hyperexcitability of
interneurons in APP/PS1 mice (Hijazi et al., 2020). The first histological study in the
TgF344-AD rats did not show any significant neuronal loss in the cortex and/or
hippocampus at 6 months of age (R. M. Cohen et al., 2013). However, they did observe
decreased number of neurons from 16 months onward. These findings were replicated
by Morrone et al. in 2022 using MRS. They observe decreased NAA from 15 months
onward. Interestingly, they also observe decreased glutamate in the transgenic animals
at 9 months of age (Morrone, Lai, Bishay, Hill, & McLaurin, 2022). Another study has
demonstrated significant neuronal loss in the hippocampus and cortex of 9-month-old
TgF344-AD rats. Investigation of GABA-ergic interneurons shows that at 9 months,
significantly lower numbers of somatostatin interneurons were present in the TgF344-
AD rats. Moreover, signs of dystrophic somatostatin neurons were observed at this age.
Interesting, at 12 months of age, a compensatory increase in parvalbumin-positive
GABA-ergic interneurons was observed in the TgF344-AD rats (Munoz-Moreno, Simoes,

Tudela, Lopez-Gil, & Soria, 2022). However, no studies evaluating GABA-ergic and
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glutamatergic neuronal loss have been performed in 4- and 6-month-old TgF344-AD
rats. Therefore, we cannot explain the decreased excitation/increased inhibition
observed in the current study as a result of loss of glutamatergic and/or GABA-ergic

neurons.

However, the current results are not in concordance with the aforementioned
observations of increased glutamatergic synaptic density at early stages of AD in MCI
patients. This might be explained by the fact that the pre-plaque and early-plaque stages
in the TgF344-AD rat resemble early preclinical stages, not MCl stages in patients (R. M.
Cohen et al.,, 2013; A. L. R. Hernandez, Ding, Simley, McMahon, & Carter, 2021).
Histological evaluation of synaptic markers in aged TgF344-AD rats, resembling the MCI
stage, might reveal similar changes in synaptic density as is observed in MCI patients.
Moreover, the apparent restoration of WT-like QPP patterns in the TgF344-AD rats at
the early-plague stage could not be accounted for by the histological quantification of
synapses. Although this suggests that the compensation is not caused by a difference in
the number of synapses, it doesn’t mean that neuronal signalling is not altered. Future
research on the molecular level regarding synaptic activity and transmission could offer
insights into the mechanisms underlying the observed compensation of network activity

during the early-plaque stage.

3.5.7 Cholinergic synaptic dysfunction in AD

The cholinergic neurons in the BFB are highly susceptible to early AD pathology, hence
the observation that the BFB is one of the first regions affected in AD. Ex vivo studies in
patients with limited AP pathology, observed increased metabolic activity and increased
expression of genes involved with synaptic activity in cholinergic neurons in the NBM
(Braak & Braak, 1991; Dubelaar et al., 2006; Lau et al., 2013). Moreover, density of
cholinergic synapses in the cortex was increased, during the pre-plaque stage in a mouse
model of AD, followed by decreased cholinergic density at advanced stages of AD (L. Hu,
Wong, Cote, Bell, & Cuello, 2003). The current study did not observe significant

differences in the number of cholinergic synapses in the cortex or the BFB regions in the



TgF344-AD rats at the pre-plaque, nor at the early-plaque stage. This is in agreement
with a post-mortem study in AD patients that only observed loss of cholinergic synapses
during the late symptomatic stage (Tiraboschi et al., 2000), but not with aforementioned
studies which observed increased cholinergic synaptic density and increased cholinergic
activity. This might be explained by the differences between animal models and
differences in sensitivity of the detection method. Moreover, the absence of alterations
in cholinergic synaptic density does not exclude alterations in cholinergic synaptic
transmission at the molecular level, since soluble AB monomers and oligomers have
been shown to interfere with cholinergic synaptic signalling (for a review, (Kar,
Slowikowski, Westaway, & Mount, 2004)). However, future research regarding
cholinergic neurotransmission in early TgF344-AD rats is needed to validate this
hypothesis. A recent study demonstrated an age-dependent increase in nicotinic
acetylcholine receptors in WT F344 rats starting from 6 months onwards, which was
absent in age-matched TgF344-AD rats, leading to a significant difference in receptor
density between genotypes at 9 months of age (Chaney et al., 2021). Similarly, the
current study observed age effects in the HDB/SI and Ent demonstrating an increased
cholinergic synaptic density in both groups at 6 months of age, without significant

differences between groups.

3.5.8 Astrogliosis might contribute to spatiotemporal alterations in

activity patterns during pre-plaque stage

Histological analysis in 4-month-old TgF344-AD rats demonstrates astrogliosis in the
NBM and HDB/SI, which diminishes at 6 months of age. Similar trends have been
observed in a mouse model of AD, where astrogliosis was observed during the pre-
plaque stage in APP/PS1 mice, which decreased at the early plaque stage (D. Wang et
al., 2018). Interestingly, the astrogliosis during the pre-plaque stage which diminishes at
the early-plaque stage is comparable to the observations in the rsfMRI data, where the
spatiotemporal properties of the QPPs in the TgF344-AD rats are also more similar to
the WT littermates at 6 months of age. Astrocytes are important in synaptic homeostasis

and regulation of glutamatergic neurotransmission by the reuptake of glutamate from
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the synaptic cleft (Fullana et al., 2020; Huang et al., 2018; E. Lee & Chung, 2019; J. H. Lee
et al., 2021; Scimemi et al., 2013). Moreover, reactive astrocytes in AD induce local
changes in GABAergic and cholinergic signalling (Osborn, Kamphuis, Wadman, & Hol,
2016). Animal studies have demonstrated that modulation of specific neuronal
populations within the BFB, including GABAergic and cholinergic neurons, induce
alterations in BOLD fluctuations and electrical activity within the DMLN in macaques and
rats (Espinosa, Alonso, Lara-Vasquez, et al., 2019; Lozano-Montes et al., 2020; Peeters,
van den Berg, et al., 2020; Turchi et al., 2018). Given the fact that projections from the
BFB to the cortex are important modulators of BOLD activity, alterations in local
neurotransmission in the NBM and HDB/SI, due to astrogliosis, might contribute to the
spatial alterations in whole-brain patterns of activity observed in the current study at
the pre-plaque stage. Interestingly, a recent study published in bioRxiv observed that
early FC disruptions in the CG, which was observed in APPN“F mice before plaques were
present in the brain, was accompanied by decreased astrocytic signalling. Moreover,
Shah et al. demonstrated that astrocytes have important regulatory function of network
activity, which was affected in early AD (Disha Shah, 2022). This is in agreement with the
findings of the current study where astrogliosis in the BFB is coinciding with large
spatiotemporal differences in BOLD activity in BFB. Further research focusing on the role
of astrogliosis in network alterations at the pre-plagque stage of AD is necessary to
investigate the interaction between neuron and reactive astrocytes, which could offer
valuable insights into novel therapeutic strategies to counteract network imbalance at

preclinical stages of AD.

3.5.9 Limitations of the study

There are several limitations to the study. First, the rsfMRI scans in this study were
performed in isoflurane and medetomidine anesthetized rats. This combination is
known to reduce FC in the subcortical structures such as the hippocampus, a structure
affected early in AD. Alterations in network activity in the hippocampus could not be
evaluated in the current study. However, a rsfMRI study has demonstrated that FC under

this anaesthesia protocol is very close to the FC patterns observed in awake rats



(Paasonen, Stenroos, Salo, Kiviniemi, & Grohn, 2018). In addition, it would be valuable
to investigate early network dysfunction not at rest, but during a task. Functional MRI
studies at pre-plaque and early-plaque stages of AD could offer novel insights into
network dysfunction of task-related networks. Secondly, this study only used male rats
to limit the variability and the number of animals used in this study, since previous FC
studies observed differences in static FC between genders. However, studies have
demonstrated that disease progression is faster in women compared to men and sex
differences have also been observed in animal models for AD (Mielke, 2018). A recent
study in TgF344-AD rats showed that amyloid-pathology and neuroinflammation is more
severe in females. But, cognitive and behavioral deficits were found to be less severe in
female rats compared to male rats (Osama Chaudry, 2022). Moreover, an
electrophysiology study demonstrated that the onset of synaptic dysfunction in the
hippocampal circuit occurs later in females (9M) compared to males (6M), possibly due
to the neuroprotective effects of estrogen (Smith & McMahon, 2018), demonstrating
that gender differences are also present in TgF344-AD rats. Future studies including
females would be valuable to validate the current findings in female TgF344-AD rats and
to improve translation to humans. Third, the current study did not investigate the
pathological mechanisms underlying the astrogliosis in the BFB in the absence of
amyloid plaques. Future experiments focusing on the mechanisms underlying the
increased astrocyte abundance and the role of the inflammation in the progression of
AD would be valuable to evaluate if this astrogliosis is a valuable therapeutic target. In
addition, the histological analysis was not performed on the same animal cohort as the
rsfMRI, limiting the possibility to correlate the histological findings to the MRI results.
Future studies correlating MRI results to histological alterations should be performed to
validate our findings. The biochemical analysis was performed on brain homogenate of
intact hemispheres. It would be valuable to perform amyloid ELISA’s on specific brain
regions, to gain a better understanding of which regions are affected first by soluble AB
species. The immunohistochemical stainings of the GFAP and Iba-1 of the 4-month-old
animals and the 6-month-old animals were performed in two separate batches, which

could influence the quality of the stainings, inducing false positive age effects. In
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addition, Iba-1 and GFAP are general markers for astrocytes and microglial cells and
therefore not only stained activated astrocytes and microglial cells. Future stainings to
evaluate neuroinflammation would benefit from using markers which exclusively target
activated microglia and astrocytes. In addition, due to large variability in the quality of
the stainings of GABA-ergic and glutamatergic synapses, we were not able to
differentiate between an increased number of inhibitory-, or a decreased number of
excitatory synapses. Future studies to quantify the number of glutamatergic and GABA-
ergic synapses using different techniques would be valuable to provide insights into the
neuronal imbalance during the pre-plaque and early-plaque stage of AD. Moreover, the
study did not include any behavioral evaluation of memory function. It would be
interesting to include a memory task to investigate how the altered network activity
correlates to alterations in behavior at pre-plaque and early-plaque stages of AD. To
conclude, the current study only focused on early stages of AD, which are thought to
correspond to preclinical stages in humans. Including a later timepoint corresponding to
MCI patients would be valuable to evaluate how network activity changes during healthy

aging and AD progression.

3.6 Conclusions

In conclusion, our data demonstrates that QPP analysis on rsfMRI data is a promising
tool to evaluate spatiotemporal alterations in brain activity during early stages of AD.
The results provide insights into macroscale changes in network function in AD at pre-
plaque and early-plaque stages, which are thought to be caused by altered BFB function.
This observed altered BFB activity during the QPPs, might prove to be an important
biomarker of presymptomatic AD, possibly aiding early detection and early intervention
in AD. Future research using QPP analysis in (presymptomatic) AD patients would be
valuable to examine the translational potential of the current findings. Moreover,
further research of the particular role of astrogliosis in the BFB nuclei remains necessary
to gain a better understanding in order to elucidate potential therapeutic targets to

restore the aberrant network function at preclinical stages of AD.



3.7 Supplementary Information

3.7.1 Supplementary tables

Supplementary table 3-1: p-values two-way ANOVA pTau

pTau Age*Genotype Genotype Age
cG 0,9699 0,8299 0,0016
RS 0,3607 0,8738 0,0109
Ent 0,9525 0,0559 0,0007
Ss 0,2271 0,8903 0,0685
CA1 0,3425 0,0066 0,0008
DG 0,9027 0,049 0,0537
MS 0,9137 0,6721 0,0019
HDB/SI 0,7068 0,6779 0,0004
NBM 0,5721 0,2408 0,001
LC 0,1473 0,0169 0,0596

Statistical analysis of the %area pTau between groups and ages, accompanying figure 3-1. CG =
cingulate cortex, RS = retrosplenial cortex, Ent = entorhinal cortex, SS = somatosensory cortex, DG

= dentate gyrus, MS = medial septum, HDB/SI = horizontal limb of the diagonal band of

Broca/substantia innominata, NBM = nucleus basalis of Meynert, LC = locus Coeruleus.

Supplementary table 3-2

Connection
Cg L-CA3L
Cg L-BFBL
CgR-DGR
CgR-BFBL
RSCL-DGL
RSCL-MCL
RSCL-MCR
RSCL-FrAR
RSCL-InsR
RSCL-ThalR
RSCR-CA3R
RSCR-S1R
OFCL-BFBL
OFCR-FrAR

4 Months

NO FDR
0.004572
0.0428
0.029925
0.021608
0.005966
0.048716
0.035527
0.032318
0.023681
0.030434
0.037874
0.039962
0.00664
0.041174

FDR p<0.05
0.310912516
0.452362018
0.441358644
0.441358644
0.310912516
0.482118744
0.441358644
0.441358644
0.441358644
0.441358644
0.441358644
0.441358644
0.310912516
0.443133724

Connection
CGR-OFCR
CGR - Limbic L
CG R-NAccR
RSCL-VCR
OFCL-PirL
TeAR-S2R
CA1L-S1R
CA1R-BFBR
DGL-S2R
DGR-AudR
DGR-FrAR
DGR - NAccR
VCL-ThallL
AudL-S2R

6 Months
NO FDR

0.037731
0.007888
0.023084
0.019694
0.029186
0.039435
0.019032
0.048509
0.005793
0.019306
0.038933

0.01786
0.019745
0.006001

FDR p<0.05

0.996217
0.996217
0.996217
0.996217
0.996217
0.996217
0.996217
0.996217
0.996217
0.996217
0.996217
0.996217
0.996217
0.996217
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OFCR-BFBL
LimbicL-EntR
LimbicL-VCR
Limbic L - Aud R
LimbicL-S2 L
LimbicL-S2 R
LimbicL-MCL
Limbic L- CPu L
Limbic L-BFB L
LimbicR-TeAL
LimbicR-TeAR
Limbic R - EntR
LimbicR-VCR
Limbic R- Aud R
LimbicR-S2 L
Limbic R- MC L
Limbic R - Nacc R
TeAL-TeAR
TeAL-DGR
TeAL-EntlL
TeAL-AudR
TeAR-EntL
TeAR-AudR
TeAR-PirlL
TeAR-S1L
TeAR-S1R
TeAR-S2L
TeAR-S2R
TeAR-MCL
CA1L-DGR
CA1R-CA3L
CA3L-S2R
CA3R-S2R
CA3R-InsR
DGL-S1L
DGL-S1R
DGR-EntL
DGR-InsL
DGR-InsR
EntL-EntR
EntL-VCL
EntL-AudR
EntL-MCL
EntR-AudR
EntR-PirL
VCL-MCL
VCL-MC-R
VCL-ThalL
VCR-S2R

0.00801
0.002935
0.011572
0.006022
0.035254

0.03868
0.000897
0.030139
0.011194
0.040339
0.027054
0.040496
0.007583
0.037326
0.006159
0.003935
0.038079
0.014949

0.03066
0.027908
0.045215
0.003832
0.012823
0.020042
0.013564
0.000596
0.037873
0.015215
0.038483
0.026123
0.004031
0.006799
0.038274
0.030496
0.029963
0.003009
0.031331
0.006884
0.005896
0.004227
0.022572
0.011636
0.024182
0.019545
0.049298
0.040352
0.027543
0.028635
0.017624

0.313462792
0.310912516
0.357813665
0.310912516
0.441358644
0.441358644
0.257341465
0.441358644
0.357813665
0.441358644
0.441358644
0.441358644
0.310912516
0.441358644
0.310912516
0.310912516
0.441358644
0.396984614
0.441358644
0.441358644
0.469032389
0.310912516
0.368014375
0.441358644
0.376722946
0.256527495
0.441358644
0.396984614
0.441358644
0.441358644
0.310912516
0.310912516
0.441358644
0.441358644
0.441358644
0.310912516
0.441358644
0.310912516
0.310912516
0.310912516
0.441358644
0.357813665
0.441358644
0.441358644
0.482337892
0.441358644
0.441358644
0.441358644
0.433546875

AudR-S1R
AudR-S2R
PirL-BFBR
FrAL-InsR
FrAL-ThalR
CPulL-BFBL
CPuR-ThalR
NAccR-BFBL
BFBR-Thal L

0.039051
0.005965
0.023854
0.033751

0.0319
0.023623
0.035732
0.041065
0.025308

0.996217
0.996217
0.996217
0.996217
0.996217
0.996217
0.996217
0.996217
0.996217



VCR-InsL
AudL-S1L
AudL-S2L
AudR-S1L
AudR-S1R
AudR-S2R
PirL-MCL
PirL- MCR
Pir R- MCR
PirR-BFB L
Pir R-BFBR
S1L-S2R
S1L-MCL
S1L- NAccR
SIR-MCL
S2L-MCL
S2 L-NAccR
S2 L-ThalR
MCR-FrAR
FrAL-FrAR
FrAL-BFBR
FrAR-InsL
CPulL-CPuR
NAccL-BFBL
NAcc L-BFBR

Statistical results accompanying figure 3-2 and figure 3-3. P values of the statistically different
connections in static FC between WT and TgF344-AD rats after uncorrected two-sample t-test
before and after FDR correction.

0.043082

0.03781
0.040204
0.035917
0.010543
0.027555
0.019059
0.002261
0.008717
0.015962
0.037396
0.012436
0.000136
0.027633
0.011617
0.037242
0.026678
0.007319
0.048438
0.046875

0.02425
0.033938
0.006175
0.027758
0.048705

0.452362018
0.441358644
0.441358644
0.441358644
0.357813665
0.441358644
0.441358644
0.310912516
0.326314849
0.404210954
0.441358644
0.368014375

0.11678127
0.441358644
0.357813665
0.441358644
0.441358644
0.310912516
0.482118744
0.480467409
0.441358644
0.441358644
0.310912516
0.441358644
0.482118744
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Supplementary table 3-3: Effect sizes short QPPs

CG RSC BFB VC OFC-PRL

Cohensd Cohensd Cohensd Cohensd Cohensd

4M QPP DMLN+ 0.6s 0.5307 0.3315 0.6159 0.0592 0.7650
1.2s 0.4961 0.3364 0.7635 0.2374 0.8311

1.8s 0.3975 0.2815 0.8289 0.3232 0.8347

2.4s 0.3192 0.2054 0.9898 0.3261 0.7843

3.0s 0.3095 0.1332 0.8546 0.2542 0.6928

3.6s 0.3657 0.0769 0.7435 0.0995 0.5605

Average 0.4031 0.2274 0.7993 0.2166 0.7447

4M QPP LCN+ 0.6s 0.2561 0.0473 0.0773 0.1131 0.5217
1.2s 0.0236 0.1445 0.1889 0.3957 0.7992

1.8s 0.2102 0.3026 0.2424 0.5697 0.8506

2.4s 0.2985 0.3764 0.2213 0.5730 0.6479

3.0s 0.2472 0.3743 0.1467 0.4647 0.8381

3.6s 0.0779 0.3161 0.0537 0.2970 0.9669

Average 0.1856 0.2601 0.1550 0.4022 0.7707

6M QPP LCN+ 0.6s 0.2038 0.0685 0.3812 0.2894 0.3290
1.2s 0.2005 0.0193 0.3881 0.2062 0.3799

1.8s 0.1545 0.0477 0.3588 0.0174 0.3907

2.4s 0.1051 0.1068 0.2835 0.2268 0.3561

3.0s 0.0811 0.1381 0.1731 0.4070 0.2796

3.6s 0.0978 0.1347 0.0552 0.3143 0.1956

Average 0.1405 0.0859 0.2733 0.2435 0.3218

6M QPP DMLN+ 0.6s 0.1766 0.2181 0.0087 0.4699 0.2099
1.2s 0.1807 0.2908 0.0384 0.3341 0.1243

1.8s 0.1573 0.0926 0.0871 0.07677 0.0251

2.4s 0.1433 0.1282 0.1171 0.2086 0.0371

3.0s 0.1492 0.3155 0.1167 0.4509 0.0388

3.6s 0.1649 0.4150 0.0845 0.5973 0.0216

Average 0.1620 0.2434 0.0755 0.3563 0.0761

Statistical results accompanying figure 3-6 and figure 3-9. Effect sizes based on the voxel-averaged
timecourses within each ROI. d= 0.1-0.2 very small effect size, d = 0.2-0.5 small effect size, d = 0.5-

0.8 — medium effect size, d>0.8 = Large effect size
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Supplementary table 3-4: p-values statistical comparison voxel-wise mean peak

timings within groups

am 6M
wT TG wT TG
Diff (s) FDR Diff (s) FDR Diff(s)  FDRp<0,05  Diff(s) FDR p<0,05
p<0,05 p<0,05
cG-8FB 0,4380 <0,0001 -0,1103 0,0036 0,5149  <0,0001  -0,0232  0,6230
¢G-oFc 0,0384 0,3330 0,0877 0,0017 0,2237  <0,0001  0,2518  <0,0001
CG-RS -0,0288 0,5346  0,2286  0,4210 -0,0056  0,8806  -0,0587  0,3640
ce-ve -0,2658 <0,0001 -0,1205  0,0014  0,0442 0,1275  -0,2455  <0,0001
RS-ve -0,2370 <0,0001 0,1438 <0,0001 0,4235 0,123 -0,1867  0,0014
RS-OFC 0,0672 0,1020 0,0684 0,02110 0,1901  <0,0001  0,3102  <0,0001
RS-BFB 0,4668 <0,0001 -0,0129 0,0004 05205  <0,0001  0,0354 0,5590
OFc-ve -0,3042 <0,0001 0,1991 <0,0001 -0,1901  <0,0001  -0,4968  <0,0001
OFC-BFB 0,3996 <0,0001 -0,1980 <0,0001 0,2912  <0,0001  -0,2748  <0,0001
vcere 0,7038 <0,0001 0,01344 0,8440 0,4707  <0,0001 0,222 <0,0001

Statistical results accompanying figure 3-8 and figure 3-10. Differences (Diff) in mean voxel-wise
peak timings between different regions in seconds in wildtype (WT) and TgF344-AD rats (TG).
Significant difference in peak timings between regions was evaluated using a two-sample t-test

with FDR correction (p < 0.05).

Supplementary table 3-5: p-values two-way ANOVA Astrogliosis

GFAP Age*Genotype Genotype Age
e 0,3614 0,0724 0,9826
RsC 0,0936 0,0372 0,8474

mENT 0,3602 0,182 0,5808
53 0,0657 0,6707 0,3552
MS 0,8643 0,8081 0,958

NBM 0,0581 0,0269 0,0027

HDB/S! 0,0262 0,0183 0,9064

Statistical results accompanying figure 3-11. Statistical analysis of the %area GFAP between groups
and ages. CG = cingulate cortex, RS = retrosplenial cortex, Ent = entorhinal cortex, SS =
somatosensory cortex, MS = medial septum, HDB/SI = horizontal limb of the diagonal band of

Broca/substantia innominata, NBM = nucleus basalis of Meynert
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Supplementary table 3-6: p-values two-way ANOVA Microgliosis

Iba-1 Age*Genotype Genotype Age
G 0,1571 0,8388 0,3466
Rsc 0,2556 0,37 0,3707
Ent 0,1241 0,0937 0,0003
S5 0,5429 0,6633 0,0001
Ms 0,3092 0,6105 0,0529

HDB/SI 0,3118 0,1338 0,55

NBM 0,8146 0,2123 0,0001

Statistical results accompanying figure 3-11. Statistical analysis of the %area Iba-1 between groups
and ages. CG = cingulate cortex, RS = retrosplenial cortex, Ent = entorhinal cortex, SS =
somatosensory cortex, MS = medial septum, HDB/SI = horizontal limb of the diagonal band of

Broca/substantia innominata, NBM = nucleus basalis of Meynert

Supplementary table 3-7: p-values two-way ANOVA vGLUT/vGAT

VGLUT/VGAT Age*Genotype Genotype Age
G 0,2649 0,0199 0,0879
Rsc 0,3099 0,0283 0,0001
Ent 0,3686 0,1561 0,5679
5 0,0548 0,0792 0,0469
MS 0,0232 0,7135 0,0001
HDB/SI 0,505 0,6998 0,95
NBM 0,7753 0,1531 0,0427

Statistical results accompanying figure 3-11. Statistical analysis of the ratio of glutamatergic and
GABAergic synapses between groups and ages. CG = cingulate cortex, RS = retrosplenial cortex,
Ent = entorhinal cortex, SS = somatosensory cortex, MS = medial septum, HDB/SI = horizontal limb

of the diagonal band of Broca/substantia innominata, NBM = nucleus basalis of Meynert



Supplementary table 3-8: p-values ANOVA cholinergic synaptic count

#Cholinergic Age*Genotype Genotype Age

cG 0,4059 0,8895 0,4253

RSC 0,2947 0,2502 0,6918

Ent 0,8684 0,9815 0,0402

SS 0,8174 0,9282 0,1037

MS 0,472 0,3097 0,336
HDB/SI 0,5189 0,7353 0,0001
NBM 0,1872 0,2538 0,5551

Statistical results accompanying figure 3-11. Statistical analysis of the number of cholinergic
synapses between groups and ages. CG = cingulate cortex, RS = retrosplenial cortex, Ent =
entorhinal cortex, SS = somatosensory cortex, MS = medial septum, HDB/SI = horizontal limb of

the diagonal band of Broca/substantia innominata, NBM = nucleus basalis of Meynert
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4. REM fragmentation, hippocampal network dysfunction and
cholinergic compensation at the pre-plaque and early-plaque
stages of AD

This chapter is based on:

M. van den Berg, L. Heymans, D. Toen, M.A. Adhikari, M. Verschuuren, I. Pintelon, W.
De Vos, A. van der Linden, M. Verhoye, G.A. Keliris. “REM fragmentation, hippocampal
network dysfunction and cholinergic compensation at the pre-plaque and early-plaque

stages in TgF344-AD rats “

manuscript in preparation
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4.1 Abstract

The hippocampus plays an imperative role in cognitive processes and its function is
altered already at very early stages of AD. Memory consolidation occurs mainly during
sleep and research has demonstrated that sleep characteristics and hippocampal
function during sleep are altered in AD. However, how sleep architecture and
hippocampal function is affected at very early stages of the disease is still unknown.
Moreover, mechanisms underlying the observed changes in AD are still elusive. We
hypothesized that AB-induced alterations in neurotransmitter signalling (cholinergic,
glutamatergic and/or GABAergic) at pre-plaque and early-plaque stages of AD, disrupt
sleep architecture and hippocampal oscillatory activity during sleep. To this end, we
performed 24-hour hippocampal electrophysiological measurements in TgF344-AD rats
and wild-type littermates at pre- and early-plaque stages of AD, to evaluate circadian
rhythmicity, sleep architecture and hippocampal oscillatory activity during sleep.
Moreover, immunohistochemical analysis of the number of glutamatergic, GABAergic
and cholinergic synapses in the hippocampus was performed to elucidate possible

disease mechanisms.

We observed a significantly increased probability for shorter REM bouts, suggestive of
REM sleep fragmentation, in TgF344-AD rats at the pre-plaque stage, which recovered
at the early-plaque stage. In addition, we observed during REM sleep a significantly
decreased fast gamma power in TgF344-AD rats, irrespective of age and decreased
theta-gamma coupling was observed in the high gamma range at the pre-plaque stage,
which was partially compensated in the early-plaque stage. Moreover, theta-gamma
coupling in the low gamma range was significantly increased during the pre-plaque stage
in TgF344-AD rats but returned to WT levels at the early-plaque stage. These results
suggest a partial functional compensation of network activity during early-plaque stage
of AD during REM sleep. During NREM sleep, we did not observe altered power across
different frequency bands, but we did observe a significantly increased duration of sharp
wave-ripples (SWR), electrophysiological phenomena closely linked to memory

consolidation. Interestingly, we observed an increased number of cholinergic synapses



in the hippocampus during the early-plaque stage in TgF344-AD rats, suggestive of basal
forebrain cholinergic compensation mechanisms. The results from this study offer novel
insights into early alterations in sleep architecture and hippocampal function. Moreover,
they demonstrate the presence of cholinergic compensation mechanisms during the
early-plaque stage of AD which ensures a partial functional recovery of hippocampal

function and sleep architecture.

4.2 Introduction

Alzheimer’s Disease (AD) is a progressive neurodegenerative disorder characterized by
the accumulation of extracellular amyloid-beta (AB) plaques, intracellular tau-
aggregation, synaptic dysfunction, and neuronal loss, resulting in cognitive dysfunction
and eventually, dementia. Neuropathological changes underlying AD start 10-20 years
before the onset of cognitive symptoms, with accumulation of AR being the first
identifiable hallmark (Braak & Braak, 1991; Braak et al., 2011; Sperling et al., 2011).
Studies have demonstrated that soluble AB species (sAB), which are the precursors of
AB plaques, interfere with synaptic function before cognitive symptoms become
apparent (Ben-Nejma et al., 2019; Busche et al., 2012; Hector & Brouillette, 2020; S. Li
& Selkoe, 2020; T. Ma & Klann, 2012; Shah et al., 2018; Shah et al., 2016).

Brain regions and pathways important for sleep and wake regulation (Brown et al.,
2012), such as the cholinergic system (Vazquez & Baghdoyan, 2001) and locus coeruleus
(Van Egroo, Koshmanova, Vandewalle, & Jacobs, 2022), are affected early by A and tau
accumulation (Braak & Braak, 1991; Braak et al., 2011; Van Erum, Van Dam, & De Deyn,
2019). Recent studies have demonstrated that soluble AR interferes with sleep
regulation inducing increased or decreased wakefulness depending on the oligomer
species present in the brain (Kincheski et al., 2017; Ozcan, Lim, Leighton, Allison, & Rihel,
2020). In addition, several studies have observed changes in sleep architecture and
efficiency during asymptomatic stages of AD in humans (Y. E. Ju et al., 2014) and animal
models of AD (Roh et al., 2012; J. Wang, lkonen, Gurevicius, van Groen, & Tanila, 2002).

Under physiological circumstances, AB levels in the interstitial fluid and cerebrospinal
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fluid are modulated by the sleep-wake cycle (Lucey & Bateman, 2014). Neuronal activity
increases the generation and release of AB (Cirrito et al., 2005), leading to increased
extracellular AB levels during wakefulness. AB is cleared from the interstitial fluid during
sleep by the enhanced activity of the glymphatic system, therefore decreasing A levels
(L. Xie et al., 2013). These observations suggest a vicious cycle between sleep and A3
dynamics, wherein altered sleep architecture result in increased extracellular Ap and
aggregation, which in turn further disrupts sleep, therefore, driving AD progression (Roh
et al., 2012). However, the neuropathological mechanisms underlying AB induced sleep

disruptions remain elusive.

Sleep is imperative for hippocampus-dependent memory processes and sleep disruption
leads to decreased cognitive performance (Killgore, 2010). Hippocampal neuronal
activity underlies memory consolidation through specific, coordinated
electrophysiological events such as Sharp-wave ripples (SWR), slow oscillations and
theta-gamma coupling. Several studies have observed alterations in hippocampal
neuronal oscillations, which coincided with cognitive alterations, in different animal
models of AD (Bazzigaluppi et al., 2018; Benthem et al., 2020; Caccavano et al., 2020;
Mably, Gereke, Jones, & Colgin, 2017; Stoiljkovic et al., 2019). These phenomena rely
heavily on the delicate interplay of GABAergic, glutamatergic, and cholinergic
neurotransmission. Perturbations of these neurotransmitter systems due to the early
accumulation of soluble AP could disrupt these oscillatory events at pre-plaque stages

of AD, and might prove to be an interesting biomarker, and therapeutic target for AD.

We hypothesized that Ap-induced alterations in neurotransmitter signalling
(cholinergic, glutamatergic and/or GABAergic) at pre-plaque and early-plaque stages of
AD, disrupt sleep architecture and hippocampal oscillatory activity during sleep.
Therefore, we have performed 24-hour hippocampal electrophysiological
measurements in 4-month-old TgF344-AD rats, displaying soluble AB pathology in the
absence of AP plaques, and 6-month-old TgF344-AD rats demonstrating pTau

accumulation in the LC and hippocampal and cortical AB plaques. We aimed to evaluate



sleep disturbances and hippocampal function during sleep during early, presymptomatic
stages of AD, since the selected ages highly resemble these early stages of AD. In
addition, histological analyses of GABAergic, glutamatergic, and cholinergic synapses in
the hippocampus was performed to further investigate possible disease mechanisms
underlying the electrophysiological and behavioral alterations. Investigation of the
synaptic mechanisms underlying sleep disturbances and hippocampal dysfunction
during sleep, might offer novel insights which could prove to be an interesting

therapeutic target.

4.3 Material and Methods

4.3.1 Animals and ethical statement

All procedures were in accordance with the guidelines approved by the European Ethics
Committee (decree 2010/63/EU) and were approved by the Committee on Animal Care
and Use at the University of Antwerp, Belgium (approval number: 2019-06).
Electrophysiological experiments were performed in 4-, and 6-month-old TgF344-AD
rats (N=7/N=5) and wildtype littermates (N=5/N=5). Rats were group housed prior to
the electrode implantation but housed separately afterwards. An additional 24 male rats
were used for histological analysis of pathology and synaptic markers (6 WT and 6
TgF344-AD rats for each time point). All animals were kept on a reversed, 12h light/dark
cycle, with controlled temperature (20 — 24°C) and humidity (40-60%) conditions.

Standard food and water were provided ad libitum.

4.3.2 Chronic hippocampal electrophysiological measurements

4.3.2.1 Surgical procedure

Anesthesia was induced using 5% isoflurane (Isoflo ®, Abbott Laboratories) (medical air
1L/min) and maintained using 2-3% isoflurane (at 1L/min) during the surgery. Animals
were placed in a stereotaxic frame and a craniotomy was made above the right dorsal

hippocampus (AP -3.00, ML 2.50). A 16-channel laminar electrode (E16+R-100-S1-L6 NT,
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Atlas Neuro-engineering, Belgium) with internal reference was carefully lowered (DV
2.5-3.5 mm) into the dorsal hippocampus. The pointy tip feature of the electrode allows
penetration of the dura without the need to open or remove the dura. The exact depth
of the recording sites was identified online by the layer-specific local field potentials
(LFP) of the hippocampus. The craniotomy was sealed with a sterile silicone gel (Kwik-
Cast, WPI). Stainless steel screws were drilled into the skull overlaying the olfactory bulb,
frontal cortex, left hippocampus, and cerebellum, of which the latter served as ground
electrode. The implant was covered in several layers of dental cement (Stoelting) and
the wound was closed. Rats were treated with antibiotics until three days after the
surgery (5 mg/kg, Enrofloxacin (Baytril ®, Bayer) in drinking water) and analgesics were
administered (0.05mg/kg Buprenorphin (Temgesic ®, Indivior Europe Limited)
subcutaneous during surgery, followed by 2 daily injections of 5 mg/kg Carprofen
(Rimadil®, Pfizer) for two days after surgery. Rats were allowed to recover for at least 7

days prior to the LFP recordings.

4.3.2.2 Neurophysiological data acquisition

Prior to the recordings, animals were habituated for at least 24 hours to the ventilated,
light-regulated recording chamber and recording setup. Using a wireless
electrophysiology system (W2100 system, Multichannel systems, Germany),
electrophysiological signals (LFPs, neuronal spiking activity, and EMG activity) were
acquired for 24 hours while the animal was freely behaving or sleeping in its home cage
at a sampling frequency of 10 kHz. During these measurements, animals were
maintained on the 12/12h reversed light/dark cycle and had ad libitum access to food

and water.

4.3.3 Validation of electrode position

Anesthesia was induced with 5% isoflurane and was maintained at 2-2.5%. An electrical
current (30 pA, 3 s) was applied via the electrode at the top, middle, and bottom
channels to allow validation of the electrode position. Thereafter, the animals were

euthanized via intravenous injection of 50 mg/kg pentobarbital (Dolethal ®, Vetoquinol,



Belgium), followed by cardiac perfusion with ice-cold phosphate-buffered saline (PBS)
and 4% Paraformaldehyde (Merck Millipore, Merck KGaA, Darmstadt, Germany). The
brains were surgically removed and postfixed for 4-6 hours using 4% PFA. A sucrose
gradient was applied (5%, 10%, and 20% Sucrose in 0.1M PBS), after which the brains
were snap frozen using liquid nitrogen and stored at -80°C until further processing. The
frozen brains of the animals were sliced into 12 um thick coronal sections using a
cryostat (Cryostar NX 70, Thermo Fisher Scientific). The sections were stained with Nissl
staining (Cresyl Violet 0.1%, Sigma-Aldrich) and studied under the light microscope to

validate the position of the electrodes for each animal.

Each layer of the hippocampus has distinct functions and therefore, distinct oscillatory
activity. The main focus of this study is on the different layers of the CA1 region.
Therefore, histological electrode validation was performed. Based on the location of the
tip of the electrode (Fig 4-1), we could infer which channels were placed in the different
layers of CAl. These channel locations were further validated by the distinct oscillatory
patterns of the different hippocampal layers, such as occurrence of sharp wave-ripples
and theta power across different hippocampal layers. This channel information was used
in further analyses. For 2 WT animals, validation was not possible because the lesions
weren’t visible under the microscope and are not shown in the figure. However, a
comparison of the distinct oscillatory patterns with other WT animals showed no

differences. Therefore, they were still included in the data analysis.
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Figure 4-1: histological validation of electrode position. A) Schematic overview of electrode
position in 4-month-old Wild type (WT) animals. Each blue electrode represents track of the
electrode of a different WT subject. B) Schematic overview of the electrode position in 4-month-
old TgF344-AD (Tg) animals. Each orange electrode represents track of the electrode of a different
Tg subject. The red insert shows exemplary light microscopy images of Nissl-stained brain slices
showing the electrode trace in the hippocampus of a WT animal (A) and TgF344-AD rat (B).
Exemplary images of the electrode validation (C) where the arrow points towards the pyramidal

layer (Pyr) of the CA1 region of the hippocampus. DG = Dentate Gyrus

4.3.4 Analysis

4.3.4.1 Sleep architecture and fragmentation

An automated sleep scoring algorithm was used to determine vigilance states for each
10 second epoch based on the theta-delta ratio and EMG activity. Each 10 second epoch
was labeled as wake, rapid eye movement sleep (REM) or non-rapid eye movement
sleep (NREM). Next, the automatic sleep scoring was checked and adjusted through
visual inspection by two independent investigators. The scores of the two investigators

were combined to a single score per animal that was used in our further analysis of sleep



architecture. Epochs which were scored differently were re-evaluated to reach a
consensus. The percentage time spent in each vigilance state was calculated in 3h time
periods across the 24h recording and statistically compared using a two-way ANOVA
(genotype, age, genotype*age), followed by post-hoc FDR-corrected student T-tests.
Sleep bout lengths during the light and dark phase were derived, and a cumulative
probability plot and Kolmogorov-Smirnov tests (FDR corrected p<0.05) were used to

evaluate differences in sleep fragmentation between genotypes.

4.3.4.2 Power analysis of hippocampal LFP’s

For each channel on the electrode, power spectra were calculated for each vigilance
state using a Fast Fourier Transform in Brainstorm (Tadel, Baillet, Mosher, Pantazis, &
Leahy, 2011) using the Welch’s method (window size 20s, 50% overlap). Power spectra
were normalized to the sum of the power across all LFP frequencies (0.5-250 Hz) to
minimize variation in amplitude due to differences in exact placement of the electrode.
Normalized power spectra were averaged across genotypes separately for each state.
Next, power for each vigilance state was calculated for specific frequency bands of
interest, i.e., delta (0.4-4 Hz), low theta (5-8 Hz), high theta (8-12 Hz), low gamma (30-
45 Hz), high gamma (60-120 Hz) and sharp-wave ripple (120-250) (table 4-1). The power
across the three channels with the highest power at each frequency were averaged for

each subject and compared between groups and ages.

Table 4-1 Frequency bands of interest

Frequency band Frequency range (Hz)
Delta 0.5-4

Low theta 5-8

High theta 8-12

Slow gamma 30-45

Fast gamma 60-120

High frequency oscillations | 120-250
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4.3.4.3 Phase-Amplitude coupling (PAC)

The amplitude of the hippocampal gamma rhythm is modulated by the phase of theta,
a phenomenon named phase-amplitude coupling (PAC). To evaluate the strength of the
theta-gamma coupling, the modulation index (MI) was used, that after bandpass
filtering uses the phase of the slow oscillation and the amplitude envelope of the fast
oscillation to create a complex vector of which the length represents the amplitude of
each fast oscillation whereas the phase of the slow oscillation is represented by the
angle. In the case of an absence of PAC, these vectors form a roughly uniform circular
shape centered around zero, however if there is modulation, then the amplitude at a
certain phase is higher, which will create a bump in the polar plot. The Ml represents
the length of this mean vector length (Fig 4-2, for a detailed description of calculations

we refer to (Canolty et al., 2006; Tort et al., 2010)).

The analysis of the PAC was performed on one channel, which was located in the
pyramidal layer of the CA1l, based on histological electrode validation (described in
section 4.3.3). First, for each subject, a comodulogram was calculated which
demonstrates the Ml for each pair of frequencies. The theta band (5-12 Hz) and gamma
band (30-120 Hz) were divided into 1Hz bins and for each combination of theta and
gamma frequencies the mean modulation index across each REM epoch was calculated
and averaged across all REM epochs to create a subject based comodulogram. Next, a
group-averaged comodulogram was computed in Matlab which demonstrated for each
group the main frequencies of modulation. The main frequency modes of modulation
were examined and were used to perform a time-resolved PAC (tPAC) analysis. tPAC
computes the Ml between specific frequency bands estimated from the group-averaged
comodulogram for each 1 second epoch. The advantage of this method is that it allows
more reliable quantification of the strength of the PAC. The obtained Ml were averaged
across epochs for each subject and the mean was statistically compared between groups

and ages.
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Fig 4-2: Calculating the theta-gamma coupling strength using the modulation index. 1) Raw
hippocampal LFP trace during REM sleep. Bandpass filtering was applied on the raw data trace to
filter the data within the frequency ranges of interest, i.e., theta frequencies (5-12 Hz) (2) and
gamma frequencies (30-150 Hz) (3). A Hilbert transformation is applied on the filtered data to
extract the phase of the slow oscillation (4) and the amplitude (envelope) of the fast oscillation
(5). A complex time series (6) is then constructed and used to obtain the mean amplitude values
at each 20 degree phase bin and plotted for each gamma oscillation in a complex plain (7). The Ml
is finally obtained by applying a normalized entropy measure to the mean amplitude vector. The
comodulogram plot is constructed by representing in color scale the Ml values of multiple phase-
amplitude frequency pairs, where a warm color indicates high PAC and cold colors indicate low
coupling. Foi = frequency of interest. Figure is adapted from (Samiee & Baillet, 2017; Tort et al.,

2008).

4.3.4.4 Offline detection and analysis of sharp-wave ripples

Analysis of sharp wave-ripple activity was performed on one channel which was placed
in the CA1 layer of the hippocampus, based on the electrode validation as described in
section 4.3.3. All pre-processing steps were conducted using the Fieldtrip toolbox
(Oostenveld, Fries, Maris, & Schoffelen, 2011). First, to detect ripples in the pyramidal
layer of CA1, the wide-band signal was band-pass filtered between 120 and 250 Hz using

a 400™ order Butterworth infinite response filter and was afterwards down-sampled
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from 10 kHz to 1200 Hz (Fig 4-3 1). Filtered data was segmented based on the NREM
epochs obtained in Neuroscore. The segmented data was z-scored (Fig 4-3 2), rectified
(Fig 4-3 3) and smoothed (Fig 4-3 4) using a rectangular filter window with a length of 8
ms, generating the ripple power signal (Molle, Yeshenko, Marshall, Sara, & Born, 2006).
SWRs were identified in the channels which were placed in the pyramidal layer of the
CA1, based on the electrode validation described in 4.3.3. If the power within the ripple
band exceeded a threshold of 4 standard deviations from the mean. Events were
expanded until the power fell below 2 standard deviations (Fig 4-3 4). Events with a
duration shorter than 30ms (Fig 4-3 5) and/or a peak spectral frequency lower than 140
Hz were discarded (Fig 4-3 6). Subsequently, a thresholding algorithm was applied to
detect sharp waves in the stratum radiatum. Signals in the channel which demonstrated
strong sharp waves were band pass filtered between 0.5 and 20Hz using a 400" order
Butterworth filter. Sharp wave events which lasted between 20ms and 400ms were
detected when the power exceeded the threshold of 2.5 standard deviations from the
mean (Oliva et al., 2018). Ripples that co-occurred with SW were kept for further
analysis. The power in the SWR band, the peak spectral frequency and the duration of

events were extracted and were compared between groups and ages.
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Fig 4-3: Sharp-wave ripple detection algorithm. 1-4) Exemplary traces of raw data after the
different preprocessing steps. Raw LFP signals were down sampled (not shown), bandpass-filtered
(1), z-scored (2), rectified (3) and smoothed (4). Instances when the signal exceeded the threshold
of 4 SD (green line) were selected as tentative SWR events. 5) the beginning and end of the SWR
were marked when the smoothed signal dropped below 2 SD (blue horizontal line) and these start
and end time were used to discard ripples which were shorter then 30ms and longer then 150ms.
6) Frequency of the ripple is calculated and events with a maximum frequency below 140Hz are
discarded. 7) sharp waves are detected in a separate channel placed in the stratum radiatum
based on a threshold mechanisms (green line). 8) Only ripples which co-occur with the sharp wave

will be selected for further analyses.
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4.3.5 Histology

4.3.5.1 Immunofluorescent stainings

To evaluate AD alterations in synaptic markers, histological analyses were performed on
cryosections (N = 6 per genotype and age) as described in chapter 3. Briefly, brains were
extracted as described in 4.3.3, and hemispheres were separated. Next, left
hemispheres were embedded in OCT-embedding medium for sectioning. At 0.4-, 1.40-
and 3.90-mm lateral from the midline, sagittal sections of 12 um were made using a
Leica CM1950 cryomicrotome (Leica BioSystems, Belgium), thaw-mounted on VWR
Superfrost Plus micro slides (VWR, Leuven, Belgium) and dried for 2 hours at 37°C. All
immunohistochemical incubations were carried out at RT. Sections were pre-incubated
for 30 min in blocking buffer containing 1% Triton X-100 before an overnight incubation
with the primary antibodies (Table 4-2). For the detection of the immunoreactivity, the
sections were incubated for 4 hours with the appropriate combination of fluorescent-
conjugated secondary, followed by a nuclear counterstain using 4',6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich, Hoeilaart, Belgium) for 10 min at room temperature.
Samples were mounted in Citifluor AF1 (EMS, Hathfield, USA). Respective single-labeling
studies which resulted in comparable staining, were performed to rule out nonspecific
findings resulting from the multiple-staining process. Negative staining controls were

performed by substitution of non-immune sera for the primary or secondary antisera.

Table 4-2: Primary antibodies used in the current study

TARGET SUPPLIER CATALOGUE RRID DILUTION
NUMBER
VGAT ‘ Synaptic Systems 131003 AB_887869 1:200
VGLUT ‘ Synaptic Systems 135304 AB_887878 1:200

VACHT ‘ Merck ABN100 AB_2630394 1:1000



4.3.5.2 Image acquisition

Confocal images of immunolabeled tissue sections were acquired with a Perkin Elmer
Ultraview Vox dual spinning disk confocal microscope, mounted on a Nikon Ti body using
a 40x Plan Apo objective (NA 0.95). Lasers with wavelength 405 nm, 488 nm, 561nm and
640nm were used in combination with a quadruple dichroic and 445/60 - 525/50 -
615/70 - 705/90nm emission filters. Detection was done on a Hamamatsu C9100-50
CMOS camera. Image acquisition was done using Volocity software. Regions of interest
were localized based on the DAPI staining. Per animal, 3 images were acquired on 3 non-

consecutive sections in 3 axial positions separated by a 2 um spacing.

4.3.5.3 Image analysis

Image analysis of the synaptic excitatory/inhibitory ratio was done in FlJl image analysis
software (Schindelin et al., 2012) as described in chapter 3. A macro script was written
for FlJl image analysis software to detect synaptic markers and measure their intensity
and is available on github (https://github.com/DeVoslLab/SynapseDetection)
(Verschuuren et al., 2019; Verstraelen et al., 2020). After maximum projection of the Z-
stacks, synaptic marker spots were enhanced using a single or multi-scale Laplace filter
with user-defined kernel sizes. For each marker the threshold settings were kept
constant for both groups and ages studied. A manually defined threshold per region was
applied to segment the spots after which an additional max finding (and region growing)
step was included to untangle clustered spots. Only spots that had a projected area
within a specific range (0.20 — 3.00 um) were retained. Images with more than 10000

spots were discarded to exclude over segmented images.

4.3.6 Statistics

The statistical analysis of the data was performed using the JMP Pro software (Version
16, SAS Institute Inc., Cary, NC, 1989 — 2021). For the statistical analysis of the sleep
architecture, power across different frequency bands, SWR characteristics, and PAC,
outlier detection was performed on group level for each age using principal component

analysis (PCA). Measurements with a T2 statistic index higher than the 95% confidence
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interval were excluded. A two-way ANOVA (genotype, age, genotype*age) per region
was performed. In case of a significant genotype*age interaction, post-hoc Student’s t-
tests were performed. A false discovery rate correction using the Benjamini-Hochberg
procedure was applied to correct for multiple comparisons (FDR p<0.05). The interaction
term was removed no significant interaction was observed and a two-way ANOVA

(genotype, age) was used to evaluate genotype or age effects.

Regarding the analysis of the synaptic markers, outlier detection was performed using
the interquartile range (1.5x IQR) per genotype, age, and region on all individual images
(3 per animal). Animals with less than 2 images were excluded and the remaining images
were averaged for each animal. A second outlier detection was performed on the
subject averages, using principal component analysis (PCA). Measurements with a T2
statistics indices higher than the 95% confidence interval were excluded. A two-way
ANOVA (genotype, age, genotype*age) per region was used to evaluate differences in
VGLUT/VGAT ratio and the number of cholinergic synapses. In case of a significant
genotype*age interaction, post-hoc FDR-corrected Student’s t-test (FDR p<0.05) were
performed. The interaction term was removed no significant interaction was observed
and a two-way ANOVA (genotype, age) was used to evaluate genotype or age effects.
Graphical representation of the data was obtained using GraphPad Prism (version 9.2.0

for Windows, GraphPad Software, San Diego, California USA, www.graphpad.com).

4.4 Results

4.4.1 Macro architectural changes during sleep

Research has demonstrated that alterations in sleep rhythm precede cognitive
alterations in AD (Casagrande et al., 2022; F. Zhang et al., 2019). We investigated if
alterations in circadian rhythms were present at pre-plaque and early-plaque stages of
AD represented by the two age groups of rats, 4- and 6-month-old respectively. No
significant differences between genotype were observed in total time spent in NREM or

REM (Figure 4-4, Supplementary table 4-1). However, significant age effects were
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observed with both REM and NREM during the inactive phase, where the amount of
NREM sleep was increased, while the amount of REM was decreased at 6 months of age
(Fig 4-4, Supplementary table 4-1). Analysis of the time spent in each vigilance state for
each 3-hour epoch demonstrated that circadian rhythmicity was observed in both
groups at both ages, where the amount of NREM and REM was higher during the lights

on period when compared to the lights off period (Fig 4-5).
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Figure 4-4: Total sleep time during active and inactive phase. Plots demonstrate the mean
percentage time spent (+/- SEM) in NREM (left) or REM (light) during the inactive and active phase.
ANOVA analysis reveals significant age effects from 4 to 6 months of age in the amount of NREM

and REM during the inactive phase. * p<<0.05, *** p<<0.001

When comparing the time spent in REM across 3-hour epochs, significant genotype
effects (p=0.0256, p=0.0146) were observed during the active period, demonstrating
decreased time spent in REM between Z18- 721, and an increased time spent in REM
between Z21- 724 in TgF344-AD rats (Fig 4-5A, Supplementary table 2). Significant age
effects (29-212 p=0.0042, Z12-Z15 p=0.0156) were observed during the light phase,
demonstrating decreased REM time in 6-month-old animals compared to 4-month-old
animals during the inactive phase (Fig 4-5A). We observed significant interaction effects
(26-29 p=0.0306, 79-Z12 p=0.0029) at rest phase in NREM sleep. Posthoc analysis
revealed an increased time spent in NREM between Z6-Z9 in 4-month-old TgF344-AD
rats compared to age-matched WT rats (p=0.0486), while the time spent in NREM

between Z9-Z12 was significantly lower in these 4-month-old TgF344-AD rats compared
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to WT littermates (p=0.018). These results suggest minor alterations in circadian rhythm

were present at early stages of AD in TgF344-AD rats.

Sleep fragmentation, characterized by shorter duration of sleep bouts and increased
frequency of wakening, has been frequently observed in patients suffering from AD
(Kent, Feldman, & Nygaard, 2021). Sleep fragmentation was evaluated by investigation
of the cumulative distribution of all NREM and REM sleep bout lengths and performing
Kolmogorov-Smirnov tests (FDR p<0.05) to investigate if the distribution is different
between groups (Fig 4-5B). Significantly increased probability of shorter REM bouts was
observed in 4-month-old TgF344-AD rats (p = 0.0428), as demonstrated by the steeper
slope or the cumulative distribution plot at shorter bouts, but not in 6-month-old
TgF344-AD rats (p = 0.0786). NREM sleep bout length was not significantly different

between groups (pam = 0.1109, pem = 0.4706).

4.4.2 Micro architectural changes in sleep

AB and pTau have been known to interfere with synaptic function, hence induce altered
oscillatory activity, which in turn is linked to cognitive symptoms of AD (A. M. Goodman
etal., 2021; T. Ma & Klann, 2012). This altered synaptic transmission has been linked to
altered power at different frequencies of interest (Gaubert et al., 2019; Kent et al., 2018;
Musaeus et al., 2018). During NREM sleep, a significant age effect was observed in the
delta band, demonstrating a decreased power at 6-months of age in both groups. In
addition, significant age effects were detected in the fast gamma band, showing an
increase in the power of these frequencies over time. However, no significant genotype
effects were observed in the power across different frequency bands during NREM sleep
(Fig 4-6A&B, Supplementary table 4-4). In contrast, during REM sleep, a significant
genotype effect (p = 0.0455) was present in the fast gamma power, demonstrating a
reduction in fast gamma oscillations in the TgF344-AD rats irrespective of age (Fig 4-

6C&D, Supplementary table 4-5).
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Figure 4-5: Circadian rhythm in TgF344-AD rats. A). Percentage time spent in NREM (left) or REM
(lift) during 3-hour epochs. On the x-axis Zeitgeber time (Z) is represented. Bars demonstrate the
mean +/- SEM across animals within each group, whereas dots represent subject values. Between
Z0 and Z12, lights are on, between Z12 and Z24, lights are off (Grey zone). Two-way ANOVA’s
(genotype (gen), age, genotype*age) per epoch were used to test for statistical differences B).
Cumulative probability plots of sleep bout lengths for each group. The left panels show the
cumulative distribution of NREM bouts, while the right plots show the cumulative distribution of
REM bouts. Kolmogorov-Smirnov tests (FDR p<0.05) were performed to evaluate if distributions

were significantly different. * p< <0.05, ** p<<0.01, *** p<<0.001

Phase-amplitude coupling (PAC) is an electrophysiological phenomenon where the
amplitude of fast oscillations is modulated by the phase of slower oscillations. Theta
driven modulation of gamma oscillations during REM sleep has been implicated in
memory processing and has been demonstrated to be an important mechanism of
synaptic plasticity and synaptic homeostasis (Bergmann & Born, 2018). Alterations in
synaptic function could impair theta-gamma coupling, therefore we evaluated PAC
during REM sleep. First, the main frequencies modulated by theta frequencies were

analysed using a comodulogram as described previously (Tort et al. 2010), where the
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level of PAC in each frequency pair was assessed by calculating the Modulation Index
across an entire REM segment (Tort et al., 2010). These comodulograms demonstrate
coupling between theta frequencies (6.5-9 Hz) and high gamma (80-100 Hz) in all groups
(Fig 4-7A). Interestingly, strong coupling was observed between theta (6.5-9 Hz) and

low gamma oscillations (30-45 Hz) mainly in 4-month-old TgF344-AD rats.
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Figure 4-6: Power during NREM and REM sleep in TgF344-AD rats and wildtype littermates. A&C)
Mean normalized power spectra during NREM (A) and REM (C). Shading indicates SEM across the
group. B&D) Averaged normalized power across distinct frequency bands of interest (+/- SEM).
Dots represent individual subject values. * p< <0.05, ** p<<0.01. WT = wild-type, Tg = TgF344-AD,

M = months

Next, to evaluate the strength of the PAC, a time-resolved PAC analysis was performed.
For each of the frequency bands of interest, based on the comodulograms, a separate
tPAC analysis was performed. All REM bouts were segmented into 1-second epochs and
for each 1-second epoch, the MI between target theta and gamma oscillations was
calculated and averaged across epochs, to create a subject-based MI averaged across

epochs. These subject-averages were statistically compared between groups and trials.
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Figure 4-7: Hippocampal theta-gamma coupling in TgF344-AD rats during REM sleep. A)
Comodulogram averaged across subjects demonstrating main frequencies of coupling. Color bar
indicates the strength of the modulation index at different frequencies of theta (x-axis) and
gamma (y-axis). B) Mean (+/- SEM) MI across subjects between theta-frequencies (6.5-9 Hz) and
low gamma frequencies (30-45 Hz). Dots represent subject Ml values. C) Mean (+/- SEM) Ml across
subjects between theta frequencies (6.5-9 HZ) and high gamma frequencies 80-110 Hz. Dots
represent subject Ml values. * p<<0.05, *** p<<0.001, gen = genotype, Tg = TgF344-AD, WT = wild-

type, Ml = modulation index

Next, time-resolved PAC analysis was performed to evaluate for each 1s segment of REM
sleep, the strength of the theta-gamma coupling between theta and both gamma
oscillations. Statistical analysis of the PAC between theta and low-gamma oscillations
demonstrates a significant genotype*age interaction (p = 0.0074) (Supplementary table
4-6). Post-hoc analysis revealed a significantly higher PAC in 4-month-old TgF344-AD rats
compared to age-matched WT littermates (p = 0.0152), which was absent at 6 months
of age (p = 0.3723) (Fig 4-7B). In addition, a significant decrease in PAC was observed
across ages in TgF344-AD rats (p = 0.049), returning the coupling strength to the same
levels as in the WT littermates. Moreover, a decreased M| was observed in the coupling

between theta and high frequency gamma oscillations in the TgF344-AD rats (p = 0.0002)
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(Fig 4-7C, Supplementary table 4-6). Moreover, a significant age effect was observed,
demonstrating an increase in the strength of PAC in the 6-month-old rats, which is

mainly driven by an increasing Ml in the TgF344-AD rats over time.
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Figure 4-8: Sharp-wave ripples in TgF344-AD rats during NREM sleep. A) lllustrative Sharp-wave
ripple (SWR) of a wildtype (WT) and TgF344-AD (Tg) rat. Trace shows filtered data (120-250Hz) of
the ripple, while the bottom time-frequency plot demonstrates the frequency and power of the
ripple. B) Mean power (+/- SEM) of SWR across subjects did not show significant genotype or age
effects. C) Mean (+/- SEM) peak spectral frequency (PSF) of the SWR demonstrates a decreased
PSF in the TgF344-AD rats across ages. D) Mean (+/- SEM) duration of SWR events showing a
significantly increased duration of SWR in TgF344-AD rats. E) Histograms showing the group
average relative frequency of each duration of SWR at 4 months (left) and 6 months (right). Based
on the distribution, the ripples were divided into short ripples <60ms, medium ripples 60-100ms
and long ripples >100 ms. F) The number of short ripples (left) and long ripples (right) vs all ripples.

Bar plots show mean +/- SEM, whereas dots represent subject values. * p<<0.05, ** p<<0.01

Alterations in NREM sleep microarchitecture, such as decreased power of slow
oscillations, have been associated with impaired cognitive performance. During NREM
sleep, sharp-wave ripples which are fast oscillatory events in the CA1 regions of the

hippocampus, have been thought to be a hallmark of memory replay and therefore,



have been implicated to play an important role in memory consolidation (Buzsaki, 2015).
To investigate if SWR activity was already altered at pre-plaque and early-plaque stages
of AD in the TgF344-AD rats, SWR were extracted as described in section 4.3.4.4 and

several characteristics were examined (Fig 4-8).
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Figure 4-9: Alterations in excitatory/inhibitory synaptic balance and cholinergic synaptic
density. A&C) Exemplary images of the glutamatergic (green), GABAergic synapses (blue) (A) and
cholinergic synapses (magenta) (C) in the CA1 layer of the hippocampus in wild-type littermates
(WT) (left) and TgF344-AD rats (right) at 4 and 6 months of age. B&D) Group-averaged
VGLUT/VGAT ratio (B) and number of cholinergic synapses (D) per region of interest. Bars
represent the mean +/- SEM. ANOVA analysis was performed to test for statistical differences. DG

= dentate gyrus. TG = TgF344-AD. * p<<0.05, ** p<<0.01, *** p<<0.001

No significant genotype or age effects were observed for the power of the SWR (Fig 4-
8B, Supplementary table 4-7). A significant interaction effect (p = 0.0379) was observed

in the peak spectral frequency (PSF) of the SWR oscillations (Fig 4-8C, Supplementary
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table 4-7, 4-8). Post-hoc t-tests demonstrated a significant age effect in the TgF344-AD
rats where the PSF decreased with age (p= 0.0380), an effect that was absent in the WT
littermates (p = 0.7676). No genotype differences were observed at 4 (p =0.2236) and 6
months (p = 0.1944) of age. We did observe a significant genotype effect in the duration
of the SWR (p = 0.0088), demonstrating an increased duration of SWR in the TgF344-AD
rats (Fig 4-8D, Supplementary table 4-7). Histograms of the relative frequency for each
duration demonstrates a skewed distribution (Fig 4-5E). Next, all SWR events were
divided into short ripples (<60 ms), medium ripples (60-100 ms) and long ripples (>100
ms). Statistical analysis demonstrates a decreased fraction of short ripples (pgenotype =
0.0473, Supplementary table 9) and an increased fraction of long SWR (pgenotype = 0.0160,
Supplementary table 4-9) in the TgF344-AD rats, demonstrating that the relative number
of long duration ripples is increased at early stages of AD in the TgF344-AD rats. The ratio
of medium duration ripples was not significantly different between groups (pgenotype =

0.4066, Supplementary table 4-9).

4.4.3 Cholinergic sprouting and excitatory/inhibitory synapse

imbalance

To determine if the altered oscillatory activity observed in the TgF344-AD rats coincided
with altered synaptic density, immunohistochemistry was performed which quantified
the amount of cholinergic, glutamatergic, and GABAergic synapses in the CAl and
dentate gyrus (DG) (Fig 4-9, Supplementary table 4-10). Analysis of the
excitatory/inhibitory balance (ratio between glutamatergic and GABAergic synapses)
revealed significant age effects in the CA1 layer of the hippocampus (page = 0.0248)
demonstrating an increased excitation and/or decreased inhibition at 6 months of age.
Interestingly, a significantly decreased excitation and/or increased inhibition was

observed in the DG (pgenotype = 0.0215) in the TgF344-AD rats already at 4-months of age.

The septo-hippocampal pathway is the main source of cholinergic input to the
hippocampus and has been implicated in the modulation of hippocampal oscillatory

activity, especially during REM sleep (Z. Gu & Yakel, 2022; Solari & Hangya, 2018). When



statistically comparing the abundance of cholinergic synapses, significant interaction
effects were observed in the DG (p = 0.0003) and in the CA1 (p = 0.0180) (Fig 4-9C-D,
Supplementary table 4-11). Cholinergic synaptic density in both regions was increased
at 6-month of age in TgF344-AD rats compared to WT littermates (Supplementary table
4-12). Moreover, a significant increase in cholinergic synapses was observed over time

in the TgF344-AD rats in both hippocampal regions.

4.5 Discussion

The aim of the current study was to evaluate how circadian rhythm, sleep macro-
architecture and sleep micro-architecture are altered at pre-plaque and early-plaque
stages of AD in TgF344-AD rats. We observed no significant differences in percentage of
time spent in NREM and REM, suggesting circadian rhythmicity is unaltered at early
phases of AD in TgF344-AD rats. However, we did observe REM fragmentation
demonstrated by a significantly decreased REM bout length in the TgF344-AD rats at the
pre-plaque stage, but not the early-plaque stage. In addition, we observed micro-
architectural changes in oscillatory activity during REM and NREM sleep. In TgF344-AD
rats, a significantly decreased fast gamma power was observed during REM sleep.
Moreover, a decreased phase amplitude coupling between theta and fast gamma
oscillations was observed in the TgF344-AD rats at both ages. Interestingly, at 4 months
of age in TgF344-AD rats, a significant increase in PAC was present between theta and
slow gamma oscillations, which was absent at 6 months of age. During NREM sleep we
did not observe alterations in power of different oscillations. However, when
investigating properties of SWR, we observed an increased duration of in TgF344-AD
rats, mainly at 6 months of age, while the power of the oscillations and peak spectral
frequency was not significantly different between genotypes. These alterations in
oscillatory activity during sleep coincided with changes in synaptic density of GABAergic,
Glutamatergic, and cholinergic synapses, where a decreased excitation and/or increased
inhibition was observed in the dentate gyrus TgF344-AD rats at both ages. Interestingly,
a paradoxical increase of cholinergic synapses was observed only at 6 months of age in

the hippocampus of TgF344-AD rats.
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4.5.1 SWR disturbances

Sharp-wave ripples during NREM are considered a key mechanism for memory
consolidation during which the excitatory input from the CA3, as reflected by the sharp
wave, induces fast local oscillations (ripples) in the pyramidal layer of CA1l region
(Buzsaki, 2015). These ripple events are induced by a delicate interaction between
excitatory neurons and GABAergic interneurons that, if disrupted, can lead to
pathological forms of activity which leads to memory impairments (Benthem et al.,
2020; Ego-Stengel & Wilson, 2010; Sanchez-Aguilera & Quintanilla, 2021; Zhen et al.,
2021). Several studies observed altered properties of SWR in various mouse models of
AD, which displayed decreased SWR power, decreased SWR frequency and reduced
occurrence of ripples (for a review (Sanchez-Aguilera & Quintanilla, 2021)). These
alterations were mainly attributed to reduced inhibitory control of the hippocampal
network (Caccavano et al., 2020; Witton et al., 2016; Y. Xu, Zhao, Han, & Zhang, 2020).
The current study didn’t observe genotypic alterations in power, nor spectral frequency
of SWR in TgF344-AD rats, which can be the result of the different disease stage in the
current study, since the aforementioned studies focussed on late-stage AD (e.g. late
post-plaque stages). However, we did observe an increased duration of SWR in TgF344-
AD rats, which could be indicative of an increased memory demand in AD (Fernandez-
Ruiz et al., 2019). Several studies have also observed the abnormal fast SWR (>250Hz) in
animal models of AD, which are not observed in wild-type littermates. These fast ripples
are thought to be caused by altered firing patterns of pyramidal neurons (Aivar, Valero,
Bellistri, & Menendez de la Prida, 2014; Foffani, Uzcategui, Gal, & Menendez de la Prida,
2007; Sanchez-Aguilera & Quintanilla, 2021). It would be interesting if this aberrant SWR

activity is present at pre-plaque and early-plaque stages of AD in the TgF344-AD rats.

4.5.2 REM fragmentation in AD

Research over the past decades demonstrated physiological changes in circadian rhythm
and sleep architecture, such as earlier chronotype, reduced total sleep time and

increased sleep fragmentation, emerge during the normal aging process (Mander,



Winer, & Walker, 2017; Romanella et al., 2021). Approximately 60% of the people
suffering from AD develop sleep disturbances similar to those reported in normal aging,
but with a greater magnitude (Casagrande et al., 2022; Kang et al., 2017; Vitiello &
Borson, 2001). Alterations in sleep already occur at early stages of AD, and research has
demonstrated that sleep disturbances exacerbate AD pathology by increased
production of AB and decreased clearance of pTau and AB (Duncan et al., 2022; Y. S. Ju
et al., 2017; Liguori et al., 2020; Roh et al., 2012). The majority of the studies on sleep
alterations in AD focused on later, symptomatic stages of AD and observed disturbed
circadian rhythm, sleep fragmentation and decreased REM and NREM sleep time in
patients and in animal models of AD (Kang et al., 2017; Kent et al., 2018; Winer &
Mander, 2018). In addition, several patient studies have studied alterations in circadian
rhythm and sleep characteristics in patients suffering from MCI, which mainly observed
alterations in NREM sleep (Hita-Yanez et al., 2012). However, the current study did not
observe alterations in time spent in NREM and/or NREM fragmentation at the pre-
plague and early-plaque stage in TgF344-AD rats, possibly due to the early disease stage

investigated in this study.

Instead, the current study revealed increased probability of shorter REM bouts at pre-
plaque stage, which disappeared during the early-plaque stage, in the TgF344-AD rats,
in the absence of decreased time spent in REM. Previous studies in 16-month old
TgF344-AD rats observed increased fragmentation of both REM and NREM, without
differences in time spent in these vigilance states (Kreuzer et al., 2020), suggesting that
the alterations in sleep architecture worsen as the disease progresses in TgF344-AD rats,
similar to what is observed in human AD (Casagrande et al., 2022; M. Hu et al., 2017;
Kang et al., 2017). In addition, several studies in other animal models of AD observed
alterations in REM sleep macro-architecture (Filon et al., 2020; Wisor et al., 2005; B.
Zhang et al., 2005). Animal studies in J20 mice and Tg2576 mice displayed decreased
time spent in REM and shorter REM bout length, without alterations in NREM, implying
that REM changes precede NREM changes also in other mouse model of AD, similar to
what is observed in the TgF344-AD rats (Filon et al., 2020; B. Zhang et al., 2005).

Interestingly a study which involved patients with subjective cognitive decline, a self-
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perceived cognitive deterioration which is associated with an increased risk for
developing AD, also observed decreased time spent in REM sleep (Liguori et al., 2020).
In addition, a longitudinal follow up study in people with patients who converted from
MCI so AD-related dementia reported reduced REM sleep (Carnicelli et al., 2019),
demonstrating that reduced time spent in REM is associated with a higher risk of
developing dementia (Pase et al., 2017). Aforementioned results imply that alterations

in REM sleep also occur early in human AD, often in the absence of NREM disturbances.

The disease mechanisms underlying early changes in REM sleep in AD remain elusive
and research is trying to unravel the role of different neurotransmitter systems in REM
sleep disruptions in AD. One of the proposed pathological mechanisms is that (soluble)
AB and tau pathology disrupt the neuronal function in brain regions important in the
regulation of sleep (Kent et al., 2021; Weber & Dan, 2016). One obvious link is the early
accumulation of pTau in the locus coeruleus (LC), a region involved in the regulation of
sleep-wake transitions. LC neurons are silent during REM sleep, which is critical for brain
excitability and emotional regulation during sleep (Van Egroo et al., 2022). Early
accumulation of pTau in the LC, which is observed in the TgF344-AD rat model, might
lead to insufficient LC silencing, inducing restless REM sleep. Restless REM sleep has
been associated with impaired emotional adaptation during REM sleep, which could
lead to increased anxiety (Wassing et al., 2019), as is observed in TgF344-AD rats already
at 5-months of age (Pentkowski et al., 2018). Moreover, the LC receives dense orexin
innervation important in the regulation of REM sleep (Bourgin et al., 2000), where orexin
has an excitatory effect on LC neurons. Studies have demonstrated that orexin levels are
increased in MCI patients with REM sleep disturbances, suggesting that insufficient LC
silencing might be the result of increased orexin signalling in the brain of MCI patients
(Gabelle et al., 2017; Liguori et al., 2020). Moreover, animal experiments have
demonstrated that AB and pTau are important regulators of expression levels of orexin
receptors (Z. Liu, Wang, Tang, Zhao, & Wang, 2019). Until now, no research investigated
orexin and/or noradrenaline signalling during different vigilance states in TgF344-AD

rats.



Acetylcholine originating from brainstem nuclei, known as the REM-ON centre, are key
regulators of REM sleep (Kent et al., 2021; Wisor et al., 2005). Studies in the Tg2576
mouse model of AD observed degeneration of pontine cholinergic nuclei, which
coincided with impaired REM sleep (B. Zhang et al., 2005). During REM sleep, cortical
and hippocampal ACh concentrations are very high, causing cortical activation mainly
induced by the release of ACh from basal forebrain cholinergic neurons (Vazquez &
Baghdoyan, 2001). Degeneration of the basal forebrain cholinergic nuclei occurs early in
AD and has been shown to be predictive of amyloid burden (Teipel et al., 2022; Teipel
et al., 2020). Increasing ACh with cholinesterase inhibitors, a type of drug commonly
used to delay disease progression in AD, is associated with increased amounts of REM
sleep, which isin turn correlated with improvement of cognitive function in MCl patients
(Kanbayashi et al., 2002; Mizuno, Kameda, Inagaki, & Horiguchi, 2004; Moraes Wdos et
al., 2006; Wisor et al., 2005) . Aforementioned results might indicate that at the pre-
plaque stage in TgF344-AD rats, alterations in cholinergic signalling, caused by the

accumulation of soluble AB, are contributing to the REM sleep fragmentation.
4.5.3 Altered theta-gamma coupling in TgF344-AD rats

Phase amplitude coupling between theta and gamma sub-bands where the phase of
theta oscillations modulates the amplitude of the gamma oscillations, is an important
hallmark of hippocampal oscillatory activity during cognitive tasks and REM sleep.
Research has demonstrated that PAC is important for memory consolidation and
synaptic plasticity (Bergmann & Born, 2018; Colgin, 2015). The modulation of different
gamma bands, namely slow gamma (30-60 Hz) and fast gamma (60-130 Hz) is postulated
to reflect different memory processes. Studies have demonstrated that the coupling
between theta phase and slow gamma oscillations is enhanced after successful retrieval
of memories in humans (Mormann et al., 2005) and rodents (Igarashi, Lu, Colgin, Moser,
& Moser, 2014; Tamura, Spellman, Rosen, Gogos, & Gordon, 2017; Tort et al., 2009).
Moreover, slow gamma synchronizes CA1 with the inputs from CA3, a region critical in
memory retrieval (Colgin et al., 2009), suggesting that coupling between theta and slow

gamma is mainly involved in memory retrieval, rather than memory encoding. Instead,
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PAC between theta and high gamma (60-130 Hz) is thought to be important for sensory
processing and memory encoding (Belluscio et al., 2012; Bieri, Bobbitt, & Colgin, 2014;
E. L. Newman, Gillet, Climer, & Hasselmo, 2013). Several studies observed spatial
memory impairments in TgF344-AD rats, already at 4 months of age (Fowler et al., 2022;
Proskauer Pena et al., 2021). The observed decreased PAC might be an
electrophysiological correlate of these memory impairments, however,
electrophysiological measurements during cognitive tasks would be necessary to

correlate behavior with alterations in PAC.

Numerous studies have observed alterations in theta gamma coupling in people
suffering from MCI or advanced AD. MCI patients demonstrated with decreased theta
gamma coupling, which was correlated with decreased memory performance, and
which further declined in patients with AD related dementia (M. S. Goodman et al.,
2018). Similar decreases in theta gamma coupling were also observed in a variety of
mouse models of AD, even before AB plaques were present in the brain (Etter et al.,
2019; Mably et al., 2017; Park et al., 2020; Stoiljkovic et al., 2016; Stoiljkovic et al., 2015)
and in 9 to 10 month old TgF344-AD rats (Bazzigaluppi et al., 2018; Stoiljkovic et al.,
2018; Stoiljkovic et al., 2019), similar to the observations in the current study. Moreover,
Bazzigaluppi et al. 2018 observed that PAC between theta and low gamma was
preserved in 6-month-old TgF344-AD rats, similar to the observations in the current
study where the coupling between gamma and slow theta is unaltered (Bazzigaluppi et
al.,, 2018). However, at the pre-plaque stage we observe an increased PAC between
theta and slow gamma in TgF344-AD rats. The disease mechanisms underlying
alterations in PAC are still elusive, however, studies have observed that the changes in
PAC coincided with interneuron dysfunction (Park et al., 2020; Stoiljkovic et al., 2015;
Stoiljkovic et al., 2019) alterations in cholinergic signalling in the hippocampus
(Stoiljkovic et al., 2015) and accumulation of pTau and (soluble) AB (Bazzigaluppi et al.,
2018; Etter et al., 2019; Stoiljkovic et al., 2018).



4.5.4 Compensatory mechanisms at early-plaque stage

In the current study we observed mainly alterations in REM sleep architecture and
oscillatory activity during REM sleep. The genotypic differences observed at 4 months
were larger than the differences at 6 months, mainly due to age effects in TgF344-AD
rats which allowed the recovery of oscillatory activity in the TgF344-AD rats to become
more similar to the WT rats. Interestingly, we observe a paradoxical increase in
cholinergic synapses in the hippocampal regions, a mechanism postulated to be a sign
of compensation for loss of cholinergic tone at earlier stages (Dubelaar et al., 2006; L.
Hu et al., 2003; Lau et al., 2013). Similar paradoxical increases in cholinergic synapses
have been observed at pre-plaque stages in APP/PS1 mice and MCl patients (DeKosky et
al., 2002; L. Hu et al., 2003). This increase in cholinergic synapses is a phenomenon which
is commonly observed after glutamatergic lesioning of the mEnt, resulting in a loss of
glutamatergic input to the hippocampus (Bott et al., 2016; Naumann, Deller, Bender, &
Frotscher, 1997). This glutamatergic denervation of the hippocampus is known to induce
hyperexcitability in several hippocampal regions, including the DG and CA1l layer
(Naumann et al.,, 1997). Recent studies have demonstrated that the increase in
cholinergic innervation compensates for network hyperactivity, which has been
associated with recovery of spatial memory (Bott et al., 2016; Traissard et al., 2007). This
suggests that the cholinergic sprouting might be an important early compensation
mechanism in AD which slows down disease progression, by restoring the network

imbalance (Bott et al., 2016; L. Hu et al., 2003).

The REM associated alterations observed in this study are strongly modulated by the
cholinergic system (Brown et al., 2012; Z. Gu & Yakel, 2022; Watson, Baghdoyan, & Lydic,
2012), strengthening the assumption that compensatory mechanisms are present at 6
months of age in TgF344-AD rats. We observed a similar pattern in the functional MRI
study in the TgF344-AD rats described in chapter 3. In this study we observed large
alterations in whole brain network activity at four months of age in TgF344-AD rats,
while the network activity at 6 months of age was very similar to the patterns observed

in the WT rats. In addition, we observed altered involvement of the basal forebrain
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region mainly at 4-months of age coinciding with astrogliosis in the nucleus Basalis of
Meynert, which provides cholinergic modulation to the entire cortex (van den Berg et
al., 2022). In contrast, alterations in oscillatory activity during NREM sleep, during which
ACh modulation is virtually absent, became worse over time in the TgF344-AD rats.
Aforementioned results provide strong evidence for cholinergic compensatory
mechanisms at the early-plaque stage of AD in TgF344-AD rats which improve

hippocampal network function.
4.5.5 Future perspectives

Recent studies have observed abnormal high frequency oscillations (250-500 Hz) in the
hippocampus of different mouse models of AD. These oscillations were most abundant
during SWS and were highly similar to high frequency oscillations observed in animal
models of epilepsy. These oscillations are thought to be the result of increased
excitability due to AD. Tg2576 mice even showed these abnormal high frequency
oscillations prior to amyloid deposition (Lisgaras & Scharfman, 2023). It would be
interesting to evaluate the presence of these oscillations at the pre- and early-plaque
stage in the TgF344-AD rats as it could point towards increased excitability during early
stages of AD. Moreover, detection of this aberrant activity might serve to be a diagnostic

biomarker (Lisgaras & Scharfman, 2023).

4.6 Supplementary Material

4.6.1 Supplementary tables

Supplementary table 4-1: ANOVA of total time spent in REM and NREM during active
and inactive phase

REM NREM
| Age*Genotype Age Genotype Age*Genotype Age Genotype
ACTIVE | 0.1574 0.0162 0.4233 0.9875 0.0068 0.9546
INACTIVE | 0.5336 0.6705 0.1096 0.8565 0.5680 0.5306

Statistical results accompanying figure 4-4



Supplementary table 4-2: ANOVA of time spent in certain vigilance state across 3-hour

epochs
WAKE REM NREM

Age*Gen Age Gen Age*Gen Age Gen Age*Gen Age Gen
20- 0.3242 0.0335 0.3635 0.7903 0.2547 0.0570 0.2782 0.0005 0.6065
z3
Z3- 0.9378 0.1393 0.0082 0.2238 0.3733 0.9142 0.4225 0.0044 0.2446
26
26- 0.0990 0.0175 0.1786 0.5178 0.0042 0.4131 0.0306 0.1213 0.3107
Z9
29- 0.0051 0.0136 0.7189 0.2426  0.0156 0.7034 0.0029  0.0943 0.5875
212
212- 0.5079 0.3773 0.6084 0.7801 0.0707 0.5596 0.6259 0.9263 0.5405
Z15
Z15- 0.1148 0.3196 0.3741 0.0694 0.2561 0.0256 0.1922 0.2595 0.2781
218
Z218- 0.1596 0.6296 0.8794 0.3610 0.7949 0.0146 0.0255 0.2735 0.8959
221
Z221- | 0.3240 0.7388 0.1322 0.5963 0.8334 0.0565 0.3014 0.7687 0.1419
224

Statistical results accompanying figure 4-5. Gen = genotype

Supplementary table 4-3: post-hoc analysis time spent in certain vigilance state

WAKE 29-Z212 NREM 26-29 NREM 29-Z12 NREM Z18-Z21
P-values P-values P-values P-values
(FDR p<0.05) (FDR p<0.05) (FDR p<0.05) (FDR p<0.05)
WT4M - TG4M ‘ 0.0318 0.0486 0.018 0.1437
WT4M - WT6M \ 0.0036 0.6163 0.0092 0.3705
TG4M - TG6M \ 0.7283 0.0408 0.2165 0.0748
WT6M - TG6M ‘ 0.09359 0.3724 0.0759 0.1854

Statistical results accompanying figure 4-5
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Supplementary table 4-4: results of ANOVA of power across different frequency bands
during NREM

DELTA GAMMA GAMMA FAST HFO
SLOW
GENOTYPE ‘ 0.2762 0.5123 0.4396 0.1030
AGE ‘ 0.0011 0.1263 0.0121 0.2176
GENOTYPE*AGE ‘ 0.8726 0.6217 0.4742 0.9901

Statistical results accompanying figure 4-6

Supplementary table 4-5: results of ANOVA of power across different frequency bands
during REM

DELTA THETALOW  THETA HIGH GAMMA GAMMA
sLow FAST
GENOTYPE ‘ 0.5371 0.9540 0.2591 0.8145 0.0455
AGE ‘ 0.4344 0.6698 0.0778 0.8184 0.0555
GENOTYPE*AGE ‘ 0.5420 0.0444 0.1267 0.0594 0.2259

Statistical results accompanying figure 4-6

Supplementary table 4-6: results of ANOVA of PAC between theta and low and high
gamma frequencies
LOW GAMMA HIGH GAMMA
(30-45 Hz) (80-110 Hz)

GENOTYPE |  0.0945 0.0002
AGE | 0.7953 0.0146
GENOTYPE*AGE |  0.0074 0.1506

Statistical results accompanying figure 4-7

Supplementary table 4-7: results of ANOVA of power, peak spectral frequency, and
duration of SWR

POWER PSF DURATION
GENOTYPE ‘ 0.0604 0.9842 0.0088
AGE ‘ 0.3701 0.0851 0.6787
GENOTYPE*AGE ‘ 0.3151 0.0379 0.6392

Statistical results accompanying figure 4-8

Supplementary table 4-8: post-hoc analysis of the peak spectral frequency of SWR

P-VALUES
(FDR P<0.05)
WT4M -TGAM | 0.2236
WT4M - WT6M | 0.7676
TGAM -TG6M | 0.0380
WT6M -TG6M | 0.1944

Statistical results accompanying figure 4-8



Supplementary table 4-9: results of ANOVA the ratio between short, medium, and long
ripples vs all ripples

SHORT MEDIUM LONG

GENOTYPE ‘ 0.0473 0.4066 0.0160
AGE ‘ 0.8175 0.1253 0.6600
GENOTYPE*AGE ‘ 0.3697 0.6751 0.1833

Statistical results accompanying figure 4-8

Supplementary table 4-10: results of ANOVA of vGLUT/VGAT ratio in hippocampal
regions

CA1 DG

GENOTYPE | 0.1960 0.0215
AGE | 0.0248 0.9538
GENOTYPE*AGE |  0.5347 0.9999

Statistical results accompanying figure 4-9

Supplementary table 4-11: results of ANOVA of number of cholinergic synapses in
hippocampal regions

CAl DG

GENOTYPE | 0.0048 0.0001
AGE | <0.0001 <0.0001
GENOTYPE*AGE 0.0180 0.0003

Statistical results accompanying figure 4-9

Supplementary table 4-12: post-hoc analysis of number of cholinergic synapses in the
CAl and DG

CA1 DG
WT4M-TG4M |  0.6660 0.7170
WT4M-WT6M | 0.0792 0.0570
TGAM-TG6M |  0.0004 0.0002
WT6M-TG6M | 0.0016 0.0004

Statistical results accompanying figure 4-9
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5. Hippocampal network impairment during explorative
behavior and wake immobility at the pre-plaque stage of AD

This chapter is based on:

M. van den Berg, D. Toen ,M. Verhoye and G.A. Keliris (2023) Alterations in theta-gamma
coupling and sharp wave-ripple, signs of prodromal hippocampal network impairment
in the TgF344-AD rat model. Front. Aging Neurosci. 15:1081058. doi:
10.3389/fnagi.2023.1081058
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5.1 Abstract

Alzheimer’s disease (AD) is a severe neurodegenerative disorder caused by the
accumulation of toxic proteins, amyloid-beta (AB) and tau, which eventually leads to
dementia. Disease-modifying therapies are still lacking, due to incomplete insights into
the neuropathological mechanisms of AD. Synaptic dysfunction is known to occur before
cognitive symptoms become apparent and recent studies have demonstrated that
imbalanced synaptic signalling drives the progression of AD, suggesting that early
synaptic dysfunction could be an interesting therapeutic target. Synaptic dysfunction
results in altered oscillatory activity, which can be detected with
electroencephalography and electrophysiological recordings. However, the majority of
these studies have been performed at advanced stages of AD, when extensive damage
and cognitive symptoms are already present. The current study aimed to investigate if

the hippocampal oscillatory activity is altered at pre-plaque stages of AD.

The rats received stereotactic surgery to implant a laminar electrode in the CA1 layer of
the right hippocampus. Electrophysiological recordings during two consecutive days in
an open field were performed in 4-5-month-old TgF344-AD rats when increased
concentrations of soluble AP species were observed in the brain, in the absence of AB-

plaques.

We observed a decreased power of high theta oscillations in TgF344-AD rats compared
to wild-type littermates. Sharp wave-ripple (SWR) analysis revealed an increased SWR
power and a decreased duration of SWR during wake immobility in TgF344-AD rats. The
alterations in properties of SWR and the increased power of fast oscillations are
suggestive of neuronal hyperexcitability, as has been demonstrated to occur during
presymptomatic stages of AD. In addition, decreased strength of theta-gamma coupling,
an important neuronal correlate of memory encoding, was observed in the TgF344-AD
rats. Theta-gamma phase amplitude coupling is associated with the execution of
cognitive functions and might be a specific measure of working memory functioning in

humans. Studies have demonstrated that mild cognitive impairment patients display



decreased coupling strength, similar to what is described here. The current study
demonstrates altered hippocampal network activity occurring at pre-plaque stages of
AD and provides insights into prodromal network dysfunction in AD. The alterations

observed could aid in the detection of AD during presymptomatic stages.

5.2 Introduction

Alzheimer’s Disease (AD) is a severe neurodegenerative disorder characterized by the
progressive accumulation of extracellular amyloid-beta (AB) plaques, intracellular tau-
aggregation, synaptic dysfunction, and neuronal loss, resulting in cognitive dysfunction
and eventually, dementia. Despite decades of research, disease-modifying therapies are
still lacking, mainly due to incomplete insights into the neuropathological mechanisms
of AD. Studies have demonstrated that the neuropathological changes underlying AD
start 10-20 years before the onset of cognitive symptoms, with the accumulation of AR
being the first identifiable hallmark (Braak & Braak, 1991; Braak et al., 2011; Sperling et
al., 2011). The soluble A species, which are the precursors of the AB plaques, are known
to interfere with synaptic dysfunction and therefore network function, long before
cognitive symptoms are apparent (Ben-Nejma et al., 2019; Busche et al., 2012; Hector &
Brouillette, 2020; S. Li & Selkoe, 2020; T. Ma & Klann, 2012). Research has demonstrated
that imbalanced synaptic function drives disease progression during presymptomatic
stages of AD, making this an interesting target for future therapies (Bi et al., 2020; Styr
& Slutsky, 2018; Witton et al., 2016).

The hippocampus is a brain structure in the medial temporal lobe, which is strongly
involved in memory processes. Moreover, the hippocampus is one of the first regions
affected in AD (Braak & Braak, 1991; Braak et al., 2011). The main function of the
hippocampus is consolidation and retrieval of memories, by integrating of sensory
information with previously encoded information. This process can be observed mainly
in the tri-synaptic hippocampal circuit, where the activity of the pyramidal excitatory

neurons in the CA1 and CA3 layers is balanced by inhibitory interneurons (Buzsaki, 2015;
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Ego-Stengel & Wilson, 2010). This results in various hippocampus specific oscillatory

characteristics, such as sharp-wave ripples (SWR) and phase amplitude coupling (PAC).

SWR are fast oscillatory events which occur mainly during wake immobility and during
sleep (Buzsaki, 2006, 2015). SWR are the hallmark of memory replay, as during SWR,
large population of pyramidal neurons are activated, often in sequences that
recapitulate past or potential future experiences (Buzsaki, 2015; Colgin, 2016). The
sharp waves and ripples are thought to be separate events with distinct origins. The
sharp waves are excitatory events originating from the CA3, which induce locally
generated ripple oscillations in the CA1 pyramidal layer. The ripple events are generated
by a delicate interaction between excitatory pyramidal neurons and local GABAergic
interneurons that, if disrupted, can lead to pathological forms of activity which impair
memory processes (Buzsaki, 2015; Buzsaki et al., 2003; Caccavano et al., 2020; Colgin,
2016; Sanchez-Aguilera & Quintanilla, 2021; Zhen et al., 2021). During SWR, slow gamma
oscillations have been observed throughout the entire hippocampus. These slow gamma
oscillations are thought to synchronize oscillatory activity across the hippocampus,
which enables memory activation (Carr et al., 2012; Gillespie et al., 2016; Sanchez-
Aguilera & Quintanilla, 2021). Numerous studies have demonstrated that hyperactivity
in the hippocampal circuits is associated with memory deficits at later stages of AD in
different mouse models of AD (Bakker, Albert, Krauss, Speck, & Gallagher, 2015;
Donegan, Boley, Yamaguchi, Toney, & Lodge, 2019; Ratner et al., 2021; Setti,
Hunsberger, & Reed, 2017; Wilson, lkonen, Gallagher, Eichenbaum, & Tanila, 2005;

Yassa et al., 2010).

The amplitude of the hippocampal gamma rhythm is modulated by the phase of theta,
a phenomenon named phase-amplitude coupling (PAC). The strength of this coupling
has been shown to be increased during learning. Moreover, the PAC strength is also
directly correlated with an increased chance of correctly performing a cognitive task,
suggesting that PAC improves the transfer of information in the brain (Fell & Axmacher,

2011; Kitchigina, 2018; Tort et al., 2010; Tort et al., 2009). In patients with AD-related



dementia and mild cognitive impairment (MCl), a decreased theta-gamma PAC was
observed when compared with healthy subjects, which worsened as the disease
progressed (M. S. Goodman et al., 2018). Similar decreases of theta-gamma PAC have
been observed in rodent models for AD (Gauthier-Umana, Munoz-Cabrera, Valderrama,
Munera, & Nava-Mesa, 2020; Goutagny et al., 2013). However, alterations in PAC during

pre-plaque stages of AD have not been evaluated thoroughly.

Hippocampal function and neuronal activity are heavily dependent on brain states,
which are strongly linked to different types of behavior (Fontanini & Katz, 2008;
McCormick et al., 2020). Besides the brain states during sleep, several brain states can
be defined based on the level of arousal, attention and movement, such as
locomotor/exploration and wake immobile (Kay & Frank, 2019). Different neuronal
circuits and hippocampal subcircuits are involved in these dynamic states which are
tightly regulated by neuromodulatory systems (Buzsaki, 2006; Trimper et al., 2017).
Changes in the activity of these neuromodulatory systems have been shown to affect
oscillatory patterns during specific types of behaviors (Gordon, Lacefield, Kentros, &
Hen, 2005; Gurevicius, Lipponen, & Tanila, 2013; Trimper et al., 2017). Investigating
changes in oscillatory activity during behavioral states could therefore offer novel
insights into underlying neuromodulatory disease mechanisms (Nimmrich et al., 2015).
Neuromodulatory systems such as the noradrenergic system and cholinergic system
have been demonstrated to be affected at early stages of AD, which could influence
oscillatory hippocampal activity during different behavioral states (Braak & Braak, 1991;
Braak et al., 2011; Byron et al., 2021; Dubelaar et al., 2006; Gurevicius et al., 2013; van
den Berg et al., 2022).

Early synaptic dysfunction has been demonstrated to disrupt network activity. The
majority of the hippocampal local field potential (LFP) animal studies were performed
at relatively advanced stages, when AP were already present in the brain. However, sAB
species have been demonstrated to alter network activity before AB-plaques are present

in the brain, therefore, we hypothesized that early AD related pathological changes
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would interfere with hippocampal network function in the pre-plaque stage of AD (Ben-
Nejma et al., 2019; Shah et al.,, 2016; van den Berg et al.,, 2022). Moreover, we
hypothesized that this hippocampal dysfunction would be different between behavioral
states, which might offer new insights into early neuropathological mechanisms
underlying AD-related hippocampal network disruption. Therefore, hippocampal local
field potential recordings were performed in the highly translational TgF344-AD rat

model, while animals were exploring an open field.

5.3 Materials and Methods

5.3.1 Animals and ethical statement

All procedures were in accordance with the guidelines approved by the European Ethics
Committee (decree 2010/63/EU) and were approved by the Committee on Animal Care
and Use at the University of Antwerp, Belgium (approval number: 2019-06).
Electrophysiological experiments were performed in 4-month-old TgF344-AD rats (N=5)
and wild-type littermates (N=5). Rats were group-housed prior to implantation but
housed separately afterward. All animals were kept on a reversed, 12h light/dark cycle,
with controlled temperature (20 — 24°C) and humidity (40-60%) conditions. Standard

food and water were provided ad libitum.

5.3.2 Chronic hippocampal electrophysiological measurements

5.3.2.1 Surgical procedure
A laminar electrode was implanted in the CA1 layer of the right dorsal hippocampus, as

is described in chapter 4.3.2.1.

5.3.2.2 Neurophysiological data acquisition
The electrophysiological recordings were acquired during the open field test (OFT) when
the animals were 4.5 months old. The open field setup consisted of a square box (1m x

1m), a camera mounted to the ceiling that captured the complete open field (sampling



rate camera: 30 frames per second), and visual cues on the walls to assist spatial
orientation. The animals were placed in the open field, without prior habituation, for
two consecutive days for the duration of 1 hour on the first day (trial 1) and 20 minutes
on the second day (trial 2). Sugar cubes were used to promote explorative behavior
when the animals were in the box. Hippocampal LFP’s were recorded using a wireless,
16-channel headstage (sampling rate 25kHz, W2100 system, Multichannel Systems,
Germany) and animal movement was tracked using Anymaze soft- and hardware
(Anymaze, Stoelting, Dublin). TTL pulses were used to synchronize the video recording

and LFP acquisitions.

5.3.2.3 Validation of the electrode position

Validation of the electrode position was performed as described in chapter 4.3.3.

5.3.2.4 Behavioral states and segmentation

Based on pre-defined speed thresholds originating from the animal tracking, we
classified the behavior during each video frame into exploration (> 0.05 m/s), grooming
(0-0.05 m/s), and wake immobility (0 m/s) (Hoydal, Wisloff, Kemi, & Ellingsen, 2007,
Sharif, Tayebi, Buzsaki, Royer, & Fernandez-Ruiz, 2021). The main focus was to
investigate how hippocampal activity is altered during exploration and wake immobility
behavior, therefore, we excluded epochs which were scored as grooming for all further
analyses (Buzsaki, 2015; Colgin, 2016). Moreover, epochs with a duration shorter than 1
second were removed from further behavioral and electrophysiological analysis. Video
recordings were used to validate the classified behavior of the animals. The TTL pulses
stored in the LFP data were used to synchronize the brain activity with the video frames,
to facilitate segmentation of the LFP signals into the two behavioral states using Fieldtrip

(Oostenveld et al., 2011).
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5.3.2.5 Analysis of the power and phase-amplitude coupling
The analyses performed were the same as in chapter 4, and include comparison of the
power within certain frequency bands (table 5-1)(for the methods, check 4.3.4.2),

evaluation of the phase amplitude coupling (for the methods, check 4.3.4.3)

Table 5-1 Frequency bands of interest

Frequency band Frequency range (Hz)
Delta 0.5-4

Low theta 5-8

High theta 8-12

Slow gamma 30-45

Fast gamma 60-120

High frequency oscillations | 120-250

5.3.2.6 Analysis of sharp wave-ripple analysis

All pre-processing steps and were conducted as described in chapter 4 (4.3.4.4). SWR
were identified in the top channel which was placed in the pyramidal layer of the CA1
when the ripple power exceeded the threshold of 3SD from the channel mean. Events
were expanded until the power fell below 2SD, events with a duration shorter than 30ms
and/or a peak spectral frequency lower than 140 Hz were discarded. Afterward, a
thresholding algorithm was applied to detect sharp waves in the stratum radiatum (Oliva
et al., 2018). Signals in the channel which demonstrated strong sharp waves were
bandpass filtered between 0.5 and 40 Hz using a 400" order Butterworth filter. Sharp
wave events which lasted between 20ms and 400ms were detected when the power of
the filtered signal exceeded the threshold of 2.55D from the mean. Only ripples that co-
occurred with SW were kept for further analysis. Power in the SWR band, peak spectral
frequency, duration, and spectral frequency in the slow gamma range during the SWR

were extracted and were statistically compared between groups, state, and trial.

SWR occurrence is dependent on electrode placement and electrode properties. To limit
this bias, a ratio between the occurrence of SWR during exploration and wake

immobility was calculated and was statistically compared between groups and trial.



5.3.3 Behavioral analysis

During the experiments in the OFT, the animals were tracked based on the center point
of the body for the complete length of the trial via Anymaze. Based on this tracking, the
total distance that each animal travelled in the open field was extracted for each trial.
Secondly, during the open field test, the open field was divided into an outer and an
inner area (Figure 5-5). This separation was used to extract the following parameters:
the time each animal spent in the inner area, the total distance travelled in the area and
the number of entrances to the inner area per animal were extracted. The different
behavioral parameters were statistically compared to evaluate the effects of genotype
and trial. Next, all trials were segmented into epochs of 5 minutes to evaluate if
behavioral genotypical differences were observed during specific moments in the trial

and the parameters were compared between groups, trial, and epoch.

5.3.4 Statistics

The statistical analysis of the data was performed using the JMP Pro software (Version
16, SAS Institute Inc., Cary, NC, 1989 — 2021). Regarding the analysis of the power of the
hippocampal oscillations and SWR characteristics a linear mixed model analysis (LMM)
was performed, to evaluate the main effects of genotypes, state and trial and the
interactions (genotypes*state, genotypes*trial, state*trial, genotypes*state*trial) of
these effects. First, outliers were detected per genotype, state, and trial, based on
principal component analysis. Data points with a T2 statistics indices higher than the
95% confidence interval were excluded from the analysis. Next, random intercept
models were constructed for each frequency band and/or SWR parameter, with
genotype, state and trial and the interactions between these variables as fixed effects
and the variable subject as a random effect. A Posthoc test was performed if significant
main effects and/or interaction effects were observed, using the Students T-test
followed by a false discovery rate (FDR) correction using the Benjamini-Hochberg
method with p < 0.05. The Benjamini-Hochberg procedures was used to calculate the g-

value, which represents the FDR corrected p-value.
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Regarding the analysis of the PAC, the occurrence rate ratio of SWRs and the analysis of
the behavior of the rats across the entire trial, a LMM was used to evaluate the main
effects of genotypes, trial and the interaction between genotypes and trial for each
behavioral state. Outlier detection was again performed using a principal component
analysis based on the T2 statistics as described earlier. Next, a random intercept model
was generated for each behavioral state and frequency band of interest. Genotype, trial,
and genotype*trial were used as fixed effects, and subjects was used as random effects.
In the case when no significant genotype*trial interaction was present, the interaction
was removed from the LMM, and the model was recalculated using genotype and trial
and those p values are reported. In case of significant main effects and/or interaction
effects were observed, Students T-test were performed, followed by a FDR correction
using the Benjamini-Hochberg method with p < 0.05. The Benjamini-Hochberg
procedures was used to calculate the g-value, which represents the FDR corrected p-

value.

To evaluate if behavioral performance was altered during different stages of the trial,
an additional statistical analysis was performed on the epoched data. A LMM with
epoch, genotype and epoch*genotype as fixed effects and subject as random effect
were used. The interaction term was removed from the model in case it was not
significant, and the model was recalculated using genotype and trial as fixed effects, and
those p values are reported. In case of significant main effects and/or interaction effects

were observed, post hoc tests were performed as described above.

Graphical representation of the data was obtained using GraphPad Prism (version 9.2.0

for Windows, GraphPad Software, San Diego, California USA, www.graphpad.com).



http://www.graphpad.com/

5.4 Results

5.4.1 Altered power of hippocampal oscillations in TgF344-AD rats while

exploring a novel environment

AB and pTau are known to interfere with synaptic function and thus are expected to
induce altered oscillatory activity which is linked to the cognitive symptoms of AD (Ben-
Nejma et al., 2019; Busche et al., 2012; Hector & Brouillette, 2020; S. Li & Selkoe, 2020;
T. Ma & Klann, 2012). These alterations have been linked to altered spectral power at
different frequencies of interest. To visually evaluate potential differences in the power
of different neuronal oscillations between genotypes and different behavioral states,
the mean power across all frequencies was calculated and statistically compared
between genotypes, state, and trial. Figure 5-1 demonstrates the power spectra during
wake immobility and exploration for both genotypes during trial one (Fig 5-1A). The
power within certain frequency bands of interest was quantified and the results are
shown in figure 5-1B-G. We observed no significant trial effects in any of the classical
frequency bands (5, 8, and y). However, for the high frequency oscillations (120-250 Hz)
we did observe a significant trial effect in TgF344-AD rats (Fig 5-1F).

A significant behavioral state effect (p = 0.0281) was observed for the mean power of
delta oscillations demonstrating an increased power during explorative behavior when
compared with wake immobility behavior for both the TgF344-AD rats and their WT
littermates (Fig 5-1B, supplementary table XXX). A significant state effect was also
observed for the mean power of low theta oscillations (p = 0.0035) demonstrating an
increased power during wake immobility behavior when compared with explorative
behavior for both genotypes (Fig 5-1C). A significant state (p = 0.0277) and genotype
effect (p = 0.0474) were observed for the mean power of the high theta oscillations. The
overall power in the high theta range was decreased in TgF344-AD rats compared to WT
littermates. Moreover, high theta power during explorative behavior was found to be

increased, which was mainly driven by the WT rats (Fig 5-1D).
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Similarly, a significant genotype*state interaction (p = 0.009) was also observed for the
mean power of the slow gamma oscillations. Post-hoc analysis demonstrated an
increased power during wake immobility behavior when compared with explorative
behavior for the TgF344-AD rats (g = 0.000025, Fig 5-1E) but not in WT rats (q = 0.4235).
Moreover, no significant differences in slow gamma power were observed between

genotype during both stages (Supplementary table 5-2).

Similarly, a significant genotype*state effect was also observed (p = 0.0046) for the
mean power of the fast gamma oscillations. Post-hoc analysis demonstrated an
increased power during explorative behavior when compared with wake immobility

behavior for the TgF344-AD rats (q = 0.0021, Fig 5-1F, Supplementary table 5-2).
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Figure 5-1: Power during explorative and wake immobility behavior in TgF344-AD rats and

wildtype littermates. A) Mean normalized power spectra during exploration (left) and wake

immobility (right) at trial 1. Shading indicates the SEM across the groups. B-D) Averaged

normalized power (mean +/- SEM) of the delta oscillations (B), low theta oscillations (C) and high

theta oscillations (D) at trial 1 and trial 2 during exploration (E) and wake immobility (W1). E-G)

Averaged normalized power (mean +/- SEM) of slow gamma oscillations (E), fast gamma

oscillations (F) and high frequency oscillations (HFO) (G) during E and W1 across trials. PSD = power

spectral density *p =< 0.05, ** p =< 0.01, *** p =< 0.001, **** q =< 0.0001
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Lastly, a significant genotype*trial interaction (p = 0.0191) was observed for the mean
power of the high frequency oscillations, range [120-250 Hz]. However, post-hoc
analysis demonstrated no significant difference between genotypes or trials (Fig 5-1G,

Supplementary table 5-3).

5.4.2 Decreased modulation of gamma amplitude in TgF344-AD rats

Phase-amplitude coupling (PAC) is an electrophysiological phenomenon where the
amplitude of the fast oscillations (gamma oscillations) is modulated by the phase of the
slower oscillations (theta oscillations). The theta-gamma PAC has an important function
in both memory encoding and memory retrieval, functions which are known to be

affected in AD (Bergmann & Born, 2018; Witton et al., 2016).

In order to calculate PAC, the main frequencies by which theta frequencies modulate
the amplitude of gamma oscillations were analysed by calculating a group-average
comodulogram as described previously (Tort et al.). The theta band (5-12 Hz) and
gamma band (30-120 Hz) were divided into 1Hz bins and for each combination of theta
and gamma frequencies the mean modulation index across all epochs from each subject
was calculated to create a subject based comodulogram for each trial, which was
averaged to create group-averaged comodulograms. In WT, comodulograms
demonstrated coupling between theta frequency 6.5-10 Hz and fast gamma 55-90 Hz
during exploration (Fig 5-2B) and between theta frequency 6.5-9 Hz and fast gamma 60-
90 Hz during wake immobility (Fig 5-2C). The comodulogram of the Tg animals
demonstrated similar peaks as well as a second coupling between theta frequency 6.5-

9 Hz and slow gamma 35-45 Hz during exploration (Fig 5-2B).
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Figure 5-2: Hippocampal theta-gamma coupling in TgF344-AD rats during exploration and wake
immobility. A) lllustrative filtered traces (theta range in blue, gamma range in orange) of a
respective wildtype (WT) and TgF344-AD (Tg) subject during exploration. The amplitude of the
gamma oscillations in the left trace demonstrated high coupling to the phase of theta, whereas in
the right trace the amplitude of the gamma oscillations is less coupled to the theta phase. Average
comodulograms demonstrate main frequencies of modulation during exploration (B) and wake
immobility (C) in WT rats (left) and Tg rats (right). Colors indicate the strength of the PAC as
calculated by the modulation index (MI) for different frequencies of theta (x-axis, phase-
determining frequency) and gamma (y-axis, frequency for amplitude) (paragraph 2.2.5.3).
Comodulograms demonstrate coupling between 6.5-9 Hz and 35-45 Hz, and 6.5-9 Hz and 55-90
Hz during exploration. During wake immobility, coupling between 6.5-9Hz and 60-90Hz were
observed. D-E-F) time resolved PAC analysis results. Time-resolved averaged Ml between theta
(6.5-9Hz) and gamma frequencies (35-45Hz) during exploration (D, E) and during wake immobility
(F). Bars indicate mean MI (+/- SEM), dots represent subject values. * p = < 0.05, ** p= < 0.01,
***p = <0.001/q = < 0.001
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Next, to evaluate the strength of the PAC, a time-resolved PAC analysis was performed.
For each of the frequency bands of interest according to the comodulograms a separate
tPAC analysis was performed. For each 1-second-long segment of data, the M| between
target theta and gamma oscillations was calculated and averaged across epochs, to
create a subject-based MI over time. These subject-averages were statistically

compared between groups and trials.

During exploration, no significant interaction, nor genotype or trial effects were
observed in the coupling between fast gamma (55-90 Hz) and theta (6.5-10Hz),
demonstrating that the PAC during exploration is not different between 4-month-old
TgF344-AD rats and WT littermates (Fig 5-2E, Supplementary table 5-4). Statistical
analysis of the theta-gamma coupling strength between slow gamma (35-45 Hz) and
theta (6.5-9Hz) demonstrated a significant trial effect (p = 0.0003) demonstrating an
increased coupling during trial 2, and a significant interaction effect (p = 0.0181). Post-
hoc analysis reveals a significant increase in coupling strength between trials in WT (q =
0.0009), but not in TgF344-AD rats (Fig 5-2D, Supplementary table 5-5). No interaction
effect or trial effect were observed in the strength of the PAC during wake immobility
(Fig 5-2F, Supplementary table 5-4). However, statistical analysis of the PAC during wake
immobility demonstrated a significant genotype effect (p = 0.0284). This showed that
the Ml in TgF344-AD rats were significantly lower during wake immobility compared to
WT littermates irrespective of trial, however, when looking at the Fig 5-2F, this decrease

seems more prominent in trial 1.

5.4.3 Altered SWR activity in TgF344-AD rats while exploring novel

environment

SWR are an important feature of memory function and are thought to represent a major
factor in online memory consolidation and offline memory replay. SWRs are present
both during exploration and wake immobility and are the result of the delicate interplay
between inhibitory and excitatory neurons in the CA1 layer. The slow gamma oscillations

observed during SWR are a phenomenon characteristic for SWR during waking and these



oscillations have been associated with synchrony between the CA3 and CALl layer. This
synchronization is hypothesized to enable coordinated memory reactivation in the
hippocampus, a process that might be disrupted in AD (Carr et al., 2012; Gillespie et al.,
2016; Sanchez-Aguilera & Quintanilla, 2021).

After SWR extraction, SWR occurrence rates, peak spectral frequency (PSF) of SWR and
slow gamma oscillations, the power of SWRs and slow gamma oscillations and the
duration of the ripples was statistically compared using LMM (Supplementary table 5-6,
Fig 5-3). Analysis of the SWR occurrence rates showed a significant trial effect (p =
0.0342), demonstrating an increased occurrence rate of SWR during trial 2 compared

with trial 1 (Supplementary table 5-7, Fig 5-3C).

A significant genotype effect was observed in the power at SWR frequencies (p =
0.0013), showing a significantly higher power in TgF344-AD rats compared to WT
littermates (Fig 5-3D). The PSF of the SWR frequencies showed a significant state effect
(p = 0.002) demonstrating a higher PSFswr during exploration compared to wake
immobility (Fig 5-3E). Studies have demonstrated that the duration of SWRs is altered in
animal models of AD (Sanchez-Aguilera & Quintanilla, 2021). Analysis of the duration of
the SWR in TgF344-AD rats demonstrated a significant interaction effect
(genotype*state*trial p = 0.0286). Post-hoc analysis shows a significant decreased
duration of SWR during wake immobility in TgF344-AD rats during trial 2 (q = 0.0252),

but not during trial 1 (Supplementary table 5-8, Fig 5-3F).
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Figure 5-3: Analysis of different parameters for SWR in TgF344-AD rats during exploration and
wake immobility. A) lIllustrative traces of bandpass filtered SWR (120-250 Hz) during wake
immobility and corresponding time-frequency plot (B) demonstrating the power of the ripple
oscillation at different frequencies over time for the wildtype (WT) and TgF344-AD (Tg) rat. C) SWR
occurrences ratio between exploratory/wake immobility for each animal. D) The mean power
within the SWR frequency band for each behavioral state. E) Peak spectral frequency of the SWR
for each behavioral state. F) Duration of SWR in milliseconds (ms) separated for each trial. G) The
power of slow gamma oscillations during SWR was separated for each trial. H) The peak spectral
frequency of slow gamma during exploration and wake immobility separated for each trial. Bars
represent mean +/- SEM; individual values are represented by the dots. * p =< 0.05/q =< 0.01, **

p=<0.01/q=<0.01.



Analysis of the slow gamma frequencies showed a significant genotype (p = 0.0177), trial
(p = 0.0082) and state effect (p = 0.0229) in the power of the slow gamma oscillations,
together with a significant interaction between those parameters (p = 0.046). Post-hoc
analysis revealed a significant decrease in power in WT rats during wake immobility
between trial 1 and trial 2 (q = 0.0488) (Fig 5-3G, Supplementary Table 5-8). In addition,
a significant difference in power was observed between WT and TgF344-AD rats during
wake immobility in trial 2, but not during trial 1 (g = 0.0096). Moreover, a significantly
higher power during wake immobility with respect to exploration was observed in the
TgF344-AD rats in trial 2 (q = 0.0496). A significant trial effect (p = 0.0346) was observed
in the PSF at the slow gamma frequencies demonstrating a significantly higher PSF

during trial 1 compared to trial 2 (Fig 5-3H).

5.4.4 Alterations in oscillatory activity concur with measures of

increased anxiety

Previous studies in TgF344-AD rats observed increased anxiety in the open field test
from 4 months onward. Behavioral analysis was performed to validate these findings in
our TgF344-AD rats. Increased anxiety in rats in the open field is characterized by
spending more time in the outer area and less motor activity during exploration (Fig 5-
4A). Total distance travelled, total distance travelled in the inner area, time spent in the
inner area, and the number of entries to the inner area of the open field were extracted
and statistically compared between trials and genotype. A significant genotype effect
was observed in the time spent in the inner area, showing a significantly decreased time
spent in the inner area in TgF344-AD rats during both trials (p = 0.018) (Figure 5-4,
supplementary table 5-10). For all parameters, a significant trial effect was observed
(Figure 5-4, Supplementary Table 5-10), demonstrating decreases in total distance
travelled, distance travelled in the inner area, time spent in the inner area, and number

of entries in the inner area during the second trial.
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Figure 5-4: Behavioral analysis OFT across trials. A) Total distance traveled in meters across trials.
B) Distance traveled in the inner area in meters across trials. C) Time spent in seconds in the inner
area of the open field across trials. D) Number of entries of the inner area across trials. Bars
represent mean +/- SEM; individual values are represented by dots. *p < 0.05 **p = < 0.01, ***p

=<0.001.

Therefore, a second analysis was performed separately for each trial, to evaluate if
genotypical differences were present during specific epochs within each trial. Trials were
segmented into epochs of 5 minute and statistically compared. Statistical analysis
showed significant main epoch effects for all parameters during trial 1 demonstrating
decreased explorative behavior over the duration of each trial (Figure 5-5 B-C, Figure 5-
6A-B, Supplementary table 5-11). No significant genotype or interaction effects were
observed in the total distance travelled, suggesting that explorative behavior was not
altered in TgF344-AD rats (Figure 5-5B, Supplementary table 5-11). However, a
significant genotype (p = 0.0001) and interaction effect (p = 0.0001) was observed in the
time spent in the inner area. TgF344-AD rats spent less time in the inner area during
several epochs, mainly during the first half of the trial (Figure 5-5C, Supplementary table
5-12). Moreover, a significant interaction effect was observed in the distance travelled
in the inner area (Supplementary table 5-13). During the second epoch, the TgF344-AD
demonstrated a decreased distance travelled in the inner area (Figure 5-6A,
supplementary table 5-13). No significant genotype or interaction effects were observed

in the number of entries into the inner area (Supplementary table 11).
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Figure 5-5: Behavioral analysis OFT during trial 1. A) Movement traces of representative wild-
type (WT) (left) and TgF344-AD (Tg) (right) rat during trial 1 and trial 2. The start position is
indicated with the blue dot and the end position is indicated with the red dot. The 1x1m open
field is divided into an inner area (red) and outer area (green). B) Total distance traveled in meters
across different 5-min epochs during trial 1. C) Time spent in seconds in the inner area of the open
field across different 5-minute epochs during trial. Plots represent mean +/- SEM. ** q = <0.01,
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During trial 2, significant epoch effects were again observed in all aforementioned
parameters, showing decreased locomotion and exploration over the duration of the
trial in both groups (Figure 5-6C-F, Supplementary table 5-14). Moreover, a significant
genotype effect was observed in the number of entries of the inner area (Figure 5=6F,
Supplementary table 14). However, no significant genotype effects or interaction effects
were observed in the other behavioral parameters during trial 2. Aforementioned result

suggest increased anxiety was present in TgF344-AD rats, mainly during trial 1.
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Figure 5-6: Behavioral analysis OFT across 5-minute epochs. A) Total distance traveled in the
inner area during trial one across different epochs. B) Number of entries into the inner area during
trial one across the different epochs. Total distance traveled (C), distance traveled in inner area
(D), time spent in the inner area (E) and number of entries in the inner area (F) during trial 2 across

epochs. Figures show mean +/- SEM. * p =< 0.05, *** p=<0.001

5.5 Discussion

This study aimed to investigate if hippocampal network activity is altered during
explorative behavior at the pre-plaque stage of AD, using hippocampal
electrophysiology in freely moving TgF344-AD rats and WT littermates. We observed a
significantly decreased power in high theta oscillations in TgF344-AD rats. In addition, a
decreased strength of PAC, an important electrophysiological mechanism underlying
hippocampal dependent memory processes, was observed in TgF344-AD rats during
wake immobility. SWR analysis revealed no significant differences in ripple ratios
between genotypes, however, significantly increased power of SWR was observed in
TgF344-AD rats, together with a significant decrease in the duration of the ripples.

Moreover, significant genotype, trial and state effects were observed in the power of



slow gamma oscillations during SWR, which is thought to represent the interaction
between the CA3 and CAl regions of the hippocampus. The aforementioned results
demonstrate that hippocampal activity in TgF344-AD rats is already altered before
amyloid plaques are present in the brain, mainly while the animals were in the wake
immobility state. These differences in oscillatory activity concurred with increased

anxiety behavior in TgF344-AD rats, in the absence of differences in locomotion.

5.5.1 AD pathology in TgF344-AD rats

TgF344-AD rats display progressive AP plaque accumulation in the cortex and
hippocampus starting from 6 months of age (R. M. Cohen et al., 2013). Studies recently
demonstrated that at four months of age, increased concentrations of soluble Ab
monomers and oligomers were present in the brains of TgF344-AD rats, in the absence
of cortical and hippocampal Ab plaques (Ratner et al., 2021; Sare et al., 2020; van den
Berg et al., 2022). In addition, TgF344-AD rats display p-tau accumulation in the locus
coeruleus from 6 months onwards (Rorabaugh et al., 2017). However, no studies yet
have examined if pTau accumulations are present at 4 months of age. Impaired spatial
memory in the Barnes maze has been observed in TgF344-AD rats starting from 4
months of age (Fowler et al., 2022) , suggesting hippocampal impairments are already
present during the pre-plaque stage of AD as is observed in the current study. In
addition, working memory impairments and delayed memory retention have been
observed in 6-month-old female TgF344-AD rats (Bernaud et al.,, 2022). Moreover,
cholinergic dysfunction and neuroinflammatory responses have been observed from 6
months onward in TgF344-AD rats (Chaney et al.,, 2021). These results highlight the

diverse phenotype of the TgF344-AD rats which highly resembles human AD.

The majority of the electrophysiological studies in animal models for AD pathology have
been done in the late phases of AD. Electrophysiological studies observed alterations in
oscillatory activity in the hippocampus of TgF344-AD rats from 9 months onward
(Bazzigaluppi et al., 2018; Stoiljkovic et al., 2019). To our knowledge, this study is one of

the few electrophysiological studies performed at the pre-plaque stage in TgF344-AD
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rats. Several studies have investigated alterations in hippocampal synaptic function
and/or network function in TgF344-AD rats using electrophysiological measurements. In
vitro investigation of the tri-synaptic circuit in the hippocampus demonstrated increased
long-term potentiation and hyperexcitability in dentate granule cells in 6-month-old
male TgF344-AD rats, which was shown to be driven by increased noradrenergic
postsynaptic signalling (A. M. Goodman et al.,, 2021; Smith et al., 2022; Smith &
McMahon, 2018). Interestingly, a recent MRI study we performed did demonstrate
alterations in whole brain network activity in 4-month-old TgF344-AD rats, suggesting
that the presence of soluble AB species interferes with network function already before
AP plaques are present in the brain of TgF344-AD rats (chapter 4) (van den Berg et al.,
2022).

Many efforts were made from different research groups to characterize the behavioral
and cognitive alterations in TgF344-AD rats. Studies have demonstrated significantly
increased anxiety in TgF344-AD rats from 4-5 months of age (Pentkowski et al., 2018),
which persisted while the animals were aging (Kelberman et al., 2022; Tournier et al.,
2021). A recent study demonstrated hyperexcitability in the basolateral amygdala, a
central part of the fear circuitry, in 6-month-old and 12-month-old TgF344-AD rats which
display increased anxiety compared to age-matched WT littermates (C. M. Hernandez,
Jackson, Hernandez, & McMahon, 2022). The aforementioned results demonstrate
increased anxiety-like behavior in TgF344-AD rats starting from four months of age. This
is in accordance with the results from the current study, where a significant decrease in
time spent in the inner area of the open field was observed in TgF344-AD rats in
comparison with their WT littermates. Significant trial effects were observed in all
behavioral parameters, which demonstrated decreased distance travelled and
decreased time spent in inner area during the second trial. These results suggest that
the TgF344-AD rats do recognize the OFT as a familiar environment during the second
trial, hinting that spatial memory is still intact at the pre-plaque stage of AD (Giovannini

et al., 2001; Sare et al., 2020).



5.5.2 Alterations in power of hippocampal oscillations in TgF344-AD rats

The frequency and amplitude of oscillations are heavily dependent on vigilance and
behavior. In the current study we compared the power of brain oscillations during
exploration and during wake immobility. Theta oscillations are present in the whole HC
during active exploration and rapid-eye-movement (REM) sleep but also during memory
encoding and retrieval (Bauer, Buckley, & Bast, 2021; Colgin, 2016). In animals, theta
oscillations can be divided into two types, type |, or atropine insensitive theta (6-12 Hz)
which is dominant during exploration and type Il, or atropine sensitive theta (4-9 Hz),
which is dominant during wake immobility (Buzsaki, 2002; Z. Gu & Yakel, 2022; Kramis,
Vanderwolf, & Bland, 1975). In the current study we observed for both groups these
expected state effects for low theta (type Il) and high theta (type I). In addition, a
decreased power of type | theta oscillations was observed in 4-month-old TgF344-AD
rats. These results are in concordance with previous studies which observed a decreased
theta power in 9-month old TgF344-AD rats (Stoiljkovic et al., 2019). The power of theta
oscillations in people suffering from AD is heavily dependent on the disease stage, with
increases in theta power observed in MCI patients and patients suffering from AD
related dementia (Byron et al., 2021; Jafari, Kolb, & Mohajerani, 2020; Musaeus et al.,
2018). However, only a limited number of animal studies have investigated alterations
in theta power during presymptomatic stages of AD. Injection of amyloid 1-40
monomers has been shown to induce decreases in hippocampal theta power (Colom et
al., 2010), whereas amyloid plaques have been associated with increases in cortical
theta power (Spinelli et al., 2022, Jafari et al., 2020). Decreased theta power has been
observed in several animal models of AD, even in the absence of AP plaques. These
decreases in theta power have been correlated to memory deficits and are thought to
be caused by functional impairment of GABAergic septal hippocampal neurons by
soluble AP (Caravaglios et al., 2010; Nimmrich et al., 2015; Scott et al., 2012; Villette et
al., 2010; J. Wang et al., 2017). Both type | and type Il theta oscillations are also directly
influenced by cholinergic neurons of medial septum (Bauer et al., 2021; Z. Gu & Yakel,
2022). This could in part be responsible for the observed decreased theta since the

cholinergic neurons in nuclei of the basal forebrain have been shown to be susceptible

171



172

to AD pathology (Brueggen et al., 2015; Fernandez-Cabello et al., 2020; Grothe et al.,
2014; Herdick et al., 2020; Jeong et al., 2016).

The current study observed a significant increase in power of both slow and fast gamma
oscillations in TgF344-AD rats during wake immobility compared to exploration, an
effect which was not observed in WT littermates. In healthy subjects and animals, an
increase in the power of slow and fast gamma oscillations is observed during memory
encoding, sensory processing and wake immobility, similar to what is observed in the
current study (Bragin et al., 1995). This increase in gamma power appears to predict if
memory formation will be successful in humans but also in mice (Matsumoto et al.,
2013; Palop & Mucke, 2016; Sederberg et al., 2007). However, several studies have
demonstrated that neuronal hyperactivity can be observed at the prodromal stages of
AD, which can lead to an increased power of slow and fast gamma oscillations (Hector
& Brouillette, 2020). This increased gamma power was associated with cognitive
performance or memory processing since neuronal hyperactivity perturbs hippocampal
network function. Some studies have suggested that the increased gamma power during
early stages of AD could be the result of compensatory mechanisms (Gaubert et al.,
2019; Mondadori et al., 2006; Morrone et al., 2022). Moreover, a number of studies
have reported conflicting observations regarding gamma oscillations. These divergent
findings are thought to be caused by methodological differences (Byron et al., 2021;
Nimmrich et al., 2015). In the current study we did not observe genotype effects in

gamma oscillations at the pre-plaque stage in TgF344-AD rats.

5.5.3 Phase-amplitude coupling

Theta-gamma PAC can be found in different species including mice, rats, and humans.
Research has shown that the theta-gamma PAC plays an important role in the execution
of cognitive functions and might be a specific measure of working memory functioning
in humans (Canolty & Knight, 2010; M. S. Goodman et al., 2018). The modulation of
different gamma bands, namely slow gamma (30-60 Hz) and fast gamma (60-130 Hz)

appears to be linked to different memory processes. Research has demonstrated that



the coupling between theta phase and slow gamma oscillations is increased after
successful retrieval of memories in humans (Mormann et al., 2005) and rodents (lgarashi
et al.,, 2014; Tamura et al., 2017; Tort et al., 2009). Synchronization of CA1 with the
inputs from CA3 by the slow gamma suggest that the coupling between theta and slow
gamma is dominantly involved by memory retrieval rather than memory encoding. The
PAC between theta and high gamma (60-130 Hz) is thought to be important for sensory
processing and memory encoding (Belluscio et al., 2012; Bieri et al., 2014; E. L. Newman
et al., 2013). Electrophysiological experiments in the hippocampus of healthy rats, and
in the non-epileptogenic hippocampus of patients have shown that the strength of the
theta-gamma PAC will increase during learning (Kitchigina, 2018; Tort et al., 2009; Tort
et al., 2008). It seems that the theta-gamma PAC strength is correlated directly with the
increase in correctly performing a cognitive task and that the temporal coordination of
neural spikes by theta-gamma PAC improves the transfer of information in the brain (Fell
& Axmacher, 2011; Kitchigina, 2018; Tort et al., 2009). Moreover, increased PAC
between low theta oscillations and both low and fast gamma oscillations in the HC
during memory retrieval is also correlated with (memory) task performance
(Vivekananda et al., 2021). Research also showed that in humans, fast and slow gamma
oscillations are linked to different phases of the low theta oscillations which correspond
with findings in animal studies (Colgin et al., 2009; Vivekananda et al., 2021). Thus, theta-
gamma PAC might have an important role in memory processes in the HC.

Different preclinical and clinical studies in animal models for AD and in patients with AD
have demonstrated decreased that a theta-gamma PAC can be observed (Bazzigaluppi
etal.,, 2018; M. S. Goodman et al., 2018; Goutagny et al., 2013; Kitchigina, 2018), similar
to the observations in the current study. Interestingly, impairment of theta-gamma PAC
was observed before the onset of AB plaque formation in the APP23 mice and in (AB
overexpressing) TgCRND8 mice (Goutagny et al., 2013; Kitchigina, 2018). Moreover, a
study in TgF344-AD rats observed decreased cortical PAC in 9-month-old TgF344-AD
rats, which coincided with cerebrovascular dysfunction and vascular remodelling,
suggestive of a role for neurovascular dysfunction in PAC (Joo et al., 2017). The current

study observed decreased PAC in fast gamma frequencies during wake immobility
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(Figure 5-2), suggesting that sensory processing and memory retrieval might be impaired
in TgF344-AD rats at the pre-plaque stage. In WT rats, an increased Ml in slow gamma
coupling was observed between trial 1 and trial 2, which was absent in TgF344-AD rats.
Since slow gamma oscillations have been linked to memory retrieval, these results might
suggest that the memory retrieval is impaired in TgF344-AD rats. However, future
analyses which record hippocampal activity during cognitive tasks could give novel
insights into alterations in memory retrieval and memory encoding during pre-plaque
stages of AD. The disease mechanisms underlying alterations in PAC are still elusive,
however, studies have observed that the changes in PAC coincided with interneuron
dysfunction (Park et al., 2020; Stoiljkovic et al., 2015; Stoiljkovic et al., 2019) alterations
in cholinergic signalling in the hippocampus (Stoiljkovic et al., 2015) and accumulation
of pTau and (soluble) AB (Bazzigaluppi et al., 2018; Etter et al., 2019; Stoiljkovic et al.,
2018).

5.5.4 Sharp wave-ripples

Memory consolidation is primarily associated with sleep while memory retrieval (or
replay) is associated with waking behavior. Awake memory replay is mainly seen during
brief periods of wake immobility, which will be enhanced during both novel and
rewarding behaviours (Carr et al., 2011). SWR are irregularly occurring LFP patterns that
are observed during immobility, slow wave sleep and consummatory behavior. SWR are
the hallmark of memory replay and consolidation, as during SWR a large population of
HC neurons is activated, often in sequences that recapitulate past or potential future
experiences (Buzsaki, 2015; E. A. Jones, Gillespie, Yoon, Frank, & Huang, 2019). During
exploration, the HC shows a high presence of theta oscillations (7-14 Hz) and during
wake immobility theta oscillations will be replaced by SWR to process information
obtained during exploration (Girardeau & Zugaro, 2011). This is also reflected in the
results of the current study since the ripple ratio shows higher ripple occurrence during

wake immobility compared to exploration.



We observed increased slow gamma power, SWR power and decreased duration of SWR
in TgF344-AD rats at pre-plaque stage of AD. Similar decreases in the duration of SWR
have been observed in several animal models for AD (Sanchez-Aguilera & Quintanilla,
2021; Zhen et al., 2021). Interestingly, an in vitro study on hippocampal slices of a mouse
model of AD observed a similarly increased slow gamma power, SWR power and
decreased duration, which was caused by dysfunction of parvalbumin positive
interneurons (Caccavano et al., 2020). Research has shown that altered spike-timing and
phase-locking of spiking during SWRs will interfere with the induction of synaptic
plasticity (Cuestas Torres & Cardenas, 2020; Sadowski, Jones, & Mellor, 2016). Neuronal
hyperactivity associated with early stages of AD, such as interneuron dysfunction as is
observed in other animal models of AD, could interfere with the spike-locking during
SWRs and therefore shorten the duration of the SWR (Caccavano et al., 2020; English et
al., 2014; Fernandez-Ruiz et al., 2019). Input from the CA3 region is also an important
modulator of SWR activity and gamma activity. In vitro studies have observed that SWRs
and gamma oscillations can be directly modulated by modulating the activity of
excitatory pyramidal neurons of the CA3 layer (Geschwill et al., 2020). In addition, the
medial entorhinal cortex (mEnt) is the major input of somatosensory information to the
hippocampus (Axmacher et al., 2008; Igarashi et al., 2014). Disruption of entorhinal
signalling has been demonstrated to decrease SWR duration during wake immobility
(Oliva et al., 2018; Yamamoto & Tonegawa, 2017). The mEnt is a region affected early
by (soluble) AP pathology and in vitro electrophysiological studies in TgF344-AD rats at
6 months of age has demonstrated hyperexcitability in the synapses between the mEnt
and dentate gyrus (Smith et al., 2022; Smith & McMahon, 2018). The altered SWR
activity therefore might be the result of network disturbances caused by the mEnt,
suggesting that entorhinal signalling might be altered already during the pre-plaque
stage of AD in TgF344-AD rats.

The power of slow gamma oscillations increases throughout the whole hippocampus
during SWR (25-55 Hz), which is thought to be associated with the quality of spatial
memory replay (Carr et al., 2012; Gillespie et al., 2016; Oliva et al., 2018). Previous
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studies have observed decreased slow gamma oscillations during SWR in several mouse
models of AD (Gillespie et al., 2016; laccarino et al., 2018; Stoiljkovic et al., 2019). This
decreased slow gamma power has been linked to AP induced interneuron dysfunction
(Caccavano et al., 2020; Gillespie et al., 2016). However, these studies were performed
at late stages of AD, when A plaque pathology was extensive, which could explain the
contradiction with the outcomes from the current study. A recent study observed
increased gamma power in mild AP pathology, which declined as the disease
progressed, suggesting an initial increase in gamma power during early stages of AD,

similar to what is observed in the current study (Gaubert et al., 2019).

5.5.5 Limitations

The focus of this study was solely on alterations in the hippocampal oscillations.
However, it is known that the hippocampus is part of a larger network and receives input
from different brain regions like the cortex. Neurodegeneration due to AD doesn’t only
occur in the hippocampus, it is also found in the basal forebrain for example. Therefore,
future research is needed which includes the hippocampal-cortical interactions during
memory-demanding tasks. This brings us to another limitation of this study, the OFT is
in general more used to study novelty-seeking behavior and is not a memory-demanding
maze. Therefore, more research is needed in a more memory-demanding maze during
the pre-plaque stage to obtain stronger results for learning impairment in the TgF344-
AD rats. Electrophysiological acquisitions during more demanding memory tasks at pre-
plaque stages in TgF344-AD rats could be valuable to link the observed alterations in
PAC to cognitive impairments.

Electrophysiological measurements are prone to artifacts due to non-biological sources
such as electrical interference, which could hamper the detection of SWR and the
interpretation of the results (A. A. Liu et al., 2022). The current study was performed in
freely moving animals in the absence of a faraday cage. However, the W2100 recording
headstages are directly connected to the electrode and a small battery was placed on
top of the wireless headstage as a power source, which minimizes noise and therefore,

abolishes the need for extra shielding. However, also biological sources of noise such as



excessive movement and scarring of the brain tissue could interfere with the SWR
analysis. Two TgF344-AD rats were excluded from the SWR analysis, since we could not
detect robust ripples in these animals.

Due to limitations in the experimental setup, the sample size of this study is relatively
small (5 animals per group), and it only included male animals. A substantial amount of
research has demonstrated sex differences in AD severity and rate of progression, also
in the TgF344-AD rats (Bazzigaluppi). Therefore, future studies should be done with

larger sample sizes and a combination of male and female animals.

5.6 Conclusion

In the current study we aimed to investigate how hippocampal oscillations were altered
during the pre-plaque stage of AD in TgF344-AD rats. We observed state dependent
alterations in theta power and decreased theta-gamma modulation. Moreover, SWR
characteristics were altered in TgF344-AD rats, with an increased power of the SWR and
slow gamma oscillations, together with a decreased duration of SWR. These alterations
in hippocampal activity coincided with increased anxiety-like behavior in TgF344-AD
rats.

Future research would be valuable to correlate these alterations in hippocampal activity
to cognitive deficits by performing electrophysiological experiments during more
complex hippocampal-dependent behavioral tasks. Moreover, pharmacological
manipulations could unravel pathological mechanisms behind the observed oscillatory

alterations, which could be valuable targets for therapeutic treatment.
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5.7 Supplementary information

5.7.1 Supplementary Tables

Supplementary table 1: Results of the linear mixed model (LMM) for the power spectral density

of different frequency bands
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Supplementary table 2: post-hoc analysis of the power of gamma oscillations

Slow gamma Fast gamma
g-values  Difference Lower 95%  Upper g-values  Difference Lower 95% Upper
95% 95%
WTE-WT Qw 0.4235 -0.00088 -0.0031 0.001346 0.8272 0.000045 -0.00026 0.000348
WTE-TGE 0.4235 -0.00356 -0.0124 0.005279 0.8272 -0.00012 -0.00133 0.001092
WT aw - TG aw 0.148 -0.00789 -0.01673 0.000949 0.3449 -0.00079 -0.002 0.000419
TGE-TG QW <0.0001  -0.00521 -0.00743 -0.00298 0.0021 -0.00063 -0.00095 -0.00031

Statistical results accompanying figure 5-1. FDR corrected p-values (g-value), difference of means
and boundaries of the confidence interval of the post hoc tests.

Supplementary table 3: post-hoc analysis of the power of HFO
g-values  Difference Lower 95% Upper 95%

WT trial 1 — WT trial 2 ‘ 0.0587 -0.00013 -0.00022 -2.7E-05
WT trial 1 - TG trial 1 ‘ 0.5751 -0.00013 -0.00047 0.000219
WT trial 2 — TG trial 2 ‘ 0.7506 0.00005 -0.00029 0.000393

TG trial 1 —TG trial 2 0.5751 0.000049  -5.5E-05 0.000153

Statistical results accompanying figure 5-1. FDR corrected p-values (g-value), difference of means
and boundaries of the confidence interval of the post hoc tests.

Supplementary table 4: Results of LMM of the PAC for each behavioral state
Exploration 35-45 Hz Exploration 55-90 Hz Wake immobility 60-90 Hz

DF F-value p DF F-value p DF F-value p

Gt 1,81 10,4303 0,53 1,80 10,9149 0,3659 | 1,5.6 8,5846 0,0284
Trial 1,7.2 42,4208 0,0003 | 1,8.2 0,0269 0,8737 | 1,7.2 0,5439 0,484
Tr*Gt | 1,7.2 9,2711 00181 | 1,74 15251 0,2547 | 1,6.1 54318  0,0579

Statistical results accompanying figure 5-2. Gt = Genotype, DF = degrees of freedom

Supplementary table 5: post-hoc analysis of the PAC during exploration (35-45 Hz).

g-values Difference Lower 95% Upper 95%
WT trial 1 — WT trial 2 ‘ 0.0009 -0.003981 -0.00537 -0.0026
WT trial 1 - TG trial 1 ‘ 0.05743 -0.00166 -0.00323 -8.9E-05
WT trial 2 - TG trial 2 ‘ 0.2497 0.000877 -0.00069 0.002448
TG trial 1 —TG trial 2 ‘ 0.05743 -0.001445 -0.00283 -5.9E-05

Statistical results accompanying figure 5-2. FDR corrected p-values (g-value), difference of means
and boundaries of the confidence interval of the post hoc tests.
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Results of the LMM for the Sharp wave ripples per trial.

Supplementary table 6
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Supplementary table 7: Results of the LMM for the Sharp wave ripples occurrence rate per trial.

SWR ratio E/WI

DF F-value p
Genotype 1,7.0 0.1823 0.6822
Trial 1,7.0 6.8833 0.0342
Tr*Gt 1,7.0 2.3741 0.1673

Statistical results accompanying figure 5-3. DF = degrees of freedom

Supplementary table 8: post-hoc analysis duration SWR

g-values Difference Lower 95% Upper 95%

WT-E trial 1 — WT-WI trial 1 0.8758 0.7497 -9.0676 10.5669
TG-E trial 1 — TG-WiI trial 1 0.9730 -3.5788 -14.0265 6.869
WT-E trial 2 — WT-WI trial 2 0.1884 -11.5697 -22.0174 -1.1219
TG-E trial 2 — TG-WI trial 2 0.3703 6.99 -2.8272 16.8072
WT-E trial 1 — TG-E trial 1 0.9957 2.0681 -7.553 11.6893
WT-WI trial 1 — TG-WI trial 1 1 -2.2603 -12.5375 8.0169
WT-E trial 2 — TG-E trial 2 0.8018 -1.625 -11.2461 7.9962
WT-WI trial 2 — TG-WI trial 2 0.0252 16.9347 6.6575 27.2119
WT-E trial 1 — WT-E trial 2 0.8421 1.8396 -7.9776 11.6568
TG-E trial 1 —TG-E trial 2 0.9328 -1.8535 -11.6707 7.9637
WT-WI trial 1 - WT-WI trial 2 0.1976 -10.4797 -20.9275 -0.032
TG-WI trial 1 —TG-WI trial 2 0.2940 8.7153 -1.7325 19.163

Statistical results accompanying figure 5-3. FDR corrected p-values (g-value), difference of means
and boundaries of the confidence interval of the post hoc tests.
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Supplementary table 9: post-hoc analysis slow gamma power during SWR

g-values Difference Lower 95% Upper 95%
WT-E trial 1 — WT-WI trial 1 0.1617 -0.01583 -0.03564 0.003981
TG-E trial 1 —TG-WI trial 1 0.1024 -0.01969 -0.0395 0.000124
WT-E trial 2 — WT-WI trial 2 0.1772 0.016093 -0.00545 0.037636
TG-E trial 2 — TG-WI trial 2 0.0496 -0.03085 -0.05397 -0.00774
WT-E trial 1 — TG-E trial 1 0.1107 -0.01674 -0.03458 0.001094
WT-WI trial 1 — TG-WI trial 1 0.0762 -0.0206 -0.03844 -0.00276
WT-E trial 2 — TG-E trial 2 0.4047 0.00884 -0.01112 0.028796
WT-WI trial 2 — TG-WI trial 2 0.0096 -0.03811 -0.0588 -0.01741
WT-E trial 1 — WT-E trial 2 0.3346 -0.00797 -0.02298 0.007043
TG-E trial 1 —TG-E trial 2 0.1181 0.017616 0.000065 0.035167
WT-WI trial 1 — WT-WI trial 2 0.0488 0.023955 0.006445 0.041466
TG-WiI trial 1 - TG-WI trial 2 0.4093 0.006452 -0.0096 0.022503

Statistical results accompanying figure 5-3. FDR corrected p-values (g-value), difference of means
and boundaries of the confidence interval of the post hoc tests.



Supplementary table 10: Results of LMM for the behavior during the open field test per trial

Total distance travelled | Distance travelled inner area Time spent inner area # Entries inner area

DF  F-value p DF  F-value p DF  Fwalue p DF  Fvalue p

Genotype | 181 00647 08055 | 185 = 49829 0.0542 184 9047 00187 | 180 1734 02243
Trial 192 24295 00008 | 188  37.0639 0.0002 191 30868 0.0007 [ 1,90 193489 0.0017
Tr*Gt | 183 02119 06572 | 178 07627 04086 183 42217 00729 | 180 00961 07645

Statistical results accompanying figure 5-4. DF = degrees of freedom

Supplementary table 11: Results of LMM for the behavior during the OFT across epochs during
trial 1

Total distance travelled Distance travelled inner area Time spent inner area # Entries inner area

DF F-value p DF F-value p DF  F-value p DF F-value p
Genotype 11 01308 07251 | 1102 22608 01629 | 196  37.091 00001 [ 198 10292 03348
Epoch 1111150 40.7545 00001 | 11,964 272407 00001 | 11,972 203168 00001 | 11,10850 289335  0.0001
Ep*Gt 1110050 18695 = 00523 | 11964 28359 0003 | 11972 61843 00001 | 11975 05487 = 08651

Statistical results accompanying figure 5-5 & figure 5-6. DF = degrees of freedom

Supplementary table 12: post-hoc analysis for the time spent in the inner area during the OFT
across epochs during trial 1

Genotype-Epoch g-values Difference Lower 95% Upper 95%
WT1 - TG1 0.0012 10.3657 5.2502 15.4812
WT2-TG2 0.0006 21.237 15.5842 26.8899
WT3-TG3 0.0087 8.1463 2.8513 13.4413
WT4- TG4 0.3485 3.6553 -2.0057 9.3163
WT5 - TG5 0.2932 -4.0457 -9.5315 1.4401
WT6 - TG6 0.0729 5.863 0.568 11.1579
WT7-TG7 0.0024 9.4627 4.1685 14.757
WT8 - TG8 1 -0.0394 -5.6929 5.6141
WT9 - TG9 1 -0.1963 -5.8491 5.4565
WT10-TG10 1 0.0161 -5.2782 5.3103
WT11- TG11 1 0.0161 -5.2782 5.3103
WT12 - TG12 0.9981 0.0063 -5.2887 5.3013

Statistical results accompanying figure 5-5. FDR corrected p-values (g-value), difference of means
and boundaries of the confidence interval of the post hoc tests.
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Supplementary table 13: post-hoc analysis for the distance travelled in the inner area during the
OFT across epochs during trial 1

Genotype-Epoch g-values Difference Lower 95% Upper 95%
WT1 - TG1 0.5328 0.4854 -0.075 1.0458
WT2 - TG2 0.0012 1.5116 0.93259 2.09061
WT3-TG3 0.9705 0.01117 -0.58698 0.60931
WT4- TG4 1 -0.1909 -0.78905 0.40724
WT5 - TG5 1 -0.18973 -0.80565 0.42619
WT6 - TG6 0.5252 0.4438 -0.13495 1.02254
WT7 - TG7 1 0.20385 -0.41207 0.81978
WT8 - TG8 1 -0.01423 -0.62991 0.60144
WT9 - TG9 1 0.01377 -0.60215 0.62969
WT10-TG10 1 -0.0114 -0.59041 0.56761
WT11-TG11 1 -0.0114 -0.59041 0.56761
WT12 - TG12 1 -0.02307 -0.60182 0.55568

Statistical results accompanying figure 5-6A. FDR corrected p-values (g-value), difference of
means and boundaries of the confidence interval of the post hoc tests.
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Results of LMM for the behavior during the OFT across epochs during

Supplementary table 14

trial 2
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6.Effects of circuit specific basal forebrain cholinergic
activation on whole-brain functional connectivity

This chapter is based on:

Peeters, L. M., M. van den Berg, R. Hinz, G. Majumdar, I. Pintelon and G. A. Keliris (2020).

"Cholinergic Modulation of the Default Mode Like Network in Rats." iScience 23(9):

101455.
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6.1 Abstract

The discovery of the default mode network (DMN), a large-scale brain network which is
suppressed during attention demanding tasks, had major impact in neuroscience. This
network exhibits an antagonistic relationship with attention related networks. A better
understanding of the processes underlying modulation of DMN is imperative, as this
network is compromised in several neurological diseases. Cholinergic neuromodulation
is one of the major regulatory networks for attention and studies suggest a role in
regulation of the DMN. In this study, we unilaterally activated the right basal forebrain
cholinergic neurons and observed decreased right intra-hemispheric and
interhemispheric FC in the default mode like network (DMLN). Our findings provide
critical insights into the interplay between cholinergic neuromodulation and DMLN,
demonstrate that differential effects can be exerted between the two hemispheres by
unilateral stimulation, and open windows for further studies involving directed
modulations of DMN in treatments for diseases demonstrating compromised DMN

activity.



6.2 Introduction

An important finding in neuroscience during the last couple of decades was the
discovery of the default mode network (DMN), which is a large-scale network of brain
areas that are co-activated during passive mental processes and suppressed during
externally oriented attention demanding cognitive tasks. This was initially observed by
Shulman et al. (1997) in a meta-analysis of nine Positron Emission Tomography (PET)
studies. In that study, the authors showed that several brain areas, including the medial
prefrontal cortex, posterior cingulate cortex, lateral parietal and temporal cortices,
consistently increased their metabolic activity during states of rest or wake immobility
(Shulman et al., 1997). Functional imaging studies, which followed, reported that the
low frequency activity fluctuations of these areas were highly temporally correlated,
forming a set of intrinsically functionally connected brain areas currently known as the
default mode network (DMN) (Greicius et al., 2003; Raichle et al., 2001; Raichle &
Snyder, 2007). The DMN has been associated with spontaneous internally directed
cognitive processes such as mind wandering, self-oriented processes and introspection
(Andrews-Hanna, Reidler, Huang, & Buckner, 2010; Buckner & Carroll, 2007). Disruption
of DMN functioning has been linked to several neurological disorders including attention
deficit hyperactivity disorder (Tian et al., 2006), mood disorders (Greicius et al., 2007),
epilepsy (Laufs et al., 2007), Alzheimer’s disease (Greicius, Srivastava, Reiss, & Menon,
2004) and others (Broyd et al., 2009). Upon the discovery of the DMN in humans, a
default mode like network (DMLN) has been observed in several other mammalian
species, such as the macaque monkey (Vincent et al., 2007), rat (Lu et al., 2012) and
mouse (Stafford et al., 2014). In rodents, DMLN consists of the following brain regions:
orbital cortex, prelimbic cortex, cingulate cortex, auditory/temporal association cortex,
posterior parietal cortex, retrosplenial cortex and hippocampus (Lu et al., 2012; Stafford
et al., 2014). Multiple studies observed shared features of the DMN in humans and the
DMLN in rodents, i.e. its anatomical homology (Lu et al., 2012), its link with brain
disorders (Anckaerts et al., 2019; Sforazzini et al., 2016; Shah et al., 2016), its decreased

activity during tasks in comparison to rest (Hinz et al., 2019; Rohleder et al., 2016) and

189



190

its anti-correlation with task positive networks (Belloy, Naeyaert, et al., 2018; Schwarz

et al, 2013).

The DMN has also been described as a “task-negative network” which exhibits anti-
correlations with “task-positive networks” (Belloy, Naeyaert, et al., 2018; Fox et al.,
2005; Greicius et al., 2003). The antagonistic interaction between the DMN and top-
down attentional processes has been observed repeatedly in humans (Buckner &
DiNicola, 2019), however, the underlying mechanisms remain poorly understood. A
number of previous studies have shown that the extent and the magnitude of the task-
induced decreases in BOLD responses within the DMN vary with the difficulty of the
cognitive tasks and that task performance is positively correlated with the strength of
the DMN suppression (Mayer et al., 2010; Ossandon et al., 2011; Rajan et al., 2019; Singh
& Fawcett, 2008; Wen, Liu, Yao, & Ding, 2013). Another important feature of the DMN,
demonstrated by several human studies, is decreased functional connectivity (FC) within
the network during the performance of cognitive tasks (Fransson, 2006; W. Gao,
Gilmore, Alcauter, & Lin, 2013). Interestingly, a recent study in humans demonstrated
that the presentation of random flashing checkerboard visual stimuli can induce
negative BOLD responses in DMN brain regions (Razlighi, 2018). Similarly, our group
evaluated the BOLD responses in the DMLN regions upon the presentation of continuous
flickering visual stimuli in sedated rats. We demonstrated that this visual stimulation
paradigm could deactivate nodes of the DMLN and decrease the FC assimilating earlier

studies in humans (Hinz et al., 2019).

Recent studies have demonstrated that the basal forebrain (BFB) is a key-player in
modulating oscillations in the prefrontal cortex during behaviors aligned with DMN
activation and de-activation patterns - such as moving from the home cage to an
experimental arena where exploration of the environment is enhanced - and suggested
these findings are consistent with BFB exerting control of large-scale functional
networks such as the DMN (Nair et al., 2018). This hypothesis is also consistent with

evidence that cholinergic neurons originating from the BFB are strongly involved in



attentional processes, specifically the projections from the diagonal band of Broca,
substantia innominata and the nucleus Basalis of Meynert (NBM) to the cortex
(Ballinger, Ananth, Talmage, & Role, 2016; Bloem, Schoppink, et al., 2014; Howe et al.,
2017; Parikh, Kozak, Martinez, & Sarter, 2007). These projections induce acute increases
of acetylcholine (ACh) in the medial prefrontal cortex which mediate cue detection and
are necessary for successful task performance (Gritton et al., 2016; Howe et al., 2017;
Parikh et al., 2007). Moreover, ACh enhances visual processing by inducing cortical
decorrelation and desynchronization in sensory cortices, which increases the signal to
noise ratio (N. Chen, Sugihara, & Sur, 2015; Nguyen, Huppe-Gourgues, & Vaucher, 2015;
Pinto et al., 2013). In addition, the BFB has been implicated in cortical network switching
between brain states by exerting direct and/or indirect control to the prefrontal cortex

(Espinosa, Alonso, Morales, et al., 2019; W. Li et al., 2015).

This evidence suggested an involvement of the BFB cholinergic system in the up- and
down-regulation of the DMN and its anti-correlation with task based/attention related
networks. Thus, we hypothesized that specific stimulation of cholinergic neurons in the
BFB can influence the functional connectivity (FC) in the DMLN of rats as measured with
whole-brain measures of activity and connectivity such as resting-state (rs)fMRI, which
can directly visualize the complete DMN and task-based networks. Further, inspired by
a recent study in rhesus macaques that demonstrated unilateral suppression of cortical
fluctuations ipsilateral to pharmacological inactivation in the NBM (Turchi et al., 2018),
we hypothesized that unilateral activations of cholinergic neurons in homologous areas
in the rat could potentially lead to asymmetric changes to the DMLN that could be
beneficial in the treatment of certain neurological syndromes that are thought to stem
from hemispheric imbalances in attentional processes such as hemi spatial neglect
(Bartolomeo, Thiebaut de Schotten, & Chica, 2012). To this end, we combined functional
MRI with designer receptors exclusively activated by designer drugs (DREADDs) to
selectively increase the neuronal firing in basal forebrain (BFB) cholinergic neurons and
study their effects in whole brain networks with a particular focus on the DMLN. We

found that unilateral cholinergic activation in the right BFB resulted in decreased FC in
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the DMLN and the effect showed significant laterality in specific connections in the
DMLN and task-based networks. The results of this study directly demonstrate the
effects of cholinergic neuromodulation in the DMLN in rats and open windows for
further studies that could use directed modulations of DMLN in rehabilitation

treatments for diseases demonstrating compromised DMN activity.

6.3 Materials and Methods

6.3.1 Animals and ethical statement

In this study, 28 adult ChAT-Cre Long Evans rats were used, of which 14 males and 14
females. Animals were group housed with a 12h light/dark cycle and with controlled
temperature (20 — 24°C) and humidity (40%) conditions. Standard food and water were
provided ad libitum. All procedures were in accordance with the guidelines approved by
the European Ethics Committee (decree 2010/63/EU) and were approved by the
Committee on Animal Care and Use at the University of Antwerp, Belgium (approval

number: 2015-50).

6.3.2 Intracerebral viral vector injections

The rats were divided in a control group (N = 12) and an experimental group (N = 16)
with DREADDs expression. All rats were subjected to a stereotactic surgery targeting the
medial nuclei of the right BFB, i.e., the horizontal diagonal band of Broca, nucleus basalis
of Meynert and the substantia innominata (AP = -0.5 mm, ML = +2.5mm, DV= -7.5mm
from bregma). The stereotactic surgery was performed as follows: rats were
anesthetized using 5% isoflurane for induction and 2% for maintenance (Isoflo®, Abbott
Laboratories, Ltd., USA) and received a subcutaneous injection of xylocaine (Lidocaine
hydrochloride, Astra Zeneca) for local analgesia. The rats received a unilateral injection
with a Cre-dependent AAV-virus: AAV8-hSyn-DIO-hM3Dq(Gq)-mCherry (4.8 x 10%2
GC/mL) for the experimental group and AAV8-hSyn-DIO-mCherry (4.1 x 102 GC/mL) for

the control group. Chat-cre transgenic rats were used to specifically express the



DREADDs receptors in all cholinergic neurons in the right BFB. A glass pipette filled with
2.5 plL of the viral vectors was used to inject 2 uL in the brain region of interest at a rate
of 46 nL/min using a nano-injector (Nanoject Il, Drummond Scientific). At ten minutes
after the viral vector injection, the glass pipet was removed from the brain tissue. All
MRI procedures started at least two months after viral vector injection to allow full

recovery and optimal expression levels of the DREADDs receptors (Urban et al., 2016).

6.3.3 In vivo MRI procedures

At the start of the MRI scanning procedures, the rats were anesthetized using isoflurane
(5% for induction and 2% for handling procedures). After fixation of the animal in the
scanner, the isoflurane was gradually lowered to 0.4 % and an intravenous bolus
injection of medetomidine (0.05 mg/kg, Domitor®, Pfizer, Germany) was administered.
At 15 minutes after the bolus, the intravenous infusion of medetomidine (0.1 mg/kg/hr)
was started. All scans were acquired using a 9.4T Biospec MRI system (Bruker BioSpin,
Germany) with Paravision 6 software. Throughout the acquisition of the MRI scans, the
physiology of the animals was closely monitored. A pressure-sensitive pad (sampling
rate 225 Hz; MR-compatible Small Animal Monitoring and Gating system, SA
Instruments, Inc., USA) was used to record the breathing rate and the body temperature
of the animal was maintained at (37 £ 0.5) °C using a feedback controlled warm air
circuitry (MR-compatible Small Animal Heating System, SA Instruments, Inc., USA).
Additionally, a pulse oximeter was used to monitor the blood oxygenation (MR-
compatible Small Animal Monitoring and Gating System, SA Instruments, Inc., USA).
After the acquisition of all MRI scans, an injection of 0.1 mg/kg atipamezole (Antisedan®,
Pfizer, Germany) was administered to counteract the effects of the medetomidine

anaesthesia.

6.3.4 MRI scans acquisition

First, three anatomical multi-slice T2 Turbo-RARE scans (echo time (TE): 11 ms,

repetition time (TR): 2500 ms, field of view (FOV): (30 x 30) mm2, matrix [256 x 256], 16
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slices of 0.8 mm) were acquired to allow flat skull positioning of the coronal slices. Then,
a fourth scan was acquired with the above sequence that served as an anatomical
reference scan. Magnetic field inhomogeneity was corrected by local shimming in an
ellipsoid volume of interest within the brain. Resting state functional MRI (rsfMRI) scans
were acquired with geometrical parameters identical to the anatomical reference scan.
The rsfMRI scans started at 35 minutes after the medetomidine bolus injection and were
acquired using a T2* weighted echo planar imaging (EPI) sequence (TE: 18 ms, TR:
2000ms, FOV: (30 x 30) mm2, matrix [128 x 96], 16 slices of 0.8 mm). First, a 5-minute
baseline rsfMRI was acquired. Second, a 20-minute rsfMRI scan was acquired during
which the CNO (1mg/kg bodyweight) or vehicle (i.e., saline) was intravenously
administered at 5 minutes after the start of the scan. Then, a final 5-minute rsfMRI scan
was acquired. These three scans were acquired during one scan session (Figure 6-2A).
Two scan sessions were acquired for each animal in the DREADDs-expressing group,
during which the effect of either CNO or vehicle was evaluated. One scan session was

acquired for each animal in the control group to evaluate the off-target effects of CNO.

6.3.5 MRI data pre-processing

The pre-processing of the rsfMRI data was performed using Matlab R2014a and SPM12

software (Statistical Parametric Mapping, http://www.fil.ion.ucl.ac.uk). First, all images

within each session were realigned to the first image. Second, images were normalized
to a study-specific mean EPI template using a global 12 parameter affine transformation
followed by the estimation of the non-linear deformations. Then, a mask excluding the
ventricles and all voxels outside the brain was applied to the images. The head motion
estimation parameters were regressed out and the images were smoothed in an
isotropic manner, with a Gaussian kernel with full width at half maximum of twice the
voxel size (0.624 x 0.624 mm). Afterwards, all images were band pass filtered between

0.01 and 0.2 Hz (Zerbi, Grandjean, Rudin, & Wenderoth, 2015).


http://www.fil.ion.ucl.ac.uk/

6.3.6 MRI data analysis

6.3.6.1 ROI-based analysis

Regions of interest (ROIs) were drawn in brain areas that have been reported to be part
of the DMLN in rats, including the cingulate cortex (Cg), orbitofrontal cortex (ORB),
prelimbic cortex (PrL), retrosplenial cortex (RSC), parietal association cortex (PtPD) and
temporal association cortex (TEA) (Lu et al., 2012; Stafford et al., 2014). In addition, ROls
were drawn in regions belonging to the TPN, namely the primary somatosensory cortex
(51), secondary somatosensory cortex (S2), primary motor cortex (M1), secondary
motor cortex (M2) and insula (Ins). Separate ROIs for each hemisphere were used in
order to be able to discriminate ipsilateral and contralateral effects of right BFB
stimulation. The time series of the ROIs, consisting of 4 voxels, were extracted and
Pearson correlation coefficients were calculated between each pair of ROls. Then, these
correlation coefficients were Fisher’s z-transformed using an in-house program in
Matlab. Mean z-transformed matrices were obtained from the DREADDs expressing
group after injection of CNO and vehicle as well as from the sham group after injection
of CNO. These z-transformed matrices were used to calculate connectivity laterality

indices (CLI) for each pair of ROlIs as described in (Di, Kim, Chen, & Biswal, 2014).

6.3.6.2 Seed-based analysis

Seed-based analyses were performed in order to assess alterations in whole-brain FC of
brain regions that are part of the DMLN. Mean BOLD signal time series were extracted
from seed regions using the REST 1.8 toolbox in Matlab. Consequently, the obtained
time series was used in a general linear model analysis to compare it to the time series
of all other voxels in the brain. Resulting FC maps represent voxels in the brain that
significantly correlate to the temporal signal of the seed region. Mean group FC maps
were created for each seed region and these maps were also used to make masks
including all significant clusters (family-wise correction (FWE) corrected, p<0.05,
minimal cluster size = 10 voxels). The union of the masks after CNO and vehicle injection

in the DREADDs-expressing group was used to extract mean T-values from each animal.
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6.3.6.3 Fractional Amplitude of low frequency fluctuations

The fractional amplitude of low frequency fluctuations (fALFF) has previously been used
to reflect spontaneous resting state neural activity (Zou et al., 2008). In this study, we
obtained fALFF values using the REST 1.8 Toolbox in order to assess resting state neural
activity alterations in the DMLN. The time series of each voxel within a seed-based mask
was band-pass filtered between 0.01-0.2Hz and these filtered time series were
transformed to a frequency domain using a fast Fourier transformation. Then, the
obtained power spectrum was used to calculate the fALFF values which can be defined
as the ratio of the power within a frequency range (here 0.01 — 0.2Hz) and the total
power of the whole frequency range. The mean fALFF values were compared between
the CNO and vehicle injection in the DREADDs-expressing group.

Statistics

A linear mixed model analysis in JMP Prol3 software was performed to evaluate the
effect of administration of CNO or vehicle on FC in the DMLN over time in the DREADDs
expressing group and the sham group. In this analysis, the FC in the DMLN of the right
hemisphere was compared between the baseline scan and at 5-10 minutes, 10-15
minutes, and 15-20 minutes after administration of CNO or vehicle. The subject ID was
added in the model as a random variable. Student’s T corrections were applied for all
multiple comparisons. Further, the FC between ROI pairs in the DMLN and TPN was
compared between CNO and vehicle administration in the DREADDs expressing group
at 15-20 minutes after injection. A repeated measures Two-way ANOVA with Sidak’s
multiple comparisons correction was used to evaluate each ROI pair separately. A paired
Student’s T-test was used to compare the average intra- and inter-hemispheric DMLN
FC, the average whole brain FC of seed regions, as well as the fALFF values and CLI after
CNO injection or vehicle injection in the DREADDs-expressing animals. An unpaired
Student’s T-test was used to evaluate intra- and inter-hemispheric DMLN FC alteration
between both control groups and between the DREADDs-expressing group and sham

group. One-sample Student’s T-test were used to make mean seed-based FC maps.



6.3.7 Immunohistochemistry

6.3.7.1 Immunofluorescent staining

After the acquisition of all in vivo MRI scans, brain samples were collected from 8 rats to
evaluate the expression of the DREADDs. Rats were deeply anesthetized using an
intravenous injection with pentobarbital (Dolethal®, Vetoquinol, Belgium). Then, cardiac
perfusion was performed, first with an ice-cold PBS solution and afterwards with a 4%
paraformaldehyde solution (Merck Millipore, Merck KGaA, Darmstadt, Germany) for
fixation of the tissues. Brains were surgically removed and post-fixed in 4%
paraformaldehyde solution after which a sucrose gradient (5%, 10% and 20% sucrose)
was applied. Brains were snap frozen in liquid nitrogen and stored at -80 °C until further
processing. Brains were cut into 12 um sections using a cryostat (Cryostar NX 70, Thermo
Fisher Scientific). For the immunofluorescence stainings, the following primary
antibodies were used: Sheep Anti-Choline Acetyltransferase (1:500, Abcam; ab18736)
and rabbit Anti-m-cherry (1:500, Abcam; ab167453), as well as the following secondary
antibodies: Donkey Anti-Sheep (1:200, Abcam; ab150177) and 1:200 Goat Anti-Rabbit
(1:200, Abcam; ab7088). Nuclei were counterstained using DAPI (P369350,
Thermofischer Scientific). Stained sections were mounted using Prolonged Gold
Antifade.

6.3.7.2 Image acquisition

The overview images were collected from two animals with a CFl Plan Fluo 10X/0.3
objective on an automated Nikon Ti-E inverted microscope (Nikon Instruments Europe,
Amsterdam, The Netherlands) equipped with a SPECTRA light engine® solid-state light
source (Lumencor, Beaverton, USA) and a Nikon DS-Qi2 digital camera. Nikon NIS-
elements software was used to control the image acquisition and stitching. The
representative confocal images of 3 animals were taken with a Leica TCS SP8 confocal
laser scanning microscope (Leica-microsystems, Wetzlar, Germany). Blue fluorescence
was obtained with 405 nm diode laser and PMT detector. A white light laser (excitation
wavelength of 488 nm for green fluorescence (Alexa Fluor®488) and 596 nm for red

fluorescence (Texas Red®)) and a HyD detector were used to visualize green and red
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fluorophores. Z-stacks were acquired with a 0.5 um interval (HC PL APO CS2 63X/1.20

water). Images were acquired with a resolution of [1024 x 1024] pixels.

6.4 Results

DREADD
] fooe

ChAT-Cre rats

Cholinergic neurons

’-
[ ey < -

SLHET)]
Auayyw ;‘: -

| ChAT-Cre rats

Cholinergic neurons
ey

>

mCherry k{i =

D

Figure 6-1: Expression of DREADDs in basal forebrain cholinergic neurons. (A, B) Viral vectors
containing inverted DNA constructs encoding the DREADDs receptors were injected in the right
basal forebrain (BFB) of the experimental group during a stereotactic surgery. Viral vectors with
an empty DNA construct were injected in the right BFB of sham treated animals. ChAT-cre
transgenic rats were used in both groups. Cre recombinase, only present in cholinergic neurons,
is necessary for transcription of the genes, resulting in cell-type specific expression. (C, D, E)
Immunohistochemistry was performed on eight animals to check the expression of the DREADDs.
Representative maximum intensity projections are shown in which the expression of mCherry is
represented in red and cell nuclei in blue. (C) mCherry expression is observed in the cell body and
axons of the neurons. (D) ChAT, an enzyme present in cholinergic neurons, is presented in green.
(E) Co-localization of mCherry and ChAT in yellow (red + green). Virtually all cholinergic neurons
in the target region were transfected and no mCherry was observed in structures other than

cholinergic neurons.



6.4.1 DREADDs expression co-localizes with cholinergic neurons in the

right basal forebrain

Chemogenetic tools, such as DREADDs, allow to control the activity of selectively
targeted neuronal populations (Alexander et al., 2009). In our study, excitatory
DREADDs were used to increase the activity of cholinergic neurons in the right BFB. To
ensure exclusive DREADDs expression in the cholinergic neurons of the right BFB, we
used ChAT-Cre transgenic rats that selectively express Cre-recombinase in all choline
acetyltransferase (ChAT) expressing neurons, i.e., cholinergic neurons (Witten et al.,
2011). The presence of Cre-recombinase allows the conversion of the inverted DNA
constructs, so that gene transcription can take place. Viral vectors containing inverted
DNA constructs encoding DREADDs were stereotactically injected in the right BFB
(Figure 6-1). Since cholinergic neurons in the anterior medial portion of the BFB have
been shown to project to medial and frontal cortex and have been implicated to play a
role in attention, these medial nuclei were targeted during the stereotactic surgery
(Ballinger et al., 2016; Chaves-Coira et al., 2018). Immunohistochemical experiments
were performed on eight animals to validate transfection of cholinergic neurons in the
target region. The DREADDs were tagged with a fluorescent label (m-Cherry) which
could be observed in the targeted medial nuclei of the basal forebrain (BFB), namely the
horizontal diagonal band of Broca, substantia innominata and nucleus basalis of
Meynert. Dual visualization of mCherry, and ChAT that is a specific marker for cholinergic
neurons via immunohistochemistry, revealed co-localization of mCherry and ChAT in the
right BFB (Figure 6-1C-E). These results indicated successful cell-type specific

transfection of the cholinergic neurons in the selected regions in the right BFB.

6.4.2 DREADDs-induced neural activity modulation exerts its effects on
functional connectivity acutely after administration of clozapine-N-

oxide

First, the temporal profile of the DREADDs-induced FC changes within DMLN was
evaluated. Regions of interest (ROIs) were drawn in brain regions of the DMLN in rats

(Lu et al., 2012; Stafford et al., 2014) and their FC alterations were followed up over time
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after administration of clozapine-N-oxide (CNO). Significantly decreased FC in the right

DMLN could be observed in the DREADDs-expressing rats starting at 5— 10 minutes post-
CNO injection (1 mg/kg) (p = 0.002, Figure 6-3C). Furthermore, this significantly
decreased FC in the DMLN lasted at least until 20 minutes post-CNO injection (10-15
minutes: p = 0.01; 15-20 minutes: p = 0.001, Figure 6-3C). In contrast, CNO injection in
the sham group (1 mg/kg) (p = 0.154) or saline injection in the DREADDs-expressing
animals (5-10 minutes: p = 0.530; 10-15 minutes: p = 0.871; 15-20 minutes: p = 0.059)

did not elicit FC alterations (Figure 6-2).
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Figure 6-2: DMLN ROI-based analysis in the control groups: sham group after CNO injection and
DREADDs expressing rats after saline injection(A) Pairwise z-transformed FC matrix after CNO
injection (1 mg/kg) in the sham group (sub-diagonal) and after saline injection in the DREADDs-
expressing rats (supra-diagonal). The color bar represents z-scores. (B) Bar-graphs of the average
intra-hemispheric FC (z-scores) in the DMLN of the right hemisphere and left hemisphere, as well
as the average inter-hemispheric FC of the DMLN. Data are represented as mean +/- SEM.
Abbreviations: cingulate cortex (Cg), orbitofrontal cortex (ORB), prelimbic cortex (PrL),
retrosplenial cortex (RS), parietal association cortex (PtPD), temporal association cortex (TEA),
functional connectivity (FC), default mode-like network (DMLN), clozapine-N-oxide (CNO),

designer receptors exclusively activated by designer drugs (DREADDs).
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Figure 6-3: DREADDs-induced right basal forebrain (BFB) stimulation alters functional
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connectivity in the default mode like network (DMLN). (A) Timeline of the acquired rsfMRI scans
during one scan session. (B) Example of BOLD signal time courses from the right cingulate and
right retrosplenial cortex in one DREADDs-expressing animal after saline (vehicle) and CNO
injection. R-values on the lower right corners show the Pearson correlation coefficient of the
respective time-courses. (C) FC strength in units of Fischer-z transformed correlation (z-scores), in
the right DMLN of the DREADDs-expressing group after CNO injection and saline injection as well
as for the sham group after CNO injection. The time development of FC is shown at different time

points: baseline, 5-10 minutes, 10-15 minutes, and 15-20 minutes after administration of CNO or
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saline (see A). The asterisks indicate significant differences obtained by linear mixed model with
Student’s T correction for multiple comparisons. (D) Pairwise z-transformed FC matrix after saline
injection (sub-diagonal) and after CNO injection (supra-diagonal) in the DREADDs-expressing
group. The color bar represents z-scores. The stars indicate significant differences between the
saline injection and CNO injection (repeated measures Two-way ANOVA with Sidak’s correction
for multiple comparisons). (E) Illustration of the significantly decreased FC presented in panel D in
a ball and stick diagram overlaid on a 3D anatomical template surface. The lines represent
significant differences in the DREADDSs group after CNO injection with the color scale representing
the actual difference in FC between the two scans (saline vs CNO injection). Yellow indicates larger
FC decrease after CNO injection. The z-scores of both groups were statistically compared using a
paired Student’s T-test. * p<0.05, ** p<0.01, *** p<0.001, ****p<0.0001. Abbreviations: cingulate
cortex (Cg), orbitofrontal cortex (ORB), prelimbic cortex (PrL), retrosplenial cortex (RS), parietal
association cortex (PtPD), temporal association cortex (TEA), functional connectivity (FC), default
mode like network (DMLN), clozapine-N-oxide (CNO), designer receptors exclusively activated by

designer drugs (DREADDSs), minutes (min).



6.4.3 Right basal forebrain stimulation induces decreased intra- and

inter-hemispheric functional connectivity in default mode like network

To better understand the effect of right BFB stimulation on bilateral DMLN FC, a ROI-
based analysis was performed using DMLN ROlIs across the hemispheres. First, the FC of
DMLN regions after CNO injection and saline injection was compared in the DREADDs-
expressing group. The CNO and saline injections were performed in the same group of
animals during different scan sessions. These results demonstrated that CNO-induced
stimulation of the right BFB cholinergic system significantly decreased the FC between
various DMLN ROI pairs (Figure 6-4D). Additionally, comparing the average intra-
hemispheric and inter-hemispheric FC of the DMLN between both groups revealed
significantly decreased FC within the right hemisphere (p = 0.002) as well as between
the hemispheres (p = 0.007). Next to the evaluation of the FC within the DMLN, a seed-
based analysis was performed for seed regions in the right Cg and right RSP to assess
alterations of the FC patterns across the brain. These analyses revealed that right BFB

stimulation significantly decreased the FC for both seed regions (Figure 6-4A-D).

Furthermore, comparison of the DMLN FC between the sham group and the saline-
injected DREADDs-expressing group showed no significant FC alterations (Figure 6-5 B).
Non-specific effect of CNO injection on the intra- and inter-hemispheric FC of the DMLN
were evaluated by comparing the sham group with the DREADDs-expressing group after
CNO injection. This analysis showed that the average FC in the right hemisphere and
between both hemispheres significantly decreased only in the DREADDs-expressing rats
(Figure 6-5). These results suggest that CNO injection (1mg/kg) did not induce non-
specific effects on FC in the DMLN.
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Figure 6-4: Right basal forebrain (BFB) stimulation induces functional connectivity and resting
state neural activity decreases in the default mode like network (DMLN). (A, C) Representation
of mean seed-based FC maps of the right cingulate cortex (A) and right retrosplenial cortex (C) in
the DREADDs-expressing group after injection of saline and CNO (one-sample T-test, FWE

corrected p<0.05, minimal cluster size = 10 voxels). (B, D) Quantification of the FC strength as



mean T-values = SEM for both seed regions (right cingulate cortex (B) and right retrosplenial cortex
(D)). Statistical comparisons were performed using a Paired Student’s T-test. (E, F) Group-
averaged power-spectra of the seed-based maps of the cingulate and retrosplenial cortex in the
left (E) and right (F) hemispheres. Blue curves are the power-spectra after injection of saline,
orange curves are the power-spectra after injection of CNO (1mg/kg). (G, H) fALFF values
calculated from the seed-based FC maps of the right cingulate cortex and right retrosplenial
cortex. fALFF values were extracted from voxels of the left hemisphere (G) and right hemisphere
(H), after saline injection (blue) and CNO injection (orange). The bar-graphs present mean fALFF
values + SEM. A Paired Student’s T-test was used to statistically compare the mean fALFF values
between saline injection and CNO injection within the same group. * p<0.05, ** p<0.01.
Abbreviations: functional connectivity (FC), default mode like network (DMLN), fractional

amplitude of low frequency fluctuations (fALFF).

205



206

6.4.4 Right BFB stimulation induces resting state neural activity

decreases in DMLN

Next to the evaluation of FC alterations in the DMLN, the resting state neural activity
alterations in the DMLN were assessed by comparing the fractional amplitude of low
frequency fluctuations (fALFF, (Zou et al., 2008)) values upon CNO injection and saline
injection in the DREADDs-expressing group. In this analysis, fALFF values were extracted
from voxels in a mask consisting of the mean group FC map of seed regions in the right
Cg and right RSC (Figure 6-4E-H). These seed regions are key nodes of the DMLN in rats
and their FC maps were used as estimated masks of the DMLN FC. The obtained masks
were divided into unilateral masks for the ipsilateral right hemisphere and for the
contralateral left hemisphere. The extracted fALFF values in the masks of the right DMLN
showed significant decreases (Figure 6-4H). Interestingly, no alterations were observed

in the fALFF values from the maps in the left hemisphere (Figure 6-4G).
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Figure 6-5: FC after injection of CNO in shams and DREADD expressing animals. ROI-based
analysis assessing average FC in the DMLN after CNO injection in the sham group and the
DREADDs-expressing rats. Panels represent the average intra-hemispheric FC (z-scores) of the
DMLN in the left hemisphere (A) and right hemisphere (C), as well as the inter-hemispheric FC (z-
scores) of the DMLN (B). The average FC values were statistically compared between both groups
using an unpaired Student’s T-test. Data are represented as mean +/- SEM.* p<0.05.
Abbreviations: functional connectivity (FC), default mode-like network (DMLN), clozapine-N-

oxide (CNO), designer receptors exclusively activated by designer drugs (DREADDs).



6.4.5 Right BFB stimulation does not alter FC and resting state neural

activity in the task positive network

To investigate if the changes observed in FC and neural activity observed in the DMLN
are also present in other resting state networks (RSNs), we also analysed the task
positive network, which in rats includes somatosensory, motor, and insular cortices. No
significant differences were observed after injection of saline versus CNO in a ROIl-based
analysis (Figure 6-6A). Moreover, investigation of the low frequency neural activity using
fALFF demonstrates no significant differences in neural activity in the TPN after injection
of saline or CNO (Figure 6-6B). These results suggest that the observed changes in FC

upon activation of cholinergic neurons in the right BFB are specific to the DMLN.
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Figure 6-6: DREADDs-induced right basal forebrain (BFB) stimulation does not induce changes
in functional connectivity and neural activity in the task-positive network (TPN) A) Pairwise z-
transformed FC matrix after saline injection (sub-diagonal) and after CNO injection (supra-
diagonal) in the DREADDs-expressing group. The color bar represents z-scores. B) fALFF values
calculated from the seed-based FC maps of the left and right primary somatosensory cortex. fALFF
values were extracted from voxels of the left hemisphere and right hemisphere, after saline
injection (blue) and CNO injection (orange). The bar-graphs present mean fALFF values + SEM.
Abbreviations: primary somatosensory cortex (SS1), secondary somatosensory cortex (SS2),
primary motor cortex (M1), secondary motor cortex (M2), insular cortex (Ins), task-positive

network (TPN).
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6.4.6 Unilateral stimulation of right BFB induces lateralized effects in

DMLN and TPN
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Figure 6-7: Lateralized expression of DREADDs in the basal forebrain induces lateralized changes
in FC in DMLN and TPN. A) Maximum-intensity projections of the left and right basal forebrain of
two DREADD-expressing animals were obtained and were thresholded, after which the area
percentage of m-Cherry and DAPI was calculated. Next, the area percentage and mean intensity
of the m-Cherry was normalized to the DAPI, and an expression laterality index (ELI) was
calculated. The images demonstrate a highly lateralized expression of m-Cherry, predominantly in
the right hemisphere (0.99 top pair, 0.98 bottom pair). B) Connectivity Laterality indices (CLI) were
calculated for each ROIl-pair in the DMLN (top panel) and TPN (bottom panel). Bar-graphs
represent the mean CLI £ SEM, with negative values indicating right hemispheric dominance while
positive values indicate left hemispheric dominance. Paired student’s T-test was used to
statistically compare the mean CLI between saline injection and CNO injection. * p<0.05, **
p<0.01. Abbreviations: designer receptors exclusively activated by designer drugs (DREADDs),
cingulate cortex (Cg), orbitofrontal cortex (ORB), prelimbic cortex (PrL), retrosplenial cortex (RS),
parietal association cortex (PtPD), temporal association cortex (TEA), functional connectivity (FC),
default mode like network (DMLN), clozapine-N-oxide (CNO), primary somatosensory cortex (SS1),
secondary somatosensory cortex (SS2), primary motor cortex (M1), secondary motor cortex (M2),

insular cortex (Ins), task-positive network (TPN).



In the current study, DREADDs were injected in the right BFB during a stereotactic
surgery. To evaluate the successful unilateral expression of the DREADDs, histological
analysis of the m-Cherry expression in the BFB of both hemispheres was performed in a
subset of animals (N=2). The percentage-area of m-Cherry as well as the mean
intensities in the maximum-intensity projection were calculated and normalized

according to the percentage area and mean intensity of DAPI.

Then, the expression laterality index (ELI) was calculated using ELI=(R-L)/(R+L) for each
of the two animals. Figure 6-7A demonstrates that the m-Cherry expression was highly
localized to the right BFB, with only minor m-Cherry present in the side contralateral to
the injection site leading to expression laterality indices greater than 0.98 for both
animals. Then, according to our hypothesis, we investigated if the unilateral stimulation
of neurons in the right BFB expressing DREADDS would induce asymmetric and
lateralized changes in FC. To evaluate this, connectivity laterality indices (CLI) were
calculated based on the ROI-based matrices of the DMLN and TPN, as described
previously by (Di et al., 2014). Comparison of the CLI after injection of CNO and saline
revealed a significant increase in CLI towards the left hemisphere (as expected from
decreased FC in the right hemisphere) for a specific DMN pair and namely the
connection between ORF and PtPD (paired t-test, FDR-corrected (0.05); p = 0.0026).
Interestingly, while no significant changes in global FC were observed in the TPN,
analysis of the laterality revealed a shift towards the left hemisphere for some

connections upon cholinergic activation (Figure 6-7B).

6.5 Discussion

Chemogenetic-fMRI can provide important information about the effects of particular
nodes in the brain on whole brain activity and connectivity within specific networks
(Giorgi et al., 2017; Peeters, Hinz, et al., 2020). In this study, excitatory DREADDs were
expressed in the right BFB cholinergic neurons of rats, and the effects of DREADDs-
induced neural activity alterations were evaluated by means of non-invasive rsfMRI.

Several studies have already highlighted that the combination of the DREADDs
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technology and in-vivo imaging techniques is an emerging powerful tool allowing
scientists to advance their knowledge of brain networks in health and disease (reviewed
in (Peeters, Missault, Keliris, & Keliris, 2019)). Here, the excitatory DREADDs in the right
BFB cholinergic neurons were activated by CNO injection and rsfMRI scans were
acquired to evaluate the effect on FC and resting state neural activity in brain regions of
the DMLN. We showed that the effects of CNO-induced stimulation of BFB cholinergic
neurons appear at 5-10 minutes after administration. The temporal evolution of FC
changes we observed is consistent with previous research that demonstrated DREADDs-
induced neural activity modulations starting at 5 minutes after administration of its
ligand CNO (Alexander et al., 2009; Roelofs et al., 2017). Analysis of the CNO induced
functional connectivity and fALFF changes, indicated a general unilateral decrease in FC
and fALFF values in the DMLN ipsilateral to the expression cite in the BFB, while changes
in other networks were not significant. Notably, significant connectivity laterality
changes were found both in the DMN and TPN networks indicating that unilateral BFB
cholinergic stimulation can induce brain state changes consistent with a biased
attentional processing towards the ipsilateral hemisphere. Importantly, control
experiments with CNO injections in sham animals demonstrated the absence of non-

specific effects.

The DMN is implicated in higher cognitive functions which are thought to be specific for
humans, such as mind wandering and thinking about the past and future. The discovery
of a DMLN present in rodents raises questions about the functional homology between
these networks. Moreover, the need for anaesthetics and the differences in anatomy
between humans and rodents further impede interpretation and translation. Previously,
it was shown that visual stimulation decreases FC and deactivates nodes of the DMLN in
rats (Hinz et al., 2019), similar to observations in humans (Razlighi, 2018). Several studies
have demonstrated that pharmacological stimulation of the human cholinergic system
induces a desynchronization in the DMN (reviewed in (Sutherland et al., 2015)), which
is analogous with the observations in this study. The aforementioned observations thus

suggest shared mechanisms of task induced DMN suppression across species.



The BFB contains prominent groups of cholinergic, GABAergic, and glutamatergic
neurons through which it can modulate the entire neocortex. In a recent study, Turchi
et al. (2018) investigated how neuronal populations in the BFB contribute to the
spontaneous fMRI fluctuations in the cerebral cortex of monkeys. The authors
demonstrated that unilateral inactivation of the BFB, in particular the nucleus basalis of
Meynert, induced a prominent ipsilateral decrease in the global component of the
spontaneous fMRI fluctuations across its cortical projection areas. Furthermore, the
spatial extent of commonly observed resting state networks remained unaltered, while
significant decreases in ipsilateral network strength could be observed (Turchi et al.,
2018). Those results support the neuromodulatory role of the BFB via its control of
global spontaneous fluctuations. Advancing further than the above-described results,
our study shows that unilateral stimulation specific to the cholinergic BFB system
induces mainly ipsilateral FC reductions in the DMLN. Moreover, in our study, selective
activation of cholinergic neurons could produce differential effects between the DMN
and other networks, suggesting that specificity can play an important role in the surge
for therapies targeting specific networks, which provides a specific manipulation tool for
both fundamental studies of neuromodulation as well as potential rehabilitation efforts

in disorders with lateralized attentional deficits such as hemispatial neglect.

Previous tract tracing studies revealed that the cholinergic BFB neurons collectively
project towards a broad range of cortical areas as well as to brain regions of the limbic
system and thalamic nuclei (Mesulam, Mufson, Wainer, & Levey, 1983). It has been
shown that these cholinergic projection neurons are driven by differential inputs
allowing to control the efflux of acetylcholine and its timescale in various brain regions
(Gielow & Zaborszky, 2017). This supports the role of the BFB in various networks that
are implicated in, for example, attentional processes (Gielow & Zaborszky, 2017; Sarter,
Givens, & Bruno, 2001). As such, several behavioral and neuroimaging studies provided
evidence suggesting that attentional processes, including “top-down” and “bottom-up”
processes, depend on intact BFB cholinergic corticopetal projections (Pinto et al., 2013;

Sarter et al., 2001).
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The connections between the BFB and PFC have been implicated in the regulation of the
DMN (Alves et al., 2019; Nair et al., 2018). In 2018, Nair et al. demonstrated that the BFB
exhibits local gamma oscillations that influence gamma-band activity in a hub region of
the DMLN, the anterior cingulate cortex, during rest (Nair et al., 2018). In humans,
gamma-band activity in DMN areas is elevated during periods of wake immobility and is
transiently suppressed during the performance of cognitive tasks (Miller, Weaver, &
Ojemann, 2009; Ossandon et al., 2011). It has been suggested that GABAergic cells, in
particular somatostatin-expressing cells, or the glutamatergic cells in the BFB mediate
the generation and coordination of these gamma oscillations (Espinosa, Alonso, Lara-
Vasquez, et al., 2019; Espinosa, Alonso, Morales, et al., 2019; Yang, McKenna, & Brown,
2017). In our study, analysis of the low frequency fluctuations in the BOLD signal
revealed decreased FC and resting state neural activity in cortical DMLN region upon
stimulation of BFB cholinergic neurons. Interestingly, the low frequency fluctuations in
the BOLD signal have been suggested to be related to spontaneous gamma band local
field potentials (Leopold, Murayama, & Logothetis, 2003). Therefore, decreases in FC
and resting state neural activity (measured by fALFF) might be related to decreased
activity in neurons giving rise to gamma oscillations, such as GABAergic and
glutamatergic BFB neurons. We suggest that our findings might be mediated through
local axonal collaterals from BFB cholinergic neurons that terminate on other BFB cell
types (Zaborszky & Duque, 2000). This is in line with other studies showing that the
connections between cholinergic neurons and somatostatin cells in the BFB are
antagonistic (M. Xu et al., 2015; Zaborszky & Duque, 2000). Additionally, cholinergic
stimulation can induce inhibition of the BFB glutamatergic neurons (Yang et al., 2017).
The latter is thought to exert its effect on the DMN via the ventral striatum (van der
Meer et al.,, 2010). The interactions between both neuronal populations and the
cholinergic neurons might be an underlying mechanism through which the attention
networks and DMN exert their antagonism. However, future investigations of the BFB-
DMN circuitry have to be performed in order to elucidate the contributions of specific

BFB cell types.



In the current study, we did not investigate how chemogenetic activation of basal
forebrain cholinergic neurons alters their spiking activity. Cholinergic neurons in the
basal forebrain can be divided in two different subtypes, based on their
electrophysiological properties, the burst-firing and rhythmic (non-burst) firing neurons.
These neuron types have distinct firing properties and are thought to be involved in
different cognitive processes taking place at different timescales (Laszlovszky et al.,
2020). So far, no study has evaluated how DREADD induced activation alters firing
activity of cholinergic neurons in the basal forebrain. However, electrophysiological
recordings of mouse striatal cholinergic interneurons demonstrated an tonically
increased firing rate after DREADD-induced activation, leading to increased
concentrations of ACh. (Unal, Golowasch, & Zaborszky, 2012). Striatal interneurons are
known to have a distinct firing pattern of tonic activity interrupted by pauses. DREADD
induced activation of these interneurons also occluded these pauses (Aoki et al., 2018).
We hypothesize that DREADD induced activation on basal forebrain cholinergic neurons
has a similar effect, where spiking activity, of both bursting and rhythmic firing neurons,
dramatically increased upon chemogenetic activation, thereby increasing cholinergic
tone in the target regions. Increases in cholinergic tone have been observed in rats
performing a visual attention task (Parikh et al., 2007). Pinto et al. (2013) showed that
enhanced acetylcholine levels, by stimulation of the BFB cholinergic neurons, can
improve visual discrimination and sensory processing by inducing desynchronization of
cortical activity (Pinto et al., 2013). Recently, research performed in our lab
demonstrated that stimulating bottom-up sensory processing in sedated rats induced
decreases in FC between different nodes of the DMLN (Hinz et al., 2019). Collectively,
these findings might suggest involvement of the BFB cholinergic system in mediating the

reduced FC in the DMLN upon stimulation of bottom-up sensory processes.

Previous studies suggested that the BFB is a key player in modulation of cortical
networks. In this study, we combined the DREADD technology with in-vivo MRl in rats in
order to explore the involvement of the BFB cholinergic system in the regulation of the

DMLN. As such, excitatory DREADDs were used to selectively activate cholinergic
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neurons in the right BFB, and resting state fMRI scans were acquired to evaluate the
effect on DMLN FC and resting state neural activity. This is the first study which
demonstrates decreased right intra- and interhemispheric FC in the DMLN as well as
decreased right intra-hemispheric resting state neural activity upon selective,
cholinergic stimulation, in sedated rats. We conjecture that our DREADDs-induced
stimulation of the BFB cholinergic neurons mediates decreased DMLN FC through similar
pathways as task-related DMLN suppression. To conclude, our findings enrich the
current understanding of the DMLN and its underlying mechanisms in rodents and
provide a specific tool for future manipulation of activity and connectivity in studies

interested in cholinergic neuromodulation both in health and disease.

6.5.1 Limitations of the study

Despite DREADDs being an exquisite tool allowing specific targeting of neuronal
populations, their temporal precision is limited due the systemic nature of their
application and the mechanisms of action (most via G-protein coupled receptors). In
contrast, optogenetics — a technique that allows similar specificity — allows manipulation
of cell activities with millisecond precision and recent advancements provide single cell
precision, albeit at the cost of more invasive manipulations. Several studies have shown
that acute versus tonic cholinergic stimulation induce different effects. Therefore,
diverging results could be obtained when combining optogenetics with rsfMRI. Both
techniques are still developing and thus some of these limitations are expected to get
eliminated in the future. Another, limitation of our study is that although we targeted
specifically the cholinergic cells the effects could be mediated through interactions
between other neuronal populations in the BFB. More experiments investigating the
local interactions of the different neuronal populations in the BFB would be valuable to
further elucidate the neuronal mechanisms underlying the neuromodulatory effects of
the cholinergic system on the DMLN. To conclude, in the current study, only the right
BFB was transfected with DREADDs, resulting in a lateralized decrease in FCin the DMLN.
It would be interesting to compare these results to the effects of a bilateral cholinergic

stimulation.



7. General Discussion

In this PhD project, we set out to unravel network dysfunction in Alzheimer’s Disease
(AD). The overall aims of this PhD project were to evaluate how whole brain network
activity and hippocampal oscillatory activity is altered at pre- and early-plaques stages
of AD and how this is linked to histopathological AD-related alterations and behavioral
disturbances during exploration of a novel environment and during sleep. For this
purpose, we used a multimodal approach where we combined resting state functional
MRI (rsfMRI), hippocampal measurements of neuronal activity in freely behaving
animals and histological analysis. We investigated pre-plaque and early-plaque stages of
AD, using the TgF344-AD rat model, which displays all phenotypical hallmarks of AD.
First, we investigated whole brain alterations in network activity using rsfMRI, combined
with histology to gain insights into possible disease mechanisms contributing to the
changes in network activity. These results are presented in chapter 3. In chapter 4 and
5, we used hippocampal electrophysiology to evaluate neuronal activity and
hippocampal network function during different sleep stages, during wake immobility
and during exploration of a novel environment. In addition, analysis of the abundance
of cholinergic, glutamatergic, and GABAergic synapses was performed to gain insight
into synaptic alterations which might contribute to the altered hippocampal activity. In
the next step, we aimed to investigate the effects of modulating cholinergic signaling
on the functional connectivity in whole-brain networks. Therefore, we used designer
receptors exclusively activated by designer drugs (DREADDs) to modulate the neuronal
activity of basal forebrain (BFB) cholinergic neurons in healthy rats and evaluated the

effects on whole brain functional connectivity using rsfMRI in chapter 6.

7.1 Recapitulation of research aims and obtained findings

The first aim was to evaluate alterations in whole-brain network activity during
organized synchronous network events. In chapter 3 we have proven that network

function during recurrent patterns of brain activity, so-called quasi periodic patterns
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(QPP), is altered during the pre-plaque stage in the TgF344-AD rat model for AD. At this
stage soluble amyloid-beta (AB) monomers and oligomers were observed in brain
homogenates, in the absence of AB-plaques and hyperphosphorylated tau (pTau)
inclusions. We observed that BOLD activity in the BFB and several regions of the default
mode-like network (DMLN) was disrupted in TG rats within 3.6-second long QPPs.
Moreover, we observed that in the wild-type (WT) littermates, BFB activity preceded
BOLD activity of other regions of the DMLN within 9-second long QPPs. The BFB has been
demonstrated to be an important regulator of network activity and has been implicated
to regulate DMLN activity and the global signal measured with fMRI (Nair et al., 2018;
Turchi et al., 2018). This leading role of the BFB in QPP activity was lost in the TG rats,
suggesting altered BFB function during the pre-plaque stage of AD. The altered BFB
function coincided with increased astrocyte abundance in the nucleus basalis of
Meynert (NBM) and horizontal diagonal band of Broca (HDB), two nuclei of the BFB. This
might suggest that astrogliosis severely disrupted BOLD activity in the BFB and, given
the role of the BFB in the regulation of the DMLN, might contribute to the changes in
BOLD activity within the DMLN. Interestingly, we observed that BOLD activity patterns
within short QPPs during the early-plaque stage in TgF344-AD rats was more similar to
activity patterns observed in the WT rats, suggesting the action of compensatory
mechanisms. Moreover, astrogliosis in the BFB nuclei was not present anymore during
the early-plaque stage, whereas AB-plagues and pTau accumulations were observed in
the brain. This study provided novel insights into network alterations involving the
BFB during the pre-plaque stage of AD, and possible compensatory mechanisms during
the early-plaque stage. Moreover, this study shows that resting state functional MRI
combined with QPP analysis is a robust method to detect network disturbances in

neurological disorders already at early stages (Figure 7-1).

The second aim was to evaluate hippocampal network activity and how behavioral state
affects hippocampal function during pre- and early-plaque stages of AD, which could
provide insights into the impact of AD on different neuromodulatory systems. In chapter

4, we performed 24-hour hippocampal electrophysiological measurements while the



animals were in their home cage, to evaluate circadian rhythmicity, sleep architecture
and hippocampal oscillatory activity during sleep. We observed that at pre- and early-
plaque stages of AD, circadian rhythmicity was still intact in TgF344-AD rats, and we did
not observe significant differences in time spent in REM and NREM states. Moreover,
we did not observe signs of sleep fragmentation during NREM sleep. However, we did
observe a significantly increased probability for shorter REM bouts, suggestive of REM
sleep fragmentation, in TgF344-AD rats at the pre-plaque stage. Interestingly, at the
early-plaque stage, REM bout length was not significantly different from WT littermates.
When investigating hippocampal oscillatory activity during REM sleep, we observed a
significantly decreased fast gamma power in TgF344-AD rats, irrespective of age. In
addition, a decreased theta-gamma coupling was observed in the high gamma range at
the pre-plaque stage, which was partially compensated in the early-plaque stage.
Moreover, theta-gamma coupling in the low gamma range was significantly increased
during the pre-plaque stage in TgF344-AD rats but returned to WT levels at the early-
plaque stage. These results suggest a partial functional compensation of network activity
during early-plaque stage of AD during REM sleep. Interestingly, we observed an
increased number of cholinergic synapses in the hippocampus during the early-plaque
stage in TgF344-AD rats. This could contribute to the functional compensation we
observe during REM sleep, especially since the regulation of REM sleep and theta-
gamma coupling are heavily dependent on cholinergic signaling, in the absence of other
neuromodulatory inputs. During NREM sleep, we did not observe altered power across
different frequency bands, but we did observe a significantly increased duration of sharp
wave-ripples (SWR), electrophysiological phenomena closely linked to memory
consolidation. These alterations in oscillatory activity during NREM sleep, during which
cholinergic modulation is virtually absent, became worse over time in the TgF344-AD
rats, which is in contrast to the REM sleep alterations. These results demonstrate the
presence of REM sleep fragmentation already at pre-plaque stages of AD. Moreover,
the results of this study in TgF344-AD rats provides strong evidence for hippocampal
network disruptions during the pre-plaque stage of AD, and they point towards

cholinergic compensatory mechanisms at the early-plaque stage of AD, that improve
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hippocampal network function during sleep. These results are in line with the altered
BFB function at the pre-plaque stage of AD, as was observed in chapter 3 since

cholinergic projections to the hippocampus originate from the BFB (Figure 7-1).

In chapter 5, we evaluated hippocampal network activity while the animals were
exploring a novel environment during the pre-plaque stage of AD. High levels of arousal
are associated with high noradrenergic signalling, thus alterations which were
pronounced during exploration would point towards the impairment of noradrenergic
signalling. Moreover, hippocampal function is dependent on behavioral state, thus
differences in electrophysiological phenomena during different states could give insights
in which hippocampal processes could be affected at early stages of AD. In this study we
did observe alterations in hippocampal neuronal activity in 4-month-old TgF344-AD rats.
We demonstrated an overall decreased high theta power in TgF344-AD rats, irrespective
of behavioral state. In addition, we observed decreased theta-gamma coupling in the
high gamma frequencies during wake immobile, similar to what was observed during
REM sleep. Interestingly during exploration, an increased coupling strength between
consecutive trials was observed during exploration in the slow gamma frequencies in
the WT rats, which was less pronounced in the TgF344-AD rats. When investigating sharp
wave-ripples during wake immobile and explorative behavior, increased power of SWR
was observed in TgF344-AD rats irrespective of behavioral state. In addition, increased
slow gamma power during SWR was observed during wake immobile behavior together
with a decreased duration of SWR. These alterations in oscillatory activity coincided with
increased anxiety-like phenotype, similar to previous behavioral analysis (Pentkowski et
al., 2018). The results of this study confirm that altered hippocampal activity at the
pre-plaque stage was also present in awake rats, mainly during the wake immobility
behavioral state. The noradrenergic system is one of the main neuromodulators of
explorative behavior and is early affected in AD (Harley & Yuan, 2021; Lima et al., 2019).
However, in this study we did observe that hippocampal oscillatory activity shows less
alterations when compared to the wake immobile behavioral state, which is shaped by

the neuromodulatory input of several wake-promoting systems. This might suggest that



the noradrenergic system at the pre-plaque stage of AD is relatively spared, which
could be explained by the absence of pTau accumulation in the locus coeruleus (LC) at
the pre-plaque stage as is observed in chapter 3, which only showed accumulation of

pTau in the LC at 6 months of age (Figure 7-1).

Given the important role of the cholinergic system in AD and the observed involvement
of the BFB cholinergic system in compensation of network activity during the early-
plaque stage of AD in TgF344-AD rats, we aimed in the sixth chapter to investigate the
effects of unilateral BFB cholinergic activation on resting state networks. We used
chemogenetic tools to selectively activate cholinergic neurons in the NBM of healthy
rats and evaluated the effects of cholinergic stimulation on resting state networks using
rsfMRI. We observed a lateralized decrease in functional connectivity and decreased
amplitude of BOLD fluctuations within the default-mode like network, but not in the
lateral cortical network, upon unilateral activation of BFB cholinergic neurons. In
addition, we observed increased lateralization of functional connectivity in both the
default mode-like network and the lateral cortical network. This study confirmed that
combining resting state functional MRI and chemogenetic tools offers valuable
insights into the effects of cell-type specific modulation on brain connectivity.
Moreover, this study has shown that the BFB cholinergic system is an important
modulator of activity in the default-mode like network and to a lesser extent, lateral
cortical network in rodents, which is in line with the results from chapter 3 (Figure 7-

1).
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Figure 7-1: Summary of main findings. Arrows indicate a significant increase or decrease in the
parameter in the TgF344-AD rats compared to wild-type littermates. The effect size of the
difference is demonstrated by the size of the arrows. Green parameters showed no significant

difference between genotypes.

7.2 Quasi-periodic patterns, what are they?

One of the first achievements in this PhD project was the implementation of whole-brain
QPP analysis in rats and using QPPs to evaluate network (dys)function in AD. Moreover,
we have tried to investigate mechanisms which lead these QPPs and observed for the
first time ever that the BFB seems to be an important modulator of whole-brain network

activity within QPPs in WT rats. We also demonstrated that QPPs are able to detect



alterations in BFB activity and whole brain network activity, at pre-plaque stages of AD,
suggesting that QPPs could be used to detect AD at early stages of AD. Several studies
already observed increases in FC, so-called hypersynchrony, during pre-plaque stages of
AD in different mouse models (Ben-Nejma et al., 2019; Latif-Hernandez et al., 2019; Shah
et al., 2018; Shah et al., 2016). However, the observed changes were not specific to AD,
since similar increases in FC in the DMLN and hippocampal network have also been
observed in other neurological diseases such as ADHD and temporal lobe epilepsy,
therefore limiting the use of these FC changes as biomarker for AD (Haneef et al., 2014;
Silberstein, Pipingas, Farrow, Levy, & Stough, 2016; Sun et al., 2012). The altered BFB
coactivation and BOLD activity in chapter 3 could be a promising feature to detect AD,
since the BFB is one of the first regions affected in AD. However, our findings should be
validated in other animal models of AD and in patient populations across the entire AD
spectrum. Moreover, the exact meaning of QPPs remains unknown and the biological
underpinnings of these recurrent patterns of brain activity remain elusive, limiting the
interpretation of the AD related changes. In the next sections we elaborate on possible
disease mechanisms underlying these changes in BOLD activity within QPP activity. In
addition, we will describe how the QPP propagation observed in chapter 3 relates the

functional organization of the brain.

7.2.1 Underpinnings of the BOLD contrast

The BOLD contrast is highly dependent on the hemodynamic response arising from the
neurovascular coupling after neuronal activation (Buxton, Wong, & Frank, 1998; van Zijl
et al., 1998). Due to this relationship, the BOLD contrast is also heavily influenced by the
vascular architecture and reactivity. A vast amount of research is dedicated to
disentangle the neuronal and the vascular component in the BOLD signal by acquiring

fMRI and simultaneously measure neuronal activity and/or perfusion.

7.2.1.1 Contribution of neuronal subtypes
Early studies which combined fMRI with electrophysiological measurements have

demonstrated that the BOLD signal directly reflects an increase in neuronal activity.
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BOLD was originally thought to be mainly driven by increased firing rates of excitatory
neurons, as increased neuronal activity measured with LFPs strongly correlates with the
BOLD signal (Logothetis, Pauls, Augath, Trinath, & Oeltermann, 2001; Silva, Lee, Yang,
ladecola, & Kim, 1999). The direct connection between neuronal activity and BOLD
activity has been further demonstrated by recent studies using simultaneous calcium
recordings and fMRI which observed that activity of populations of neurons are tightly
correlated to the BOLD signal in cortical regions belonging to the DMLN and in the
hippocampus in anesthetized and in awake animals (Lake et al., 2020; Z. Ma, Zhang, Tu,
& Zhang, 2022; Pais-Roldan et al., 2020).

Excitatory pyramidal neurons have long been thought to be the main driver of positive
BOLD activity, while decreased activity of pyramidal neurons was associated with
negative BOLD signals. However, pharmacological studies have demonstrated by
blocking GABA receptors, that inhibitory interneurons play an important role in positive
BOLD activity. Inhibitory neurons can directly alter CBF and BOLD activity, demonstrating
that inhibitory neurons are also contributing to the BOLD signal (Han et al., 2019;
Howarth, Mishra, & Hall, 2021; Uhlirova et al., 2016). The increased functional
connectivity (FC) which is often observed in pre-plaque stages of AD, therefore does not
perse mean increased activity of glutamatergic neurons. The hypersynchrony can also
be caused by increased inhibitory neuronal activity.

In chapter 3 we observed alterations in BOLD activity in TgF344-AD rats. Interneuron
dysfunction is a prominent feature of AD, also at early stages of AD (Caccavano et al.,
2020; Hijazi et al., 2020). We observed a decreased ratio between excitatory and
inhibitory synapses in the cingulate cortex and retrosplenial cortex, suggesting increases
in GABAergic synapses or decreases in glutamatergic synapses. This is in line with
observations made during the pre-plaque stage in APP/PS1 mice, which showed
hyperexcitability of interneurons (Caccavano et al., 2020; Hijazi et al., 2020). Since
inhibitory neurons have been demonstrated to contribute to the BOLD response, we
could expect an increase in BOLD signal in TgF344-AD rats. This is in line with what we
have observed in chapter 3 within the 3.6-second-long QPP DMLN during the pre-plaque

stage, where we observed increased BOLD signal in the cingulate cortex in TgF344-AD



rats (figure 7-2). However, despite the decreased E/I balance observed at the early-
plaque stage, we did not observe increased BOLD activity during in 6-month-old TgF344-
AD rats, suggesting that besides the impact of interneuronal activity, other contributions

to the BOLD signal should be taken into account.

U
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Figure 7-2: Changes in Quasi-periodic patterns in 4M old TgF344-AD rats. BOLD signal before and
within the 3.6 second long rQPP DMLN+ (yellow shading) during the pre-plaque stage in TgF344-
AD rats in the cingulate cortex (Cg), basal forebrain (BFB), and Somatosensory cortex (SS) were
averaged across QPP occurrences. Both graphs show the mean +/- SEM. Stars indicate significant
differences in BOLD signal between groups in either the Cg or BFB region between groups.

***%p<0.0001

Cortically projecting neuromodulatory neurons have also been implicated to have an
impact on neuronal activity and the neurovascular coupling, therefore influencing the
BOLD signal (Lecrux & Hamel, 2016; Lecrux et al., 2017; Perrenoud et al., 2012). These
neuromodulatory systems can alter the hemodynamic response, independently of
activity of excitatory neurons, potentially complicating the interpretation of BOLD
signals in diseases in which these systems are affected. It is important to consider if the
sensitivity of the vasculature to neuronal activity i.e., cerebrovascular reactivity, is
altered by changes in these neuromodulatory systems. Several studies have
demonstrated that decreases in cholinergic tone induce a decreased correlation
between neuronal activity and the hemodynamic response (Lecrux et al., 2017; Zaldivar,
Rauch, Logothetis, & Goense, 2018). Similar changes in neurovascular may contribute to

alterations in BOLD signals in AD, because of the cholinergic impairment in AD. In
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chapter 3 we observed increased astrocyte abundance in the BFB, which, given the
important role of astrocytes in synaptic transmission, could result in a decreased
cholinergic innervation of the cortex, which in turn decreases the BOLD activity in
cortical regions. When investigating the number of cholinergic synapses in the cortical
regions, we did not observe significant differences, so this hypothesis remains
speculative. Future experiments should investigate if altered cerebral blood flow and
vascular reactivity occurs at pre- and early-plaque stages of AD in the TgF344-AD rats,
to improve interpretation of the current findings. In chapter 6 we have increased the
cholinergic tone in the cortex by activating cholinergic neurons in the nucleus basalis of
Meynert. We observed decreased FC specifically in the DMLN, but not in regions
belonging to the LCN (Figure 6-3, Figure 6-6). Cholinergic projections from the NBM
innervate regions of the DMLN as well as the LCN such as somatosensory cortices
(Bloem, Schoppink, et al., 2014; Chaves-Coira, Barros-Zulaica, Rodrigo-Angulo, & Nunez,
2016; Zaborszky et al., 2015). If neurovascular coupling would be altered by the
increased cholinergic tone, one would expect that this effect would be similar in both
cortical networks, suggesting neuronal underpinnings to the observed changes in BOLD
signal and FC. However, given the aforementioned vascular effect of an increase of
acetylcholine, we should consider that altered neurovascular coupling could contribute

to the observed changes in FC.

7.2.1.2 Differential contribution of astrocytes

Astrocytes are in close contact with both neurons and vasculature and have been
demonstrated to play an important role in supporting neurons in their energy demand
through its involvement in the neurovascular coupling (Schummers, Yu, & Sur, 2008;
Winship, Plaa, & Murphy, 2007). Neuronal activity evokes a slow increase in intracellular
calcium in astrocytes, inducing the release of vasoactive molecules which in turn results
in a hemodynamic response. Increases in BOLD signal have been observed after
optogenetic stimulation of astrocytes, without altering neuronal activity, further
suggesting a role for astrocytes in neurovascular coupling (Takata et al., 2018). However,

these slow calcium currents have been criticized as being too slow to explain the



vascular response to neuronal activity (Institoris, Rosenegger, & Gordon, 2015). In
contrast, fast calcium signals which occur mainly at the astrocytic end-feet have been
increasingly associated with neuronal and/or synaptic activity. These arise shortly after
an increase in neuronal activity and potentiate the increase in blood flow in the capillary
beds (Di Castro et al., 2011; X. Gu et al., 2018; Otsu et al., 2015). Moreover, these fast
calcium signals in response to neuronal activity have been shown to induce increases in
the BOLD signal, demonstrating an astrocytic contribution to the resting state signal.
Astrogliosis, resulting in increased astroglial reactivity, is a prominent hallmark of AD,
which could interfere with neurovascular coupling. In chapter 3 we observe astrogliosis
in the BFB at the pre-plaque stage, a region which also showed decreased BOLD activity
within recurrent patterns of brain activity. Given the versatile role of astrocytes in
neuronal signalling and neurovascular coupling, future experiments aiming to unravel

the effects of astrogliosis in the BFB on BOLD activity in the cortex in AD are necessary.

7.2.1.3 Vascular contribution

BOLD activity is, in addition to neuronal and astrocytic signals, shaped by the properties
of the vasculature itself (Howarth et al., 2021). The vascular mural cells which are
responsible for direct constriction and dilation of blood vessels are the smooth muscle
cells, which are present around arterioles, and pericytes, which mainly regulate the flow
in the capillary beds (Attwell, Mishra, Hall, O'Farrell, & Dalkara, 2016; C. N. Hall et al.,
2014). Pericytes are cells that express smooth muscle actin, and which have been
demonstrated to actively constrict and dilate capillaries in response to neuronal activity.
Capillary dilatation contributes to 50-80% of the overall change in CBF in response to
neuronal activity, whereas arteriole dilation contributes less than 25% to the change in
CBF (C. N. Hall et al., 2014). Soluble AB-monomers and oligomers have been shown to
induce pericyte constriction, whereas intramural AP aggregates impair arteriolar
reactivity, resulting in vascular impairments in AD (Hill et al., 2015; Kimbrough, Robel,
Roberson, & Sontheimer, 2015; Nortley et al., 2019). In chapter 3 we observed
differences in BOLD activity in several regions of the brain mainly during the pre-plaque

stage in the TgF344-AD rats. Moreover, we observed an increased similarity between
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BOLD activity between groups at the early-plaque stage. A similar trend was observed
in chapter 5, where alterations in hippocampal neuronal activity were also more
pronounced at the pre-plaque stage. These results suggest that the altered BOLD activity
has neuronal underpinnings and are therefore, a marker for early synaptic dysfunction
in AD. However, we could not exclude vascular contributions, especially since alterations
in vascular reactivity are known to occur in AD patients (Alwatban, Murman, & Bashford,
2019; Hutchison et al., 2013). Cerebral amyloid angiopathy and decreased
cerebrovascular reactivity in response to hypercapnia have been observed in TgF344-AD
rats at 9 months of age (Joo et al., 2017). No studies on cerebrovascular reactivity have
been performed at pre- and early-plaque stages of AD in the TgF344-AD rat, therefore
we cannot estimate the extend of the vascular contribution to the alterations observed
in chapter 3. Currently, several studies in our lab are evaluating cerebrovascular

reactivity and cerebral perfusion at the pre-plaque stage of AD in TgF344-AD rats.

7.2.2 Functional gradients in the brain and QPPs

Besides the promising results in this thesis, there is still a lack of knowledge about what
QPPs actually are and how they are contributing to the functionality of the brain. A key
principle in the topographical structure of the cortex is that it is organized based on
cognitive processes (Bernhardt, Smallwood, Keilholz, & Margulies, 2022). Each brain
network is characterized by distinct functions. Some are related to primary functions
such as auditory or visual perception and movement, while other networks are involved
in more general functions such as cognition, attention, and emotional processing. MRI
studies in humans, monkeys and rodents have demonstrated that the functional
organization of the brain can be captured by two functional gradients (Figure 7-3)
(Huntenburg, Yeow, Mandino, & Grandjean, 2021; Margulies et al., 2016; Mesulam,
1998; Tong et al., 2022). The principal gradient or gradient 1, separates unimodal regions
(e.g. auditory cortex, motor cortex) from transmodal association regions (e.g. frontal
cortex, regions belonging to the DMN). The second gradient separates somatosensory,

motor, and auditory cortex from the visual cortex.
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Figure 7-3: functional gradients in the human brain and its relation to propagation of cortical
activity within QPPs. The principal gradient of connectivity in both the human and monkey’s
shows a spectrum between unimodal regions (dark blue) and transmodal regions (sienna). (B) The
illustration of connectivity organization suggested by Mesulam (Mesulam, 1998) proposes a
hierarchy of processing from distinct unimodal areas to integrative transmodal areas. (C) A scatter
plot of the first two connectivity embedding gradients. Gradient 1 extends between primary
sensorimotor and transmodal regions (red). Gradient 2 separates somatomotor and auditory
cortex (green) from visual cortex (blue). Histograms depicting the distribution of values are
presented on the respective axes. Colors from the scatter plot are presented on the cortical
surface for anatomical orientation. (D) QPP time peak map (left) vs the primary cortical gradients
(Pearson correlation between the maps is 0.91), supporting that the peak activities within QPPs
highly resemble the primary cortical gradient. (E) Seven timecourses of the average QPP
timecourses across the cortical network (map serves as legend). (F) 9-second long rQPP from
wildtype (WT) rats at four months of age. Somatosensory cortex (white arrowheads) activates
before the cingulate (purple arrowheads) and visual cortex (green arrowheads). Al, primary

auditory; ag, angular gyrus; cing, anterior cingulate cortex; ifg, inferior frontalgyrus; infs,
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intermediate frontal sulcus; L, limbic; M1, primary motor; mfg, middle frontal gyrus; mtc, middle
temporal cortex; P, parietal; Pf, prefrontal; phf, para-hippocampal formation; pmc, posteromedial
cortex;ps, principal sulcus; S1, primary somatosensory; sfg, superior frontal gyrus; V1, primary
visual; vmpfc, ventromedial prefrontal cortex. Figure adapted from (Margulies et al., 2016; Yousefi

& Keilholz, 2021)



Keilholz et. al investigated if propagation of BOLD activity within QPPs would obey this
functional organization (Figure 7-3 D, E). They observed that cortical activity propagates
along the primary gradient, where positive BOLD peaks in the somatomotor regions,
visual cortex and auditory cortices precede the positive peak activity within the dorsal
and ventral attention network, followed by peak activity in the limbic system and DMN
(Figure 7-3 E) (Yousefi & Keilholz, 2021). In chapter 3 we tried to investigate how activity
propagated during long QPPs. The 9-second long QPPs observed in rats do show an
activated LCN, mainly consisting of somatosensory and motor cortices, followed by an
activation within the DMLN, similar to the primary functional gradient (Figure 7-3 F).
However, the visual cortex peak was lagging behind the peaks in the frontal DMN, which
does not follow the primary functional gradient. The second cortical gradient separates
auditory, somatosensory, and motor cortices from the visual cortex, so it seems that in

anesthetized rats, the QPP activity also propagates along the second gradient.

7.3 The role of sleep in AD

Sleep is a complex behavioural state defined by the complete loss of behavioural control
and consciousness. Sleep plays an important role in several physiological functions
including synaptic homeostasis and plasticity, brain waste clearance, modulation of
immune responses and cognition (Diekelmann & Born, 2010; Zielinski et al., 2016).
Research over the past decades demonstrated that physiological changes in circadian
rhythm and sleep architecture emerge during the normal aging process (Mander et al.,
2017; Romanella et al., 2021). These physiological changes in sleep characteristics are
associated with brain changes, such as decreased synaptic plasticity and impaired
cognitive function. Sleep alterations are often present during early stages of AD, as
reduced total sleep time, sleep fragmentations and a reduced time spent in deep sleep
stages have repeatably been observed in MCI patients (Carnicelli et al., 2019;
Casagrande et al., 2022). These sleep disturbances exacerbate AD pathology, since AB
production is increased during wakefulness and clearance of waste products by the
glymphatic system is decreased, as NREM time decreases (Duncan et al., 2022; Y. S. Ju

et al,, 2017; Liguori et al., 2020; Roh et al., 2012).
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In chapter 4, we did not observe significant differences in sleep time or circadian
rhythmicity. However, we did observe signs of REM sleep fragmentation during the pre-
plaque stage of AD. Interestingly, 16-month old TgF344-AD rats display increased
fragmentation of both REM and NREM, without differences in time spent in these
vigilance states (Kreuzer et al.,, 2020), suggesting that the alterations in sleep
architecture worsen as the disease progresses in TgF344-AD rats, similar to what is
observed in human AD (Casagrande et al., 2022; M. Hu et al., 2017; Kang et al., 2017).
Animal studies in J20 mice and Tg2576 mice displayed decreased time spent in REM and
shorter REM bout length, without alterations in NREM, implying that REM changes
precede NREM changes also in other mouse model of AD, similar to what is observed in
the TgF344-AD rats (Filon et al., 2020; B. Zhang et al., 2005). REM sleep alterations have
also been observed in people with subjective cognitive decline, a patient population at
risk of developing AD related dementia (Liguori et al., 2020). In addition, a longitudinal
follow up study in patients who converted from MCI to AD-related dementia reported
reduced REM sleep (Carnicelli et al., 2019), demonstrating that reduced time spent in
REM is associated with a higher risk of developing dementia (Pase et al., 2017).
Aforementioned results imply that alterations in REM sleep also occur early in human
AD, often in the absence of NREM disturbances which is thought to be the result of
degeneration of cholinergic neurons (Kerbler et al., 2015; Romanella et al., 2021).

Interestingly, REM sleep seems to be relatively preserved during normal aging.

7.4 Behavioral states, brain states and neurotransmitter systems
and AD

In this thesis, we investigated network function using rsfMRI and electrophysiology
during different behavioral states; NREM sleep, REM sleep, exploration, wake
immobility and under anesthesia. We observed network impairments at the pre-plaque
stage mainly during REM sleep, wake immobility and under anesthesia. The network
activity during NREM sleep and wake immobility was less affected during the pre-plaque
stage. Moreover, hippocampal, and cortical network activity during REM sleep and

anesthesia was partially recovered in the early-plaque stage in TgF344-AD rats.



However, we did observe altered hippocampal activity during NREM sleep mainly at the
early-plaque stage, suggesting differential effects of behavioral state on network
activity. The different states of arousal are tightly controlled by the interplay between
neuromodulatory systems. The interplay of the noradrenergic and cholinergic system
has been demonstrated to be important for a variety of cognitive functions such as
attention, learning and decision making (Slater, Liu, Weiss, Yu, & Wang, 2022).

Moreover, these systems have been demonstrated to be affected at early stages of AD.

7.4.1 Integrated and segregated states, different neuromodulatory

systems and AD

The brain must integrate a wide range of incoming stimuli from its environment and use
this stream of complex information into representations which are used to plan the next
action (Shine, 2019). To facilitate this, it is important that several brain regions are
connected to each other and work together. But excessive integration, such as during
an epileptic seizure when a large number of brain areas activate in synchrony, results in
the incapability of the brain to process information in a meaningful way. The capacity
for integration is undeniably important for survival, however, the brain must also be able
to segregate information into distinct modules, which perform specialized
computations. This allows the brain to perform for example difficult cognitive tasks. If
there would be no segregation, signals tend to become noisy, limiting the ability of the
brain to perform certain cognitive tasks. A proper balance between segregated and
integrated brain states is crucial for cognitive function (J. R. Cohen & D'Esposito, 2016).
Understanding these dynamics has important clinical implications, as the ability to
segregate and/or integrate information is impaired in several neurological disorders,

including in AD (Lord, Stevner, Deco, & Kringelbach, 2017; Shappell et al., 2021).
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Figure 7-4: The role of the cholinergic system and noradrenergic system in segregation and
integration. A) Projections originating from the cholinergic system (blue) demonstrate a high
topology and innervate well defined regions with a specific function, suggesting a more
segregated structure. On the other hand, the noradrenergic projections (red) from the locus
coeruleus (LC) target regions with different functions, promoting integration. B) FC decreased in
the DMLN upon activation of basal forebrain cholinergic neurons, supporting the segregating
influence of cholinergic activation. C) Effective connectivity, a measure for directed FC, increases
upon phasic stimulation of the LC, demonstrating the integrating role of noradrenergic signaling.
Cg = cingulate cortex, ORB = orbitofrontal cortex, PrL = prelimbic cortex, TeA = temporary
association cortex, PtPD = parietal cortex, Thal = thalamus, Amy = amygdala, HC = hippocampus.

Figure adapted from (Grimm et al., 2022; Peeters, van den Berg, et al., 2020; Shine, 2019).

In neuroscience, integration and segregation network measures are primarily based on
graph theory metrics, which define a network as a set of nodes and edges between the
nodes. In practice, these nodes usually represent EEG electrodes, MEG channels or
regions of interest derived from functional or structural MRI scans. Measures of
segregation are based on the concepts of clustering coefficients and modularity. The
clustering coefficient of a node is determined by the ratio of the number of actual
connections with the direct neighbors and the total number of possible connections
between the neighbors. A connection is present when there is a significant FC between

to nodes. The clustering coefficient provides information about the efficiency of



information transfer which is represented with a high clustering coefficient. Modularity
is an important measure for the level of segregation. Modularity is described by the
number of connections within groups, minus the expected number of connections in an
equivalent network with random connections. High modularity value indicates that each
module contains several densely interconnected nodes, but only few connections exist
between different modules (M. E. Newman, 2006) (Figure 7-4A). Instead, measuring the
integration of a network is commonly based on the average minimum number of
connections that link two nodes, the so-called characteristic path length. Short path
lengths indicate a high degree of integration. Another measure of high integration is a
nodal degree which states the number of edges that is linked to a particular node (Figure
7-4A) (Dai & He, 2014). These metrics have been extensively used to investigate brain

function in health and disease.

Recent advances have implicated that the noradrenergic LC and cholinergic BFB regulate
the amount of segregation and integration to promote cognitive and attentional
function (Grimm et al., 2022; Shine, 2019). High levels of NA have been associated with
exploratory behavior and cognitive flexibility when shifting between tasks, while ACh is
typically associated with attentional selection and specific cognitive tasks (Aston-Jones
& Cohen, 2005; Noudoost & Moore, 2011; Yu & Dayan, 2005). Therefore, researchers
hypothesize that NA promotes integration, while ACh promotes segregation. This
principle is reflected in the neuroanatomy of the NA and ACh system (Figure 7-4A).
Projections from the LC typically cross multisensory boundaries, which allows
coordination of activity between otherwise separated regions of the brain (Fuxe et al.,
2010). In contrast, the cholinergic neurons in the BFB show a high degree of topology,
where specific neurons in the BFB innervate specific cortical regions, promoting
segregation (Bloem, Schoppink, et al., 2014; Markello, Spreng, Luh, Anderson, & De
Rosa, 2018; Zaborszky et al., 2015). Moreover, the role of the LC in integration is
confirmed by a recent study that demonstrated that stimulation of the LC changes the
activity and connectivity in neuronal networks. Increased firing in the LC was observed

to enhance network integration, demonstrated by increased effective connectivity
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between different nodes after phasic LC stimulation (Figure 7-4C) (Grimm et al., 2022).
In line with this, we observed in chapter 6 that activation of cholinergic neurons in the
BFB promotes segregation as we observed decreased FC in the DMLN (Figure 7-4B)

(Peeters, van den Berg, et al., 2020).

AD affects both the noradrenergic as the cholinergic system and is associated with
alterations in network function already at early stages of the disease. Recent advances
have tried to investigate how the level of integration and segregation in brain networks
is affected across the AD spectrum. Early rsfMRI studies in MCl and AD patients observed
decreased global network efficiency, demonstrated by increased characteristic path
lengths, suggestive of disrupted integration in AD, which progresses with disease
severity (Dai & He, 2014; Y. Liu et al., 2014; Z. Liu et al., 2012; Zhao et al., 2012). In
addition, two studies showed increased segregation as demonstrated by increased
modularity (Z. Liu et al., 2012; Zhao et al., 2012). However, the majority of the studies
observed signs of disrupted segregation (Brier, Thomas, Fagan, et al., 2014; G. Chen et
al., 2013; J. R. Cohen & D'Esposito, 2016; Y. Li, Qin, Chen, & Li, 2013; Supekar, Menon,
Rubin, Musen, & Greicius, 2008). This discrepancy could be explained by differences in
AD severity, since the studies that observed increased segregation included patients
with a more severely impaired cognition, compared to the studies which observed
disrupted segregation (Dai & He, 2014). This discrepancy shows that the network
function at different stages of AD shows different characteristics. A recent study
investigated these properties in cognitively healthy people carrying the PS1 mutation,
which are thought to develop early-onset AD dementia over the next decade. They
observed a decreased functional segregation compared to healthy controls without
genetic predisposition for AD in the DMN. Moreover, increased integration and
functional segregation was observed in regions belonging to the salience network. In
turn, they show that a greater tau burden was associated with increased integrated and
segregated connectivity in the cingulate cortex and retrosplenial cortex (Guzman-Velez
et al.,, 2022). These results suggest alterations in integration and segregation of

functional network occurs already before cognitive symptoms are present. Performing



similar type of analyses to evaluate functional integration and segregation in the
TgF344-AD rats would be interesting to identify possible disease mechanisms and to gain

further insights into network dysfunction at pre- and early-plaque stages of AD.

7.4.2 The medetomidine-isoflurane anesthetized brain

To limit animal discomfort and motion during MRI scanning procedures, animals are
lightly sedated. A variety of anesthesia protocols for laboratory animals are available
and several studies have investigated the effects of different anesthetic agents on BOLD
activity and functional connectivity (FC). Recent studies have demonstrated that the FC
under a combination of 0.4% Isoflurane and medetomidine anesthesia moderately
mimics the FC in awake animals and results in high quality rsfMRI scans (Joanes
Grandjean et al., 2022; Paasonen et al., 2018; Steiner, Rousseau-Blass, Schroeter,
Hartnack, & Bettschart-Wolfensberger, 2021). In both rsfMRI studies described in
chapter 3 and 6, this combination of anesthesia was used. Isoflurane is a GABA receptor
agonist which are widely distributed in the cerebral cortex, hippocampus, basal ganglia,
thalamus, brainstem, and cerebellum. Isoflurane induces anesthesia and a burst
suppression like activity pattern, consisting of alternating epochs of silenced cortical
activity and periods with high amplitude sharp waves (Ferron, Kroeger, Chever, &
Amzica, 2009). Medetomidine is an a2-adrenoreceptor agonist and mediates sedation
through activation of these a2-adrenergic receptors which are located throughout the
central nervous system. Medetomidine binds to the a2-adrenergic receptors and
thereby inhibits the pre-synaptic release of noradrenaline, resulting in sedation and

muscle relaxation.

This medetomidine-isoflurane anesthetized state with a low noradrenergic but
normal/high cholinergic tone, is very similar to the brain state during REM sleep (Table
1-1). This is further confirmed by the desynchronized cortical and hippocampal EEG/LFP
activity which is observed during medetomidine-isoflurane anesthesia, where delta and
theta frequencies are dominating (ltamoto et al., 2002; Xi et al., 2018). This could

partially explain the high similarity between the QPP findings in chapter 3 and the REM-
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sleep disturbances in chapter 4, where we observed altered network activity at the pre-
plaque stage and (partial) restoration of network activity during the early-plaque stage,

using different experimental techniques that measure neuronal activity.

One major limitation of using medetomidine is the fact that by shutting down the
noradrenergic system, you ameliorate the effects of AD related disruptions of
noradrenergic signaling on brain activity (Zerbi et al., 2019). This is a severe limitation
given the important role of the noradrenergic system in the modulation of cortical
activity and its involvement during early stages of AD. We have demonstrated that pTau
accumulation was present in the LC of 6-month-old TgF344-AD rats and recent studies
observed decreased noradrenergic innervation of the hippocampus and altered
noradrenergic signaling at this age (A. M. Goodman et al., 2021). Future studies using
anesthetic agents with different mechanisms of action, or studies in awake rats, would
be valuable to evaluate the noradrenergic system and its role in network activity in

TgF344-AD rats at pre- and early-plaque stages of AD.

7.4.3 Hippocampal function during different behavioral states in AD

One of the aims was to evaluate how hippocampal network function was affected during
different behavioral states at the pre- and early-plaque stages of AD. In chapter 5 we
evaluated hippocampal activity while the animals were exploring a novel environment.
When an animal moves through the environment, pyramidal cells in the hippocampus
CA1 area fire in a location-specific manner. The firing sequences of these cells during
running behavior are re-expressed at an accelerated rate during subsequent slow-wave
sleep (Kudrimoti, Barnes, & McNaughton, 1999; A. K. Lee & Wilson, 2002) or wake
immobility (Diba & Buzsaki, 2007). This “replay” of neuronal activity co-occurs with SWR,
which are the hallmark of memory replay observed mainly during wake immobility and
NREM sleep. We observed decreased duration of SWR during wake immobility.
However, in chapter 4 we observed a significantly longer SWR duration in TgF344-AD
rats during NREM sleep, irrespective of age. These conflicting results could in part be

explained by the influence of behavioral state on SWRs. SWRs appear to have different



functions, dependent on the behavioral state. During wake immobility, SWRs represent
the rapid retrieval of previous experiences to aid in memory-guided decision making,
while during NREM sleep, SWRs support memory consolidation (Roumis & Frank, 2015).
This difference in function is also reflected in differences in generation/regulation of
SWRs. Silencing of the CA3 region affects both ripples during wake immobility and during
NREM, demonstrating that input from the CA3 is crucial for the generation of SWR,
independent of behavioral state (Yamamoto & Tonegawa, 2017). The medial entorhinal
cortex (mEnt) is the major input of somatosensory information to the hippocampus
(Axmacher et al., 2008; Igarashi et al., 2014). Disruption of entorhinal signalling has been
demonstrated to decrease SWR duration during wake immobility, but not during NREM
sleep (Oliva et al., 2018; Yamamoto & Tonegawa, 2017), suggesting that entorhinal
signalling is not crucial for ripple generation during NREM. Moreover, differences in
neuromodulatory systems during wake immobility and NREM sleep could result in

apparent conflicting differences in SWR activity.

When animals are moving around and memorizing new locations, theta oscillations are
prominently present throughout the hippocampus and have been associated with online
spatial memory consolidation (Bland & Oddie, 2001; Buzsaki et al., 2003; Buzsaki &
Tingley, 2018; Colgin, 2016). In animals, theta oscillations can be divided into two types,
type |, or atropine insensitive theta (8-12 Hz) which are dominant during exploration and
type I, or atropine sensitive theta (4-9 Hz), which are dominant during wake immobile
(Buzsaki, 2002; Z. Gu & Yakel, 2022; Kramis et al., 1975). In chapter 5 we observed a
decreased power of type | theta oscillations, mainly during exploration, in 4-month old
TgF344-AD rats, which is in accordance to findings at later stages in the TgF344-AD rats
(Stoiljkovic et al., 2019). Several studies have demonstrated that theta rhythm in the
CA1 layer of the hippocampus during exploration is partially driven by excitation of CA1
pyramidal cells as a result of excitatory input from the perforant pathway originating
from the entorhinal cortex. Inactivation of this pathway has been demonstrated to
attenuate the power of the theta rhythm, similar to what is observed in chapter 5,

suggesting impairment of the trisynaptic pathway during the pre-plaque stages of AD in
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TgF344-AD rats. This is in accordance with findings from another study which showed in
TgF344-AD rats at 6 months of age that synaptic transmission between the mEnt and
dentate gyrus (DG) was disrupted (Smith et al., 2022; Smith & McMahon, 2018). As
described before, we observed shorter SWR duration in TgF344-AD rats during wake
immobility, further suggesting impaired entorhinal signalling to the hippocampus.
Altogether, the aforementioned result suggest early impairment of the medial perforant
pathway during pre-plaque stages of AD in TgF344-AD rats, which alters hippocampal
neuronal activity. The cholinergic sprouting during the early-plaque stage observed in
chapter 4 could be a compensatory mechanism to counteract the imbalance caused by
disruption of the input originating from the medial Ent (Bott et al., 2016), since
cholinergic signalling has been shown to be an important modulator of several

hippocampal oscillations (Buzsaki & Tingley, 2018; Colgin, 2016).

7.5 Functional compensation in AD

In chapter 4 we observed alterations in REM sleep bout length and several
electrophysiological properties of hippocampal local field potentials during the pre-
plaque stage of AD (Figure 7-4). At the early-plague stage, a paradoxical increase in
cholinergic synapses was observed (Figure 7-4). This increase in cholinergic synaptic
density, so-called cholinergic sprouting, coincided with a restoration of REM bout length,
neuronal activity and network function in the hippocampus, phenomena which are
under tight control of the cholinergic system. These cholinergic synapses, which partially
compensate for AD related network dysfunction, are from neurons originating from the
BFB, suggesting an important role of the BFB in compensation of network function

during the early-plaque stage of AD.

Cholinergic sprouting is a common phenomenon observed after glutamatergic lesioning
of the mEnt, resulting in a loss of glutamatergic input to the hippocampus (Bott et al.,
2016; Naumann et al.,, 1997). This in turn has been demonstrated to induce
hyperexcitability in several hippocampal regions, including the DG and CAl layer

(Naumann et al.,, 1997). Recent studies have demonstrated that the increase in



cholinergic innervation compensates for network hyperactivity, which has been
associated with recovery of spatial memory (Bott et al., 2016; Traissard et al., 2007).
Interestingly, similar increases in cholinergic synapses in the hippocampus have been
observed in MCl patients (DeKosky et al., 2002). The medial Ent is affected by tauopathy
and amyloid pathology already at early stages of AD. A study in APOE E4 mice, one of
the main known genetic risk factors for AD, has demonstrated that cholinergic sprouting
was impaired after glutamatergic lesioning, speeding up disease progression in APOE E4
mice compared to APOE E3 mice (Bott et al., 2016). This suggests that the cholinergic
sprouting is an important early compensation mechanism which slows down disease
progression, by restoring the network imbalance. However, in AD, network imbalances
only worsen during disease progression. Moreover, cholinergic neurons will also be
affected at early stages of AD, further hampering the ability to compensate for network

imbalances (Bott et al., 2016; L. Hu et al., 2003).

One question that remains is if this basal forebrain compensatory mechanism which
partially restored hippocampal function is also, in part, responsible for the restoration
of whole brain network activity observed in the QPPs? In chapter 3 we did not observe
increased numbers of cholinergic synapses in the cortical regions, however as described
in the discussion, this doesn’t exclude molecular alterations in cholinergic signaling. It
would be interesting to perform an experiment in 4-month old TgF344-AD rats, where
cholinergic stimulation is performed, to evaluate if network function is restored upon
an increased concentration of ACh. This could provide insights into the disease
mechanisms underlying the network alterations at the pre-plaque stage and would
strengthen the hypothesis that cholinergic mechanisms are contributing to the

restoration of whole brain network activity at the early-plaque stage.

7.6 Modulation of neuronal activity in AD and the role of
chemogenetics

In this thesis we prove that network function is already altered at pre-plaque stages of

the disease in TgF344-AD rats, and we observed that the basal forebrain cholinergic
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system is partially compensating for the observed network disturbances during the
early-plaque stage. Several studies have demonstrated that imbalanced neuronal
activity is driving AD progression, which in turn has led to the hypothesis that restoring
these network imbalances at early stages of the disease would be a valuable therapeutic
strategy to slow down or stop the disease progression (Busche et al., 2015; Palop &
Mucke, 2016; Styr & Slutsky, 2018). The current therapeutic strategies include
pharmacological manipulation of neurotransmitter concentrations in the brain, by using
acetylcholinesterase inhibitors which increase cholinergic signaling and NMDA receptor
antagonists to reduce glutamatergic signaling. These therapeutics have been
demonstrated to alleviate cognitive symptoms and temporarily slow down disease
progression, however, only a small number of AD patients benefit from the temporary
treatment effects (Arai et al., 2016; Samadi et al., 2013). The severity of AD and the lack
of disease-modifying therapeutics have motivated research to develop of non-drug-

based therapies to modify neuronal activity.

One of the most successful neuromodulatory approaches is deep brain stimulation
(DBS), where an electrode is chronically implanted in a brain region of interest and
stimulated by an internal pacemaker to counteract abnormal neuronal activity (Temel
& Jahanshahi, 2015). This technique has been successfully used since the 1993 in
patients suffering from Parkinson’s disease and since then has also been applied in other
neurological and psychiatric disorders such as Tourette’s syndrome and obsessive-
compulsive disorder (Hamani & Temel, 2012). This approach is currently also under
investigation in AD, where DBS is applied in the fornix or the NBM. Several preclinical
and clinical studies have demonstrated that fornix stimulation improved hippocampus-
dependent memory and cognition (for a review (R. Li, Zhang, Rao, & Yuan, 2022). For
example, a recent study in aged TgF344-AD rats has demonstrated that chronic fornix
stimulation which lasted 5 weeks, reduced amyloidosis, inflammation, and neuronal loss
in both the cortex and hippocampus, suggesting a neuroprotective effect of DBS. A
relatively large-scale international phase Il trial, the Advance | study, confirmed safety

of fornix DBS in patients with mild AD. Currently, a large follow up phase IIb/Ill study is



ongoing to evaluate the long-term effects of DBS on AD related symptoms and
neuropathological hallmarks (Jakobs, Lee, & Lozano, 2020; Luo et al., 2021). DBS of the
NBM has also demonstrated to have beneficial effects on cognition in animal models for
AD and in patients with mild AD (Jafari et al., 2020; Jakobs et al., 2020; Koulousakis, van
den Hove, Visser-Vandewalle, & Sesia, 2020; Temel & Jahanshahi, 2015). These results
suggest that DBS might be a promising therapeutic strategy to alleviate symptoms and
to alter disease progression, however, clinical trials with larger sample sizes are
necessary to evaluate efficacy and possible side effects. Moreover, it would be
interesting to evaluate the effects of starting DBS at earlier timepoints in the disease, to

investigate if the disease progression is effectively altered.

In chapter 6 we have used chemogenetic tools to modulate the activity of specific
neuronal populations in the BFB. This technique requires stereotactic intracranial
injection of a viral vector containing the gene encoding for DREADDs. This technique
offers several advantages with respect to DBS, as it allows targeting of specific neuronal
subpopulations. However, in the past and in chapter 6, this neuron-type specificity in
animal research was achieved by using transgenic animal lines, which is not possible in
humans. Future research should focus on methods or viral vectors that allow neuron-
type specific targeting of specific neuronal populations. Another limitation of this
technique in the translation to humans is the need to use viral vectors, which could have
harmful side effects. Moreover, effects of long-term stimulation of DREADDs has been
relatively unexplored, and further research is necessary. But all these considerations
regarding translational potential of DREADDs in humans doesn’t mean that this
technology cannot be beneficial in the development of novel therapeutic strategies.
These chemogenetic tools offer opportunities to researchers to enhance their
knowledge of the brain in health and in disease. And this new knowledge could

eventually drive the progress of future therapies for patients with AD.
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7.7 The role of MRI in the detection of presymptomatic AD

As described in the introduction, rsfMRI studies using traditional static FC measures
could already detect early alterations in network activity in mouse models of AD, before
amyloid plagues were observed in the brain. However, the alterations observed were
not specific for AD, as similar observations have been observed in other
neurodegenerative diseases. This limited the use of static FC as a biomarker for early
synaptic dysfunction in AD. In this thesis, rsfMRI with QPP analysis was performed in a
rat model of AD, to investigate network dysfunction at the pre-plaque stage. QPP
analysis revealed for the first time in an animal model of AD, a disconnection between
the BFB and the DMLN together with a decreased involvement of these regions during
recurrent patterns of brain activity. Moreover, the leading role of the BFB in whole brain
network activity was lost in TgF344-AD rats, suggesting BFB impairment during early
stages of AD in TgF344-AD rats (Figure 7-4). The disconnection between the BFB and
DMLN might be specific to AD, since the BFB has been implicated to be affected very
early in the disease. However, further validation of these findings in other rodent models
of AD and in patient population at risk, for example people with a dominant genetic
predisposition who will develop dementia in 10 years, are necessary to evaluate QPPs

as an early biomarker for AD.

The question that immediately arises is how can we use rsfMRI QPPs in the diagnosis of
presymptomatic AD? Is it feasible to perform regular MRI scans on the entire population
above a certain age to detect presymptomatic AD? Currently, scanning time is limited
on clinical MRI scanners, suggesting that the feasibility is very low. This does not
necessarily mean that the accessibility of MRI will not improve over the next decades,
but for now scanning the entire population seems not possible. In a first phase, young
people at risk of developing AD, such as carriers of the genetic mutations (e.g., APP
mutations), could be included in trials to evaluate the use of QPPs to assess AD related
pathology at early, presymptomatic stages. The aim would be to investigate the
presence of QPP alterations in people who will develop AD in the next 20 years. The

findings proposed in chapter 3 could be very valuable for future clinical trials, as a



therapeutic biomarker, to evaluate the effects of disease modifying therapies. In
addition, the findings in chapter 6 support the possible use of MRI as a therapeutic
biomarker, as rsfMRI was able to detect the circuit specific effects of cholinergic

modulation.
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Van den Berg M., Keliris A.J., Ben-Nejma I., Van Audekerke J., Verhoye M., Keliris
G.A,. van der Linden A.: In vivo assessment of glymphatic clearance — Unraveling
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Van den Berg M., Peeters L.M., Hinz R., Van Audekerke J., Keliris G.A.: Functional
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9.3.4 Awards
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