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Abstract:

The overall aim of the current thesis was to create a better preclinical mouse model of
sporadic Alzheimer’s disease (AD). Sporadic AD comprises > 95% of cases but the vast
majority of preclinical AD models mimic the heritable, familial form of AD which comprise
fewer than 5% of cases, which could be hampering translatability between species. The
first half of this thesis employed experiments which examined several genetic and non-
genetic risk factors, both individually and in combination, in an attempt to recapitulate
the human sporadic AD phenotype. These attempts were largely unsuccessful, because
they produced mixed behavioural effects, no evidence of neuroinflammation (i.e. no
elevation in various glial cell markers), and only mild changes to dendritic spine density.
Lipopolysaccharide-induced neuroinflammation was prioritized for the experiments that
followed, and although systemic injections of LPS did not produce the desired cellular
changes, intra-hippocampal injections of LPS produced both elevated glial cell expression

and dendritic spine loss.

Once intra-hippocampal injections of LPS were established to be a potentially viable
model of sporadic AD, the second half of the thesis aimed to improve the translatability of
this model from a behavioural perspective, by investigating the consequences of
hippocampal neuroinflammation for a behaviour that is crucial to AD diagnosis but has
been almost entirely overlooked in preclinical studies: goal-directed action control. In
contrast to the results reported in the first half of the thesis, in this section hippocampal
neuroinflammation produced clear sex differences. First, and contrary to the expected
impairment, LPS treated female mice showed an acceleration of goal-directed learning
relative to controls. LPS treated males, on the other hand, did not differ from controls in

their goal-directed actions but did display a facilitation of Pavlovian approach behaviour.



Although microglial and astrocytic expression was elevated in the hippocampus as a
result of LPS injections in both males and females, it was only associated (positively
correlated) with goal-directed control and with neuronal excitation in female mice,

suggesting that these changes may have caused the accelerated action control.

Reasons for the divergence in the observed results from the hypotheses are discussed and
included the relatively young age of the animals used in the current study (8 weeks to 6
months), the dosage of LPS administered, as well as the specific strains of mice that were
used. Despite this divergence, however, two important implications can be drawn from
the current study. First, the results are suggestive of a number of important steps that
future studies should take to better model Sporadic forms of Alzheimer’s, and second,
these results provide valuable insights into the sex differences that result from targeted
hippocampal neuroinflammation in mice, which is reflective of gender differences in

human neurological conditions including Alzheimer’s and depressive disorders.



INTRODUCTION
(Chapters 1 and 2)



1. Molecular and Cellular Mechanisms of Alzheimer’s disease:

1.1) Alzheimer’s disease:

The very first case of AD was identified by Dr. Alois Alzheimer in 1906, in a 56-year-old
woman named Auguste Deter. In 1901, Auguste D. started showing symptoms like sleep
disturbances, alterations in memory, aggressiveness, and progressive confusion. After her
death in 1906, Alzheimer performed histopathological analysis on the autopsied brain
tissue and identified abnormal protein aggregations which were later termed as plaques
and neurofibrillary tangles. Together with the clinical symptoms, these findings were first
reported by Alzheimer in the year 1906 at the Tubingen scientific congress. In 1910,
Kraepelin named it ‘Alzheimer’s disease’ in his ‘Handbook of Psychiatry’ (Hippius &
Neundorfer, 2003). In the decades that followed, similar cases were diagnosed all over the
world, with an exponential increase of cases in the recent years (study by Li et al, report

147.95% of increase in disease prevalence from 1990-2019 (Li et al., 2022)).

We now know that Alzheimer’s disease (AD) is a neurodegenerative disorder,
characterized by progressive and irreversible loss of memory and cognitive functions that
interfere with the normal lifestyle of the affected individual (Hoogmartens et al., 2021).
According to the GBD (Global Burden of Dementia) 2019 statistics, there are nearly 57
million people living with Alzheimer’s worldwide, with this number expected to almost
triple by 2050. The global VSL (Value of Statistical Life) estimated an economic burden of
Alzheimer’s disease related dementia as $ 2.8 trillion in 2019, with a projected increase
to $ 16.9 trillion in 2050 (Nandi et al., 2022). However, due to its complex etiology, it is

difficult to attain a comprehensive understanding of the features of AD, and the



development of effective treatments remains a challenge. As has been widely reported in
both scientific and general media, the vast majority of treatments that were considered
successful in removing AD’s neuropathological features and preventing cognitive decline
in mice have failed to translate to successful treatments in humans (Asher & Priefer, 2022;
Kim et al., 2022; Yiannopoulou et al., 2019). Such failures have motivated researchers to
rethink their methods for preclinical research, and to attempt to modify these methods in

a manner that will better capture the real-world conditions of Alzheimer’s disease.

It is the overall aim of the current thesis to improve upon the current preclinical models
of Alzheimer’s disease, with a specific view of replicating the far more frequent (295% of
cases) sporadic types of Alzheimer’s rather than the familial Alzheimer’s (which is <5%
of cases). I will achieve this overall aim through experiments completed under two sub-
aims: first by testing a novel transgenic model (with sporadic AD risk factors) in
conjunction with neuroinflammation, and second, by testing whether local
neuroinflammation is causing the functional deficits in goal-directed action observed in
individuals with Alzheimer’s disease. [ will introduce these two sub-aims in two separate
chapters. Specifically, in Chapter 1 (the current chapter) I will review the molecular and
cellular mechanisms of Alzheimer’s disease, and in Chapter 2 [ will review the behavioural
phenotypes of Alzheimer’s. These introductory chapters are followed by two empirical
chapters reporting the results of 7 experiments with a view of providing a more
comprehensive preclinical mouse model of Alzheimer’s disease and with a long-term

hope of providing a more translatable preclinical model for future studies to draw upon.
1.2) Diagnosis and staging of Alzheimer’s disease:

After the first identification of Alzheimer’s disease in 1906, it took decades of devoted

research to properly identify the complex nature of its pathogenesis. In the year 1984, the



National Institute of Neurological and Communicative Disorders and Stroke and the
Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA) proposed a
clinical diagnostic criteria introducing categories of ‘possible’ ‘probable’ and ‘definite’ AD

(McKhann et al.,, 1984).

Years later in 2011, the National Institute of Aging and the Alzheimer’s Association (NIA-
AA) conducted collaborative research that led to publication of a new set of diagnostic
guidelines for dementia due to AD (McKhann et al., 2011) Mild Cognitive Impairment due
to AD (Albert et al., 2011) and preclinical AD (Sperling et al., 2011). Few years after, in
2018 NIA-AA released a research framework with a major focus on amyloid beta as a core
pathological marker for diagnosis of AD (Jack et al., 2018). However, this framework was
purely designed for research purposes without much focus on framing it for clinical
diagnostic purposes. Therefore in mid-2023, NIA-AA updated these guidelines to be
suitable for both research and clinical settings, which is updated on their website
currently (Revised Criteria for Diagnosis and Staging of Alzheimer's Disease: Alzheimer’s

Association Workgroup, 2023).

There is a clear distinction between diagnosis and staging criteria. Diagnosis of AD,
according to the revised 2023 guidelines are carried out through imaging (such as
Positron Emission Tomography (PET)) and Cerebrospinal Fluid (CSF) analysis of
biomarkers. In the above-mentioned revised guidelines 2023, there are two core
biomarkers proposed (for diagnosis) — Core 1 biomarkers involve - amyloid 162 PET; CSF
AB42/40, CSF p-taul81/AB42, CSF t-tau/AB42, which are sufficient to diagnose AD and
core 2 biomarkers - tau PET, pT205, MTBR-243, non-phosphorylated tau fragments, all of
which cannot be used as standalone diagnostic tests for AD (Revised Criteria for Diagnosis

and Staging of Alzheimer's Disease: Alzheimer’s Association Workgroup, 2023). It is



emphasized that the Core-1 biomarkers are central for AD diagnosis as the disease is
existent with the detection of these biomarkers, even though the symptoms appear way
later in life. Upon diagnosis of AD, staging becomes relevant by categorising individuals
according to the severity of their disease stages. There are typically two types of staging
- biological (based on the neuropathological markers) and clinical (based on the cognitive
severity of the disease). In this section, I will first discuss the biological staging - including
the conventional staging for amyloid beta and tau, and the recent staging described in
2023 guidelines for AD. This will be followed by a discussion of clinical staging which
outlines the most familiar methods used to clinically stage AD, followed by details on the

clinical staging proposed in the 2023 guidelines.

1.2.1) Biological staging of Alzheimer’s disease:

Conventional biological staging relied on post-mortem analyses of AD, the best examples
of which are the Thal system of amyloid beta staging proposed by Dietmar R. Thal in
(2002) and Braak staging for tau proposed by Braak and Braak (1991). Recent diagnosis

of AD relies considerably on the amyloid and Tau-PET along with brain CSF biomarkers.

1.2.1a) Thal staging of amyloid beta:

Deposits of amyloid beta were detected using Campbell-Switzer silver staining and by
anti-Af3 immunohistochemistry on post-mortem brains of AD patients. The five different

staging are as follows-

Phase 1- This phase is characterized by amyloid deposits in the neocortical regions such
as frontal, parietal, temporal and occipital neocortex. At this stage, the A deposits were
in the form of diffuse plaques in different neocortical layers - II, III, IV and V. The rest of

the brain regions do not show plaque accumulation at this point.



Phase 2- In addition to the AB deposits in neocortical regions, during phase 2, A deposits
appeared in the entorhinal region, CA1 region of the hippocampus, and the insular cortex.
In some other cases A3 deposits were seen in regions such as amygdala, cingulate cortex,

and presubicular region (Thal et al., 2002).

Phase 3- In phase 3, subcortical regions were affected: caudate nucleus, putamen,
claustrum, basal forebrain nuclei, substantia innominata, thalamus, and hypothalamus.
AP deposits were also found in the fascia dentata (molecular layer). In 10-45% of the
cases, A3 deposits were found in the central gray region in the midbrain, superior and the
inferior colliculi, CA4 region of the hippocampus, red nucleus and the subthalamic

nucleus.

Phase 4- During this phase, A3 deposits additionally appear in substantia nigra, medulla
oblongata (reticular formation) and olivary nucleus. Af deposits that were only present

in brain regions of 10-45% of the cases mentioned in phase 3 are now present in all cases.

Phase 5- In phase 5, AB deposits occured in the following regions (in addition to the
regions mentioned in the above phases) - the reteculotegmental nucleus of the pons, the
reticular region of the pons, the pontine nuclei, central and dorsal raphe nuclei, the
parabrachial nuclei, locus coerulus, and the dorsal tegmental nucleus. The cerebellum

appeared to show A3 deposits in the molecular region (Thal et al., 2002).

1.2.1b) Conventional Braak staging of tau:

In the year 1991, Braak and Braak established 6 different stages of Alzheimer’s disease
based on the progression of Tau pathology in the postmortem brain tissue of patients

(Braak & Braak, 1991). A refined version of this staging was published in the year 2006,



clearly indicating the brain regions harbouring pathological Tau accumulation during

each disease stage (Braak et al., 2006), discussed as follows.

Stage-1 - A part of the brain called the transentorhinal cortex was identified to be the
earliest region of the cerebral cortex to exhibit tau pathology. Specifically, during Stage 1,
this region displayed lesions and tau positive neurons, specifically in the rhinal sulcus

region. At this stage, no other brain regions are involved.

Stage-2 - During stage 2, lesions are also visible in the entorhinal cortex region (adjacent
to the transentorhinal cortex region). Tau positive neurons also start appearing in the
Cornu Ammonis (CA) regions — CA1 and CA2 of the hippocampus, and extending to some
neurites in the stratum radiatum and stratum oriens, also in the hippocampus (Braak &

Braak, 1991).

Stage-3 - The entorhinal and transentorhinal regions show severe pathology with the
temporal neocortex also showing acute lesions. Additionally, lesions from stage-2 become
severe during this stage and the hippocampal formation is extensively affected by tau
inclusions. The CA1 and CA2 regions contain many tau positive pyramidal neurons,

whereas few mossy fibres from CA3 and CA4 region are showing tau deposits.

Stage-4 - Lesions from stage-3 intensified and spread to superior temporal gyrus. The
subiculum started exhibiting tau positive neurons and the entorhinal and transentorhinal
regions were affected to their maximum capacity. The hippocampal CA3 and CA4 mossy
fibres were progressively affected, and the pathology slowly extended to mature

neocortex (Braak & Braak, 1991).

Stage-5 - The peristriate region is extensively affected with lesions spreading to specific

regions of the frontal, parietal, and occipital neocortex. The parastriate region at this



stage, shows occasional lesions. During this stage, layers I-1V of cortex harbour unevenly
distributed tau positive neurons with layer V sparingly affected. The striate

cortex/primary visual cortex begin to show signs of tau pathology.

Stage-6 - Almost all layers of neocortex are affected at this stage with the striate area,
primary, and secondary neocortical regions showing severe pathology. Regions within
the hippocampus (e.g. CA1/CAZ2, etc) appear almost indistinguishable due to progressing
brain atrophy. Additionally, the entirety of the superior temporal gyrus and the transverse
gyrus regions appear to be affected at this stage. Overall, the brain shrinks in size due to

the cellular atrophy resulting from spreading of pathology and the severity of lesions.

1.2.1c) Biological staging according to the NIA-AA:

According to NIA-AA’s revised guidelines 2023, biological staging of Alzheimer’s disease
is performed predominantly using amyloid and tau-PET imaging. The amyloid-PET
staging has been reported to show a certain degree of variability across individuals in
different studies (Mattsson et al., 2019; Palmqvist et al., 2017). However, the overall
pattern of results displays early accumulation of amyloid-beta in medial neocortical
region, followed by striatum, and the medial temporal regions (Enrico et al., 2020;
Palmqvist et al., 2017). A 2020 study has highlighted that a specific regional measure of
amyloid-PET imaging, instead of global amyloid-PET can predict which individuals with
MCI will progress to AD (Pascoal et al., 2020). Another study conducted on >3000
individuals showed that amyloid staging according to region-specific abnormalities
paralleled different profiles of cognitive decline in these individuals (Collij et al., 2020).
Therefore amyloid-PET staging is observed to be predictive of future cognitive decline

than that of progressive cognitive impairment in patients (Therriault et al., 2022).
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Compared to the conventional Braak staging that was carried out in post-mortem tissue,
tau-PET staging provides a real-time estimate of Tau accumulation in the brain.
Additionally, tau-PET Braak staging was found to correspond well with the conventional
Braak histopathological staging system (Arthur et al., 2023). Similar to amyloid-PET
imaging studies, there were differences in tau accumulation in the literature, however the
general pattern of accumulation started in medial temporal lobe in the earliest stages,
followed by temporal neocortex, and finally primary sensory cortices (Therriault et al,,
2022). Tau-PET Braak staging was found to be associated with various measures of
cognitive impairment in AD individuals, highlighting the potential usefulness of this tool
as a diagnostic system to help determine the individual’s clinical stage (Therriault et al.,

2022).

The following stages were proposed in the guidelines: Stage A/Initial stage - Individuals
with abnormal amyloid PET with no tau PET uptake, which is denoted by (A+T-). Stage
B/Early stage - Individuals with abnormal amyloid-PET uptake with tau-PET uptake in
medial temporal region (A+TwmrL+). Stage C/Intermediate stage - Individuals with
abnormal amyloid-PET uptake with moderate uptake of tau-PET in neocortical region
(A+Twmop+). Stage D/Advanced stage - Individuals with abnormal amyloid-PET uptake
with high uptake of tau-PET in neocortical region (A+Tuicu+) (Revised Criteria for

Diagnosis and Staging of Alzheimer's Disease: Alzheimer’s Association Workgroup, 2023).

1.2.2) Clinical staging of Alzheimer’s disease:

Clinical staging roughly translates to clinical symptoms that occur because of biological
changes happening in the individual’s brain. This clinical staging would especially be

applied to individuals within the AD continuum to rate the severity of the progression of
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cognitive decline (Therriault et al., 2022). The following are several scales that are used

to stage clinical symptoms of AD.

1.2.2a) Alzheimer’s Disease Assessment Scale - Cognitive Subscale (ADAS-Cog):

ADAS-Cog scale was developed in the 1980s and has since been widely used in
pharmaceutical trials to determine the cognitive ability of individuals with AD. This
assessment scale uses a series of 11 tasks, some of which will be completed by the
individuals, and the rest are completed by an observer scoring these individuals. The 11
tasks cover various aspects of cognition such as the recall of words, the ability to listen
and act according to a given command, the individual’s state of orientation by asking for
the specific date and time of the year, their grasp of the spoken language, and their ability
to remember details of the task instructions provided. Individuals are scored on a scale
of 1-70 where a higher score corresponds to greater cognitive dysfunction (Balsis et al,,

2015; Kueper et al,, 2018).

1.2.2b) Mini Mental State Examination (MMSE):

Developed by Folstein et al., in 1975, the MMSE is usually employed by clinicians or
researchers focusing on cognitive aging to get a quick scoring of cognitive assessments of
the subjects. This test consists of a set of 30 questions that assess the individual’s ability
of attention to details, orientation, the ability to recall certain words mentioned to the
individual during the test, to read and understand the instructions and act accordingly, to
copy a geometric structure exactly as provided. The individuals will be scored from 0-30,

where a low score indicates severe cognitive impairment (Folstein et al., 1975).
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1.2.2c) Clinical Dementia Ratio - Sum of Boxes (CDR-SOB):

The Clinical Dementia Ratio scale is a widely used diagnostic scale for individuals with
dementia due to Alzheimer's disease. CDR-SOB is an updated version of Clinical Dementia
Ratio (scores 0-3) which scores individuals from 0-18 (Yang et al., 2021) on six different
domains, some of which overlaps with the above mentioned tests. Domains unique to
CDR-SOB involves judgement and problem-solving, community affairs, and activities of
daily living scored according to the individual’s self-observation and observation by the
informants (O’Bryant et al., 2008). The CDR-SOB has known to reliably predict
progression from MCI to AD dementia and reversion to normal cognition (Tzeng et al.,

2022).

1.2.2d) Clinical staging according to the NIA-AA:

The clinical numerical staging as described by NIA-AA in 2018 (Jack et al.,, 2018) and
revised in 2023 (Revised Criteria for Diagnosis and Staging of Alzheimer's Disease:
Alzheimer’s Association Workgroup, 2023), provides details on the progression of

cognitive decline in AD.

Stage 1 (Asymptomatic) - This stage individuals are asymptomatic with only biomarker
evidence for AD. As such, there are no reports of cognitive decline or behavioural

symptoms occurring at this stage.

Stage 2 (Transitional decline) - Individuals showed a decline of cognitive function from
the previous stage. This change from previous level of cognition is observed within 1-3
years of testing, with a persistent decline observed in the most recent six months.
According to the revised 2023 guidelines (Revised Criteria for Diagnosis and Staging of

Alzheimer's Disease: Alzheimer’s Association Workgroup, 2023), individuals can be
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categorized as being in stage 2, with neurobehavioural symptoms alone (like depression
and anxiety), without requiring to display any cognitive changes such as memory decline

(according to an addition made in the revised guidelines).

Stage 3 (Cognitive impairment with early signs of functional impairment) - At this
stage, performance of cognitive tests is in the impaired/abnormal range, and
accompanied by neurobehavioural symptoms. Individual’s performances of daily
activities are intact, however, there is a notable decline in cognitive performance that
results in a delay in completing the daily activities (i.e., taking more time, being less
efficient). Nevertheless, individuals manage to complete the task with no assistance from
another person (Figures and tables-Clinical criteria for staging and diagnosis for public

comment draft-2, 2023).

Stage 4 (Dementia with mild functional impairment) - Clear cognitive impairment
that appears to progress with time, along with neurobehavioural symptoms. At this stage,
cognitive decline affects an individual’s ability to perform everyday tasks, and they often

require assistance from a caregiver.

Stage 5 (Dementia with moderate functional impairment) - Extensive cognitive and
behavioural impairments leading to the necessity of assistance from a caregiver to be able

to perform daily activities.

Stage 6 (Dementia with severe functional impairment) - Severe cognitive impairment
resulting in an inability to participate in clinical interviews. Individuals are completely
dependent on caregivers for very basic activities including self-care (Jack et al., 2018)
(Figures and tables-Clinical criteria for staging and diagnosis for public comment draft-2,
2023; Revised Criteria for Diagnosis and Staging of Alzheimer's Disease: Alzheimer’s
Association Workgroup, 2023; Souchet et al.,, 2023).
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1.3) Pathological hallmarks of Alzheimer’s Disease:

There are two major pathological hallmarks of Alzheimer’s disease: extracellular amyloid
plaques and intracellular hyperphosphorylated tau tangles. In this section, I will discuss

these two hallmark pathologies and their effects in AD.
1.3.1) Amyloid beta peptides - how are they produced?

The human amyloid precursor protein (APP) is highly conserved (Zheng & Koo,
2011)across various species with orthologs in Drosophila (Rosen et al., 1989) Zebrafish
(Musa et al.,, 2001) and Xenopus laevis (Okado & Okamoto, 1992). APP is located on
chromosome 21 with approximately 639 to 770 amino acids in length (Matsui et al,, 2007;
Tharp & Sarkar, 2013). This protein contains an extracellular N-terminal domain and an
intracellular C-terminal domain. It undergoes cleavage by «, B and y secretases and
follows either amyloidogenic or non-amyloidogenic degradation pathway (Figure 1.1). As
shown in the left side of Figure 1.1, the non-amyloidogenic pathway (i.e. the one which
does not lead to plaque formation) is initiated by the cleavage of APP protein by a-
secretase resulting in a soluble APP-a (sAPPa) fragment and a C-terminal o (CTF-a)
fragment. The CTF-a fragment is further cleaved by y-secretase to yield a small P3
fragment and an APP intracellular C-terminal domain (AICD). The right side of Figure 1.1
shows the amyloidogenic pathway (i.e. that which leads to plaque formation), and it
involves cleavage of APP protein by B-secretase which produces a sAPP(3 fragment and a
CTF-B fragment. This membrane bound CTF-§ is then cleaved by y-secretase to yield
either AB40 or AB42 peptide which is then secreted extracellularly. Out of the two
peptides, AB42 is considered more neurotoxic, and aggregates readily compared to A40

(Scheuner et al,, 1996).
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Figure 1.1: I[llustration reproduced courtesy of Cell signalling Technology, Inc.

(www.cellsignal.com); Non-amyloidogenic (left) and Amyloidogenic (right) pathways of

APP gene. Amyloid beta peptide formation as the result of 8 and y secretases.

1.3.1a) Toxicity of Amyloid beta:

During the early stages of Alzheimer’s disease, amyloid beta produced through the above-
mentioned pathway starts aggregating exponentially both within and outside neurons
(Sideris etal., 2021). These aggregated amyloid beta peptides are more commonly known
as AP plaques, which is the first of the two of the hallmarks of AD mentioned above. The
soluble form of Af3, known as the A oligomers were found to be a major cause for the loss
of neuronal synapses, which are small protrusions along the dendrites of neurons that

facilitate signal transduction within neurons (Crimins et al., 2013; Gauthier-Umafia et al.,

2020).
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Amyloid beta monomers, other than forming plaques, can accumulate into oligomers
(which includes dimers, trimers, tetramers, etc.,) that can interact with receptors in the
brain to initiate abnormal downstream signalling (Chen et al., 2017). For instance, A3
oligomers can cause aberrant neuronal signal transmission by binding to different
receptors at the synapse (Xia et al., 2016). Soluble A oligomers were known to inhibit
long-term potentiation (Origlia et al., 2008; Townsend et al., 2006) and facilitate long-
term depression (Cleary et al., 2005), impairing synaptic plasticity. This is in part due to
the altered endocytosis and trafficking of AMPA (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid), NMDA (N-methyl D-aspartate) receptors caused by soluble A3
(Snyder et al., 2005). Both AMPA and NMDA receptors are crucial to synaptic plasticity
and memory function and the imbalance in their recycling caused by Af3 oligomers results

in dysfunction of synaptic plasticity.

AP has been reported to hamper mitochondrial activity by penetrating the mitochondrial
membrane and interfering with the electron transport chain (Tillement et al., 2006). This
process has been known to result in excessive reactive oxygen species (ROS) production,
leading to oxidative stress (Bobba et al.,, 2013). However, some studies suggest that
oxidative stress is a precursor to Af production and accumulation (Arimon et al,, 2015;
Leuner et al, 2012). It could be possible that AB both induces and gets induced by
oxidative stress to partly result in neuronal degeneration (Reiss et al., 2018). Another
important trigger of cytotoxicity in neurons mediated by Af3 oligomers is the dysfunction
of calcium homeostasis. Ap has been reported to induce pore formation in the membrane,
which functions as Ca2* sensitive ion channel, that increases calcium influx (Sepulveda et
al, 2014). In addition to this, A induces calcium release from endoplasmic reticulum,
resulting in increased intracellular calcium levels (Ferreiro et al., 2008). Mitochondria

sequesters this cytosolic calcium to maintain calcium homeostasis in the cell. This
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continuous uptake of increased calcium by mitochondria in turn leads to excessive

reactive oxygen species production and apoptosis of neurons (Ferreira et al., 2015).

AP oligomers also interact with receptors on the glial cells to activate them and release
an array of inflammatory cytokines, thereby triggering neuroinflammation in the brain
(Minter etal., 2016). A 2021 study highlighted the role of AB in acting synergistically with
cytokines to induce inflammatory profile of astrocytes. This is achieved through A acting
as a substitute of C1q complement component that induce astrocytic activation as a part
of the inflammatory response (LaRocca et al, 2021). This is noteworthy because
persistent neuroinflammation has been implicated as a key feature in Alzheimer’s disease
pathology. In recent years, however, parallel avenues of research emphasizing
neuroinflammation-induced Af3 accumulation/toxicity have been emerging, resulting in a
shift away from the conventional AB-induced neuroinflammation hypothesis (discussed

later in the neuroinflammation section).

Outside of the above mentioned pathological events, oligomeric Af acts as seeds that are
transferred from the affected neurons to healthy neurons via tunnelling nanotubules
(TNTs) which are tube-like structures connecting neurons and mediating cell to cell
communication, allowing transport of cellular compounds (Khattar et al.,, 2022). This
process leads to the spreading of the infection and amyloid beta pathology (Ollinger et al.,
2019). Thus, excessive production and aggregation of amyloid beta protein can prove to

be toxic to the brain at multiple levels.

1.3.2) Tau protein and its functions:

Hyperphosphorylated Tau tangles are the second major hallmark of AD. The human Tau
protein coding sequence is located on the Tau gene on chromosome 17 (Neve etal., 1986).
A single Tau gene encodes for 6 different isoforms of Tau protein which varies slightly in
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the composition of the N-terminal region (Goode & Feinstein, 1994). Tau is a
phosphoprotein that needs to be phosphorylated at Serine and Threonine sites in order
to be functional (as can be seen from figure 1.2, top)(Billingsley & Kincaid, 1997).
Specifically, its function arises out of its membership to a class of Microtubule Associated
Protein (MAP), that stabilizes microtubules by facilitating the assembly of tubulins into
microtubules in the neurons (Weingarten et al., 1975). These microtubules help maintain
the structural integrity of the neurons and enable axonal transport of proteins and other
organelles from the cell body to the distal ends of the axons (Dehmelt & Halpain, 2005).
It is worth noting, however, that despite the centrality of tau tangles to the
neuropathology of AD it is beyond the scope of the current study and will not feature in

any of the experiments in the current thesis.

Hyperphosphorylated
tau protein

Healthy microtubule Destabilized microtubule

Paired Helical Filaments

Figure 1.2: Tau hyperphosphorylation(left), Microtubule disassembly & paired helical

filament formation(right);Image adapted from Encyclopaedia of movement disorders, 2010

1.3.2a) Hyperphosphorylated Tau and Neurofibrillary tangles in Alzheimer’s disease:

Under normal conditions, there is minimal and controlled phosphorylation of Tau (Gong

& Igbal, 2008). However, in diseased conditions, Tau proteins are hyperphosphorylated
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(excessive, higher than usual phosphorylation), leading to the dissociation of these
proteins from the microtubules and forming insoluble aggregates (Goedert & Spillantini,
2017). These aggregates are termed as Paired Helical Filaments (PHF) which then results
in Neurofibrillary Tangles formation (as described in Figure 2, right). The
hyperphosphorylated Tau then sequesters other Microtubule Associated Proteins (MAP)
like MAP1 and MAP2 which causes total microtubule disassembly (Alonso et al., 1997). In
Alzheimer’s disease, brain autopsy studies identified more than 40 phosphorylation sites
on the Tau protein, which is a two-to-three-fold increase compared to the healthy brain
(Blennow et al., 1995; Gong et al., 2005). Braak staging, (a method used to classify the
progression of pathology in AD), is based on neurofibrillary tangle accumulation in the
brain regions starting from entorhinal cortex, spreading to limbic areas and finally to the

cortex (Braak et al.,, 2006).

Similar to A, soluble forms of Tau (either hyperphosphorylated, conformationally
changed or oligomeric) are known to be toxic to neurons (Kopeikina et al., 2012). Soluble
tau bound to microtubules has been reported to alter the function of dynein and kinesin
(i.e. motor proteins that transport cargos such as organelles and synaptic vesicles across
the microtubule structure) by reversing the direction of dynein and detaching kinesin
from microtubules (Dixit et al., 2008). This affects the distribution of organelles such as
mitochondria (Kopeikina et al., 2011) which, in turn, extensively affects synapses because
normal synaptic function is dependent on high-energy supplying mitochondria, and their

depletion at synapses results in synapse loss (Kopeikina et al., 2011; Sheng & Cai, 2012)

Hyperphosphorylated tau has also been found to alter mitochondrial fission and fusion
genes. This occurs because the regulation of mitochondrial size, shape function, and

maintenance rely upon genes such as dynamin related protein 1 (Drp1), fission (Fis1) for
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mitochondrial fission; and mitofusins 1 and 2 (Mfn1, Mfn2), optic atrophy 1 (Opal) for
mitochondrial fusion (Pérez et al., 2018), and human full-length tau has been shown to
increase fusion proteins such as Opal, Mfn1,2 in rat primary hippocampal neurons (X.-C.
Li et al,, 2016). Specifically, hyperphosphorylated tau was found to interact with Drp1 to
result in mitochondrial fragmentation and disrupted mitochondrial function and
neuronal damage in post-mortem AD tissues and 3xTg mouse model (Manczak & Reddy,

2012).

In addition to the above-mentioned intracellular toxicity of Tau, extracellularly released
Tau impacts neurons by binding to certain receptors and spreading to adjacent neurons,
thereby spreading Tau pathology (Medina & Avila, 2014; Zhang et al., 2021). Although a
number of in vivo and in vitro studies have identified the presence of extracellular Tau
(Chai et al,, 2012; Kim et al., 2010), the exact mechanism through which tau is released
into the extracellular environment is yet to be determined (Nickel & Rabouille, 2009).
While the conventional theory states that Tau is released extracellularly following
neuronal death (Simoén et al., 2012), later studies have reported that neuronal activity can
partly result in release of pathological tau while the neuron is still alive, in a calcium
dependent manner . Aside from this, tau is also thought to be released when lysosomes
carrying tau fuse with plasma membrane, as well as through vesicle mediated exosome

release (Saman et al., 2012).

Extracellularly secreted Tau becomes toxic partly due to its abnormal binding to
muscarine receptors M1 and M3. Specifically, in neuronal cultures tau has been reported
to bind to M1 and M3 receptors in a way that results in the dysregulation of calcium
homeostasis through excessive calcium influx, leading to excitotoxicity and neuronal

death (Sebastidn-Serrano et al., 2018; Wysocka et al., 2020). AD related pathological tau
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was found to interact with muscarinic receptors (in cell cultures), causing retraction of
neurites and altered neuronal connectivity (Morozova et al., 2019). Extracellular tau has
also been shown to be toxic through its binding to microglial cell which stimulates
phagocytosis of healthy, living neurons (Pampuscenko et al, 2023). Extracellular
oligomeric tau can further impair long term potentiation and result in synaptic

dysfunction and memory loss - two key features of Alzheimer’s disease (Fa et al., 2016).

Aside from these factors, a major contribution of extracellularly secreted tau to the spread
of Tau pathology occurs via template misfolding (Calafate et al.,, 2016). That is, tau is
internalized through endosomes in the extracellular space, which then permeabilizes
endosomal membranes to be released within the cell (Calafate et al., 2016), and causes
misfolding of (otherwise) healthy tau molecules in that cell. This is one of the crucial
mechanisms through which pathological tau spreads from one neuron to another

(Brunello et al., 2020).
1.4) Familial and Sporadic AD - Comparison and Contrast:

As mentioned in the introduction, there are two major types of Alzheimer’s disease in
humans - Familial and sporadic. Clinically, these two types of Alzheimer’s are
indistinguishable because neuropathological features like excessive accumulation of
amyloid-beta plaques and intracellular hyperphosphorylated tau tangles are evident in
patients with either type of AD (Nochlin et al., 1993). What does clearly distinguish each
type of AD, however, is the source of these pathological changes. That is, whereas the
aetiology of Familial AD is highly definite, and patients develop amyloid beta plaques due
to the inheritance of specific mutations in their genes, Sporadic AD patients have a
multifactorial aetiology involving the interaction of various genetic, epigenetic,

environmental and lifestyle factors. Until recently, preclinical mouse models of AD have
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exclusively modelled the much rarer (<5% of cases, [22]) Familial form of AD. This also
means that treatments developed in mice have been developed to treat the much rarer
Familial form of AD and is a potential reason why these treatments fail to translate
effectively to the clinic. Therefore, because it is the aim of the current thesis to improve
preclinical mouse models of AD, the first sub-aim will do so by investigating a novel model

of sporadic AD, with the long-term view that this should lead to more translatability.

In the following section, I will discuss the two major forms of AD in detail, with a focus on

the differential manifestation of brain pathologies in these distinct two forms.
1.5) Familial Alzheimer’s disease:

Familial Alzheimer’s disease is partly caused by autosomal dominant inheritance of
mutations in APP (Amyloid Precursor Protein), PSEN1 (Presenilin 1) and PSEN2
(Presenilin 2) genes (Irene Piaceri et al., 2013). Out of these, PS1 has been found to be the
gene most predominantly associated with AD, with a higher percentage of Familial AD
patients showing PS1 mutations compared to the other two mutations (Kelleher & Shen,
2017). The age of onset for this type of ADis typically within 30 to 60 years (Bekris et al.,
2010). Although linkage studies have identified APP, PSEN1 and PSEN2 genes with
pathogenic mutations that are fully heritable, there are several other rare variants that

are reported to have reduced penetrance within the familial AD cohort.
1.5.1) Highly penetrant APP, PSEN1 and PSEN2 mutations:
1.5.1a) APP mutations:

As mentioned, Amyloid Precursor Protein is cleaved by different secretase enzymes to
produce amyloid beta peptides. In Alzheimer’s disease, mutations in the APP gene appear

to occur either within the secretase cleavage sites or the transmembrane region of this
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gene (mostly in exons 16 and 17 which encodes amyloid beta protein) (Bekris et al.,
2010), resulting in an altered or increased production of amyloid beta peptides. The first
mutation to be identified in the APP gene was the Valine to Isoleucine change at amino
acid (aa) 717 (V7171), aka London mutation, in 1991 (Goate et al., 1991). Since then, other
common APP mutations have been identified, including Swedish mutations K670N,
M671L and Indiana mutation V717F. Today, more than 30 mutations in APP have been
identified in Alzheimer’s disease (AD mutation database;

http://www.molgen.ua.ac.be/ADMutations/).

1.5.1b) PSEN mutations:

Presenilin genes 1 and 2 (PSEN1, PSEN2) are important for the y-secretase activity as
they form a major component of y-secretase enzyme (specifically, they form the catalytic
subunits which is one of the four subunits of y-secretase enzyme that catalyzes chemical
reactions like phosphorylation, oxidation, and so on). PSEN1 and PSEN2 are present on
Chromosome 14 and Chromosome 1 respectively and are highly homologous (about
67%) (Li et al., 2000; Irene Piaceri et al.,, 2013). Gamma-secretase cleavage of APP gene
in the amyloidogenic pathway is responsible for excessive production of amyloid-beta

peptides.

To date, PSEN1 mutations remain the most common genetic cause of Familial AD and over
200 mutations in this gene have been reported in AD

(http://www.molgen.ua.ac.be/ADMutations) (Kabir et al., 2020; Lanoiselée et al., 2017).

These mutations are known to alter the AB40/A42 ratio which are crucial in terms of
determining the aggregation capacity of Ap peptides - whether they form stable fibrillary
aggregates (plaques) or the more toxic oligomeric aggregates (Mucke & Selkoe, 2012). In

addition, previous studies have reported that PSEN1 mutations contribute to an
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impairment of neurogenesis. For example, the study by Wen et al., used transgenic mice
specifically expressing mutant PSEN1 in neurons and observed a decrease in survival
rates of neuronal progenitor cells (Wen et al,, 2004). Another study conducted on neural
progenitor cell cultures with a viral expression of PSEN1 mutation reported a decrease in
self-renewal and pre-mature differentiation of these neural cell populations
(Veeraraghavalu et al., 2010). Together, these studies suggest that the above mentioned
mutations lead to a depletion in the pool of mature neurons to replace the degenerated

neurons in the context of AD (Hernandez-Sapiéns et al., 2022).

PSEN2 gene has similar functions as that of PSEN1, however, the impact of PSEN2
mutations is less efficient in causing A accumulation when compared to PSEN1
mutations. This was supported by a study conducted on cell lines expressing different
PSEN mutations, which observed that PSEN2 mutations are less effective in processing
APP, and therefore produced fewer A peptides relative to PSEN1 (Bentahir et al., 2006).
Hence, PSEN2 mutations are a rarer cause of familial AD compared to APP and PSEN1
mutations, with only 20 or so mutation sites for PSEN2 identified in AD

(http://www.molgen.ua.ac.be/ADMutations) (I. Piaceri et al., 2013).

1.5.2) Reduced penetrant rare mutations:

Although APP, PSEN1 and PSEN2 mutations are highly penetrant, they only account for 5-
10% of total Early-onset AD patients. The remaining 90-95% are largely unexplained,
leaving room for rare genetic variants with various levels of penetrance (Gaél Nicolas et
al,, 2016). The following are some of the rare mutations that show lower penetrance (with

symptoms being produced only sometimes at a detectable level) in early onset AD.

1.5.2a) Sortilin related receptor 1 (SORL1):
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In 2007 (Rogaeva et al.,, 2007) and later in 2011 (Reitz, Cheng, et al., 2011), common
variants of SORL1 were reported to be associated with risk for Alzheimer's disease. Later,
rare variants of SORL1 were specifically reported to lead to a five-fold increased risk for
Early-onset Alzheimer’s (G. Nicolas et al., 2016). A significantly higher percentage of these
rare variants were observed to be premature stop codon (PTC) mutations (Gaél Nicolas
et al., 2016). Additionally, SORL1 missense variants were shown to possess a 1.5-fold
increased risk in Early-onset AD patients (Alvarez-Mora et al,, 2022; Verheijen et al,

2016).

SORL1 gene encodes for a protein SorLA, which is a membrane bound receptor. SorLA
functions to target proteins to the endosomal/lysosomal system and aids in the process
of protein trafficking from Golgi to the membranes (Schmidt et al., 2017). In the context
of AD, SorLA plays an important role in APP trafficking and facilitates targeting of A3
peptides to the lysosomes for degradation, thus reducing AB overproduction (Andersen
et al.,, 2005; Caglayan et al., 2014). SORL1 variants are found to confer AD risk by binding
to APP with reduced affinity, thereby interfering with proper trafficking of the protein

within the cells (Cuccaro et al.,, 2016).

1.5.2b) ATP-binding cassette, sub-family A, member 7 (ABCA7):

Like SORL1, genome wide association studies have reported the observation of rare
ABCA7 variants in ATP-binding cassette in AD patients. ATP-binding cassette functions in
transferring small organic molecules, proteins, peptides between different cellular
compartments in the cell (Dib et al,, 2021). In the brain, ABCA7 has been reported to be
expressed in neurons, astrocytes, microglia, Blood Brain Barrier (endothelial cells and
pericytes). ABCA7 has been known to regulate immune response, lipid release and

trafficking, as well as phagocytosis within the cell (Dib et al., 2021). Premature stop codon
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variants in particular were found to be enriched in AD patients, aside from the common
missense variants (Dib et al., 2021). Despite these findings, however, studies with ABCA7
are still in their early stages and further research is needed to gain a better understanding

of the rare variants and their penetrance (De Roeck et al., 2017).
1.6) Sporadic Alzheimer’s disease:

Sporadic Alzheimer’s disease has a combination of genetic and environmental triggers.
More than 95% of the total AD cases are sporadic, meaning that they are without a
definitive cause, leading to an increased difficulty in understanding the disease onset and
progression, simultaneously posing a challenge to creating preclinical models and drug
treatments (S. Chakrabarti et al., 2015). In this section, I will review few of the crucial
genetic and environmental risk factors reported to increase the incidence of Alzheimer’s

disease starting ApoE4, followed by TREM2, Clusterin and BIN1.
1.6.1) Genetic risk factors of sporadic AD:

Sporadic AD has a few genetic risk factors, such as the presence of ApoE4 allele, specific
variants of Triggering Receptor Expressed on Microglia 2 (TREM2) gene, which have been
identified through Genome Wide Association Studies. A key difference between the
genetic mutations seen in familial AD and the genetic risk factors for sporadic AD is that
the former ensures 100% penetrance to the next generation, whereas people with genetic
risk factors like ApoE4 may or may not develop the disease. In other words, the presence
of a particular mutation on PS1 genes, for example guarantees development of the disease
(i.e. the mutation appears to be the cause of the disease), whereas the presence of ApoE4

only increases the risk of getting the disease but does not guarantee it.
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ApoE4/E4 appears to be the greatest genetic risk factor for AD, with the presence of two
alleles increasing risk of AD by approximately 15 times (Montagne et al., 2021) compared
to people carrying ApoE2/E2. Other risk factors identified include TREM2, ADAM10, and
PLD3, each of which appear to have a low risk for AD (1% of the total AD population)
(Gratuze et al., 2018; Nackenoff et al., 2021), although more studies are required to fully

understand the nature of these risk factors (Karch & Goate, 2015; Kim et al., 2009).

1.6.1a) Apolipoproteins and ApoE4 - structure and functions:

The Apolipoprotein E (ApoE) family of lipoproteins function as a lipid transporter in the
brain (Leduc et al., 2010). Because lipids are hydrophobic, they require lipoproteins to
navigate through the aqueous environments (Tulenko & Sumner, 2002), and
apolipoproteins form the outer layer of these lipoproteins (as shown in Figure 1.3).
Apolipoproteins facilitate the transport of cholesterol from astrocytes to neurons for
maintenance. This is critical because neurons are in constant need for cholesterol to
maintain homeostasis and function, making them largely dependent on astrocytes for

their cholesterol requirements (Poirier et al., 1993).

In humans, there are three different isoforms of ApoE - E2, E3 and E4, however, only
ApoE4 has been associated with AD risk. This is due to some inherent differences among
the ApoE isoforms that underlie the pathological properties of ApoE4. One such
difference is that ApoE4 carriers have overall decreased concentrations of ApoE in the
brain compared to other isoform carriers, leading to less effective functioning of ApoE

(Martinez-Morillo et al., 2014).
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Figure 1.3: Different isoforms of ApoE (left). ApoE location on the outer lipoprotein layer

(right); Image adapted from Belloy et al., 2019; Leduc et al.,, 2011.

1.6.1b) ApoE4 - altered functions:

There are several potential pathways that have been suggested by which ApoE4 increases

the risk of AD. They are as follows:

Altered AP metabolism: The most widely accepted mechanism through which ApoE4 has
been suggested to exert changes in AD is by altering Af metabolism in the brain. Huynh
et al, (2017) in his study reported that aggregation and deposition of A is increased in
the presence of ApoE4, in a transgenic mouse model with simultaneous decrease in A3
clearance. Additionally, Tai et al., (2013) observed that oligomeric AB levels were higher
in AD transgenic mouse brain, human synaptosomes and cerebrospinal fluid by

performing ELISA (Enzyme Linked Immunosorbent Assay).

Altered Lipid metabolism: ApoE4 induced cholesterol and phospholipid dysregulation
in the brain highlights the role played by ApoE4 in lipid metabolism (Zhu et al., 2015).
That is, ApoE4 is shown to be less effective than other isoforms in inducing cholesterol
outflow/efflux, thus causing disturbances in the cholesterol levels in brain (Leduc et al,,
2010; Safieh et al,, 2019) resulting in increased cholesterol levels in the CNS, which is one

of the risk factors associated with Alzheimer’s disease (Shepardson et al., 2011; M. Wu et
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al., 2022). In addition to this, abnormal cholesterol levels have been found to exert
negative effects on amyloid beta aggregation and immune cell responses, thus indirectly

contributing to AD progression (Feringa & van der Kant, 2021).

Alteration of neuronal integrity: ApoE4 has been found to hinder neuronal outgrowth
through microtubule disassembly, thereby affecting neuronal structure and stability
(Nathan et al,, 1995). Neuronal expression of ApoE4 has been reported to cause axonal
degeneration and disrupt axonal transport in transgenic mice expressing ApoE4, which
would hinder communication between neurons (Tesseur et al.,, 2000). Additionally,
neuronal ApoE4 has been shown to alter neural gene networks that are vital for synaptic
activity and calcium signalling (Brian et al.,, 2022). ApoE4 has also been reported to
downregulate the expression of insulin receptor, and growth factor receptors which are
important for the normal functioning of neurons (Salomon-Zimri et al., 2016; N. Zhao et
al., 2017). Together, therefore, these alterations can cause disturbances in the neuronal

activity and cause dysfunction of the neurons.

Alteration of immune response: Epidemiological studies and human trials revealed that
ApoE4 carriers express more pronounced neuroinflammation compared to the other
isoform carriers (Gorelick, 2010; Reale et al.,, 2012). It has also been reported that
neuroinflammation is more prolonged in ApoE4 mice after stimulation with any type of
inflammatory triggers (Ophir et al., 2005; Passamonti et al., 2019). For example, in the
study by Passamonti et al, ApoE4 mice were given intracerebroventricular
Liposaccharide (LPS) injections and checked for elevation of inflammatory markers 5, 10
and 24 hours after injections. Microarray results revealed that there were elevated levels
of inflammatory markers in ApoE4 mice at 10 and 24 hours timepoint compared to

controls (Ophir et al, 2005). As will be reviewed in detail below, persistent

30



neuroinflammation causes damage to brain cells and contributes to cognitive decline as
witnessed both in humans (Passamonti et al.,, 2019) and animal models (Luo et al., 2019)

of Alzheimer’s disease.

Other deleterious effects of ApoE4: In addition, the effect of ApoE4 has been constantly
associated with Tau hyperphosphorylation which is a major hallmark of Alzheimer’s
disease. It has been found that neuronal ApoE4 directly interacts with cytoplasmic tau to
induce hyperphosphorylation, eventually resulting in the formation of Neurofibrillary
tangles (Harris et al, 2004). Moreover, ApoE4 disturbs mitochondrial homeostasis,
leading to mitochondrial dysfunction in AD (Pires & Rego, 2023), via downregulation of
the expression levels of mitochondrial respiratory complexes I, IV and V. ApoE4
contributes to Blood Brain Barrier disruption by accelerating pericytes degeneration in
the brain as evident from human AD postmortem studies (Halliday et al., 2016).
Therefore, ApoE4 exerts its role on multiple pathways related to AD thereby playing a

predominant role as the major genetic risk factor for AD (Huang & Mahley, 2014).

1.6.1c) Triggering receptor expressed on myeloid cells 2 (TREM2) ligand and its

functions:

TREM2 belongs to a family of cell surface receptors that are mostly expressed in dendritic
cells, granulocytes and certain tissue-specific macrophages like osteoclasts and Kupffer
cells (Gongalves et al., 2013; Humphrey et al., 2009). In the brain, TREM?2 is exclusively
expressed in microglia (Forabosco et al, 2013; Neumann & Takahashi, 2007).
Nevertheless, there seems to be an uncertainty regarding whether their expression is
found on all or only on a particular subgroup of microglia (Schmid et al., 2002). TREM2

expressing microglia has a varied distribution in the brain with certain regions like
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hippocampus, spinal cord, and the white matter showing relatively higher expression

compared to other brain regions (Forabosco et al., 2013).

TREM2 has been reported to modulate the survival and proliferation of different cell
types such as myeloid cells (including microglia) and dendritic cells (Saber et al., 2016).
Several in-vivo and in-vitro studies have highlighted the requirement of TREM2 for
microglial survival and proliferation (discussed in detail in the next section) (Masahito et
al., 2015; Seno et al., 2009; Wang et al., 2016). Activation of TREM2 was shown to increase
dendritic cell survival via the Extracellular-signal regulated kinase (ERK) pathway
(Bouchon et al, 2001). Another prominent function of TREM2 is its regulation of
neuroinflammatory signalling pathways. In primary cell cultures, for example,
knockdown of TREM2 has been shown to shift the balance of inflammatory cytokines
resulting in an ineffective clearance of apoptotic neurons (Takahashi et al., 2005). The
modulation of cytokine profiles by TREM2 thus plays a key role in determining the

phagocytic properties of microglia (Masahito et al., 2015).

TREM?2 and microglia: Apart from influencing the phagocytic properties of microglia,
TREM2 tightly controls the metabolism of these glial cells. A 2017 study revealed that
microglia from TREM2 deficient mice show unusually low levels of ATP, glycolysis, and
anabolic metabolism. These microglia were also seen to accumulate abnormal levels of
autophagic vesicles, indicating a compromised energy metabolism (Ulland et al., 2017).
Such metabolic disturbances in the absence of TREMZ2 expression in microglia is
suggestive of its trophic support to microglia in extreme stressful conditions (Salter &
Stevens, 2017). Interestingly, in a subset of microglia, TREM2 triggers an activation of
neurodegenerative signalling through interaction with the APOE pathway, resulting in a

loss of homeostatic function of microglia (Krasemann et al., 2017). With regards to the
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plaque associated properties of microglia, a decrease in TREM2 has always been shown
to impair the effectiveness of microglial cells in clearing the plaques in-vivo (Jay et al,,
2015; Y. Wang et al,, 2015b). This is mainly due to the inability of the TREM2 deficient
microglia to be recruited to cluster around the plaques, for successive clearance (Y. Wang

et al.,, 2015b; Yuan et al., 2016).

TREM?2 and A load: Variations in amyloid beta accumulation with regards to TREM2
results from microglial mediated phagocytosis as described in the previous section
(Kleinberger et al., 2014). In-vitro studies add weight to this hypothesis as TREM2
expression increases microglial uptake of AB (Jiang et al., 2014). However, in-vivo studies
provide mixed evidence regarding the TREM2 mediated clearance/uptake. For instance,
the APPPS1-21 AD mouse model with a total deletion of TREM2 had decreased Af3
accumulation in the cortex at 3 months of age but an increased plaque load at 8 months
of age,(Jay et al,, 2017), whereas results from Wang et al’s (2015) study of 5xFAD animals
with TREM2 deletion reported an increase in amyloid plaques in the hippocampus but
not cortical regions at the age of 8.5 months. Therefore, further studies and appropriate
mouse models are required to fully understand the altered functions of TREM2 with

regards to amyloid burden in-vivo.

TREM?2 and Tau pathology: Although there are fewer studies linking TREM2 and tau
than those exploring TREM2-Af interactions, the literature that is available does suggest
a TREM2-tau pathology link. For example, a study conducted by Wang et al., (2015a) on a
cohort of human AD patients reported a positive correlation of TREM2 mRNA levels with
tau pathology specifically in the hippocampal region. Another study examined the
cerebrospinal fluid of AD patients and found that soluble TREM2 positively correlated

with total and phosphorylated tau in AD patients compared to control cohort (Piccio et
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al., 2016). In contrast, silencing TREMZ2 in the brain resulted in an abnormal increase of
tau pathology eventually leading to neurodegeneration and spatial learning deficits in a
tau transgenic model (Jiang et al., 2018). Although these studies indicate a link, it is
unclear what direction the association is in, therefore further studies are required to

clarify these associations.

1.6.1d) TREMZ variants in Alzheimer’s disease: Genome wide association studies have
identified several rare variants of TREM2 that increase the risk of late onset AD by 2-4
fold (Gratuze et al., 2018; Guerreiro et al., 2013; Jonsson et al,, 2013). Among them, the
most well-studied and strongly associated variant is the R47H TREM2 variant, as
confirmed through direct genotyping in a cohort of 1887 AD and 4061 control patients
(Guerreiro etal., 2013). Despite its prevalence in AD, however, the R47H variant of TREM2
has be reported to be population specific: mostly limited to the Caucasian population
(Murcia et al., 2013). Variants other than R47H, such as R62H, D87N, T96K, L211P and
R136Q were also found to be associated with late-onset AD (Guerreiro et al., 2012). Most
of the TREM2 variants appear to alter the ligand binding properties of TREM2 - R47H
and R62H variants modify the phagocytic properties of TREM2 in-vitro (Kleinberger et
al., 2014). In AD patients, R47H TREM?2 variants were associated with higher levels of
total tau and phosphorylated tau in the CSF compared to control cohorts (Cruchaga et al,,
2013). Additionally, another human study reported an increase in axonal dystrophy

around amyloid plaques in humans carrying R47H TREM2 variant (Yuan et al,, 2016).

1.6.1e) Clusterin (CLU): Clusterin has been reported to be the third most significant risk
factor for late-onset AD (Yuste-Checa et al,, 2022). Clusterin shares similarities with APO]J,
and is predominantly expressed in astrocytes (Foster et al., 2019). Unlike APOE4 which is

heavily involved in the lipid metabolism of the brain, clusterin is known to play a notable
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role at synapses (particularly excitatory synapses) (Chen etal., 2021; Fu & Ip, 2023). Two
extensive genome wide association studies identified 3 important CLU variants -
rs11136000, rs93318888, rs2279590 associated with AD risk. Out of these, rs11136000
was considered to be the major variant that increases susceptibility to AD (Lambert et al,,
2009). In particular, exacerbated brain atrophy and greater conversion rates from MCI-
AD was observed in patients with MCI carrying this variant (Carrasquillo et al., 2015).
Like the R47H TREM?2 variant, rs11136000 was also reported to exert these effects
preferentially in the Caucasian population compared to the Asian population. This could
mean that there are other, as-yet unknown variants that confer AD risk in the non-
Caucasian population, and further studies are needed to determine if this is the case

(Foster etal., 2019).

1.6.1f) Bridging Indicator 1 (BIN1): BIN1, also known as amphiphysin II, functions to
regulate membrane dynamics, mediate protein trafficking, and facilitate endocytosis. It is
also reported to play an overall important role in pre-synaptic neurotransmitter release
and memory consolidation (De Rossi et al,, 2020). Aside from the pre-synaptic function
of BIN1, accumulating evidence suggest a role for BIN1 in cytoskeleton dynamics and
therefore an interaction with Tau protein. Specifically, the BIN1 variant rs744373 is
reported to confer AD risk by increasing tau loads, leading to cognitive decline
(Franzmeier et al,, 2019). Another recent human study pointed out how the rs744373
variant induced faster tau accumulation in the presence of amyloid beta (Franzmeier et
al, 2022). Other than the rs744373 variant, p.K858R has also been shown to be
associated with later-onset AD, but again, only in a specific population (Caribbean

Hispanics) (Vardarajan et al.,, 2015).
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In addition to the variants mentioned in this section, several others have been found to
be associated with AD risk at various levels, with a few of them showing population
specific inheritance of AD, such as Unc-5 homolog C (UNC5C) A Kinase Anchor Protein 9

(AKAP9) (Cacace et al., 2016; Hoogmartens et al., 2021).

1.6.2) Environmental risk factors of sporadic AD:

Non-genetic or environmental risk factors contribute to almost 30% of sporadic
Alzheimer’s disease, most of which are modifiable. According to a 2015 study, lifestyle
risk factors like excessive smoking, alcohol consumption is reported to increase
Alzheimer's risk by about 40% (Zhong et al., 2015). AD risk is also significantly increased
with diabetes and obesity, with each contributing independently to the susceptibility of
the disease (Profenno et al., 2010). Another risk factor highlighted in multiple studies is
the elevated blood pressure levels, especially in midlife (Shah et al., 2012) compared to
late life (Fotuhi et al., 2009; Launer, 2005; Qiu et al., 2005). There are also numerous
evidence in the literature suggesting heavy metal exposure is a risk factor for Alzheimer’s
disease (F. Liu et al., 2022; L. Wang et al., 2020). Lead, cadmium and manganese are a few
examples of metal ion neurotoxicant associated with AD pathology (Kelly M. Bakulski et
al, 2020). Traumatic Brain Injury (TBI), which comprises damage to the brain via an
external mechanical force of any kind, or an internal penetration of the skull and brain,
has also been extensively linked with Alzheimer’s Disease (Lye & Shores, 2000; Srinivasan
& Brafman, 2022). Although there is no direct mechanism by which TBI results in AD, it
is believed that in certain cases, TBI is followed by cognitive decline, which in the later
stages of life, can develop into Alzheimer’s dementia (Graham et al., 2022; W. Li et al,,

2016).

36



A recent meta-analysis study revealed that people with insomnia are at a greater risk of
developing Alzheimer’s disease (Chappel-Farley et al., 2020; Sadeghmousavi et al., 2020;
Shi et al,, 2018). Insomnia is tightly linked with mental health disorders and people
experiencing mental health issues have increased risk of developing AD. For instance,
apathy, anxiety and depression are all associated with AD risk. Longitudinal studies
conducted on AD patients and healthy controls have identified anxiety independently
(Santabarbara et al,, 2019) and in association with depression and sleep disturbances as
potential risk factors for AD (Burke et al., 2018). Depression has been vastly explored in
its association with AD since the early 90s (Forstl et al, 1992). Studies report that
depression is one of the major predictors of progression from Mild Cognitive Impairment
to Alzheimer’s dementia (Palmer et al, 2010; Van der Mussele et al, 2014). As a
neuropsychiatric symptom, depression continues to persist in up to 50% of patients with

AD, causing increased burden to the caregivers (Chi et al., 2014; Zhao et al., 2016).

Based on the studies outlined above, it is clear that there is a diverse range of
environmental risk factors for AD that, on a superficial level, appear to have little in
common. One commonality they all share, however, is that in all the above-mentioned
conditions, neuroinflammation appears to play an inevitable role. In the following section,
[ will review the process of neuroinflammation, how it’s modulated by immune cells in

the brain, and its predominant role in the pathology of Alzheimer’s disease.
1.7) Neuroinflammation - A Key player in Alzheimer’s disease:

As mentioned, neuroinflammation plays a prominent role in all the risk factors associated
with Alzheimer’s disease. In the context of AD, neuroinflammation is triggered through

multiple pathways and has deleterious consequences for the progression of AD.
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1.7.1) Neuroinflammation - An essential immune response in the brain:

Maintaining homeostasis in the brain is crucial to its normal functioning, and microglia
and other immune cells help maintain homeostasis by constantly surveilling for any
disturbances caused from within and outside Central Nervous System (as shown in Figure
1.4). For example, neurons undergo apoptosis (i.e. cell death) as a part of the normal
developmental process, and the cellular debris is cleared from brain through the
activation of inflammatory pathway (Sierra et al., 2010). In addition, external stimuli such
as pathogens need to be eliminated from the brain and triggering the inflammatory
response aids in the process of protecting the brain from such infections (Piintener et al.,
2012). In the absence of such a response, neurons would not be able to function normally

and would suffer damage, possibly even death.

Physiological conditions

* Surveillance
* Phagocytosis of debris
* Maintenance of neuronal plasticity

Microglia Neuron
* Trophic support

* Synaptic homeostasis

——BBB
Endothelial cells
Blood vessel

¢ Regulation of
blood flow

Astrocyte

Figure 1.4: Immune cells in maintaining homeostasis of the brain under physiological

conditions; microglia achieving this by constantly surveilling, phagocytosing debris, both
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microglia and astrocytes providing trophic support to neurons, and astrocytes

maintaining the integrity of blood brain barrier; Image adapted from Leng et al., 2020.

1.7.2) Immune cells of the brain:

An inflammatory response involves immune cells and secretion of inflammatory
cytokines that carry-out the whole process. Originally considered immune-privileged, the
brain is now known to involve a wide range of cell types: cells that are resident in the
brain or can be recruited to the brain when the need arises. Here I will detail the brain’s

immune cells and how they orchestrate an inflammatory response.

1.7.2a) Myeloid cells:

These are cells that migrate to brain during the central nervous system development
process and are widely categorized into two groups: parenchymal microglia and CNS-
associated macrophages (CAMs). CAMs can also be present in the brain’s border regions
therefore called border-associated macrophages (Mrdjen et al.,, 2018). The following
section describes microglia whereas CNS Associated Macrophages will be discussed in

the later sections.

Microglia: Microglia are the cells of myeloid lineage that reside within the Central
Nervous System. Similar to macrophages in the peripheral nervous system, microglia are
a part of the immune system. During development, myeloid precursor cells migrate to the
brain where they later mature to become microglia (Harry, 2013). Microglia in the brain
in their surveillant state are otherwise known as ‘ramified’ microglia. In this state they
are extensively branched and carrying out surveillance, as well as eliminating cell debris,

removing excessive synapses in the developing neurons, providing trophic support to the
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neurons, and undergoing a self-renewal process, as shown in Figure 1.5 (Gomez-Nicola &

Perry, 2014).
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Figure 1.5: Different functional states of microglia in its surveillant form, including
phagocytic action, neuromodulation, pruning synapses, self-renewal through

proliferation; Image adapted from Gomez-Nicola et al., 2014.

Microglial cells become activated out of their surveillant state by a range of triggering
molecules that trigger inflammatory response within the brain. Reactive microglia adapt
a more amoeboid-like morphology by retracting all its processes. The inflammatory
triggers are majorly categorized into - Pathogen Activated Molecular Patterns (PAMPs)
which are molecules released by pathogens or small parts of the pathogen themselves
and Damage Associated Molecular Patterns (DAMPs), which are molecules released by
cells and cellular components that are of endogenous origin (Tang et al., 2012). These
DAMPs and PAMPs are recognized by microglia through a set of receptors expressed on
the cell surface referred to as Pattern Recognition Receptors. A major category of these
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types of receptors are Toll-like receptors that recognize a vast variety of ligands,
especially ligands of pathogenic origin. Amyloid beta and other misfolded proteins come

under the category of Danger Associated Molecular Patterns. (Kigerl et al,, 2014).

Both Danger Associated Molecular Patterns and Pathogen Associated Molecular Patterns
trigger a cascade of inflammatory responses within microglia when they bind to their
respective receptors, activating a series of downstream signalling mechanisms that
release a series of inflammatory cytokines and chemokines. The inflammatory cytokines
carry out inflammatory reactions in the brain, some well-known examples include
Interferons (IFN) including IFN-a, 8 and y, Tumour Necrosis Factor (TNF-a), and the
Interleukin family with IL-6, IL1(. For instance, excessive production of TNF-a results in
increased intracellular A accumulation and tau pathology eventually leading to neuronal
death in 3xtg-AD model (Janelsins et al.,, 2008). This is problematic because TNF-a
induced AB has been shown to mediate deficits of learning and memory and synaptic

dysfunction in AD (Tobinick, 2009).

Overexpression of IL1 has been reported to enhance tau phosphorylation and tangle
formation leading to a significant decrease in LTP and synaptic plasticity, whereas
blocking of IL1f signalling was seen to attenuate tau pathology and reverse the cognitive
deficits in AD mouse models (Kitazawa et al., 2011). Increased levels of IL-6 were shown
to be directly proportionate to increased levels of C-reactive proteins (CRP). In AD
patients and mouse models, Wang et al., (2015) reported increased levels of IL-6 in the
brain, cerebrospinal fluid, plasma and specifically surrounding the AB plaques in brain
tissues. Together, these results suggest that these cytokines contribute to the pathology

of AD (Wojdasiewicz et al., 2014).
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Additional cytokines involved in AD neuropathology include Transforming Growth
Factor- 8 (TGF- (), IL-4, IL10, IL-13 and several other interleukins. These cytokines are
shown to support the normal functioning of the brain by regulating various
neuroinflammatory processes. For example. in conditions like excitotoxicity, IL-10 has
been shown to mitigate the effect in a time and dose-dependent manner (in-vitro) and
provide trophic support to neurons (Zhou et al., 2009). This in turn is complemented by
the effect of IL-10 in enhancing neuroplasticity by inducing LTP (in hippocampal slices)
(Nenov et al, 2019). Similarly IL-4 has been reported to have a positive effect by
increasing phagocytosis and proteolysis of damaged cells and proteins thereby aiding
tissue repair (Balce et al., 2011). The role of TGF- 8 as a neurotrophic factor is well
documented, not only during the phase of neuroinflammation, but also during early
developmental stages of the brain as well as during neuro-regeneration (Massagué,
2012). Activins, a member of TGF- B family was reported to regulate memory
processesthrough preservation of long term memory (in mouse models) (Ageta et al,,
2010). These studies highlight the importance of intricate balance between different
cytokines to ensure proper functioning of the brain and how this is disrupted in AD is

addressed in the section later in this Chapter.

Evolving research has characterized microglia into specific subtypes based on
morphological, spatial and structural analysis. One of the earliest classifications of
microglial subtype appears to be the Keratan Sulphate Proteoglycan microglia (KSPG
microglia) (Stratoulias et al., 2019). This subtype is classified in accordance with its
ramified microglia and its expression is relatively region-specific, with high expression in
hippocampus, brain stem, and olfactory bulb, and lower expression in cerebellum and

cerebral cortex (Bertolotto et al., 1998).
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Hox8b microglia comprise another subtype and although these are expressed throughout
the brain; they are particularly concentrated in the cerebral cortex and olfactory bulb
(Chen et al., 2010). The absence of this microglial subtype is accompanied by impaired

grooming, anxiety, and social behaviours in rodents (De et al., 2018).

Another microglial subtype is the CD11c subtype, which can be found distributed in the
primary myelinating regions of the brain: the corpus callosum and cerebellar white
matter. This subtype is known to contribute to neurogenesis and myelinogenesis during
brain development (Wlodarczyk et al, 2018). Accordingly, expression of CD11c is
maximal during postnatal development, and decreases to less than 3% in adult mice

brain.

In addition to these, there are several other microglial subtypes that are known to be
associated with Alzheimer's disease (Disease Associated Microglia - DAM) and other
neurodegenerative diseases (Neurodegenerative microglia - MGnD), although their

status regarding whether they are harmful or protective remains unclear (Wei & Li, 2022).

Disease Associated Microglia in Alzheimer's disease were identified in 2017, through
single-cell RNA sequencing. These microglia show upregulation of genes such as Ax],
Apoe, Clec7a, Itgax, Galectin 3 (LGALS3), and cystatin F (CST7) and are usually not
associated with acceleration of neurodegeneration (Sobue et al., 2021). Rather, the role of
these microglia appears to be predominantly protective, a study that revealed that their

activation resulted in the clearance of A plaques (Keren-Shaul et al., 2017).

Like DAM, MGnD were reported at higher levels in several neurodegenerative diseases.
MGnD polarization is triggered by increased phagocytosis of plaques and apoptotic
neurons as observed in APP/PS1 mice and humans (Krasemann et al., 2017). This switch
was especially activated by APOE and were associated with activation of inflammatory
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genes including Axl, Itgax, Clec7a, and Apoe and a decrease of homeostatic genes
including Tgfb(r), Hexb, P2ry12, and Cx3crl. In the context of AD, restoring MGnD
phenotype of microglia is assumed to play a protective role as prolonged activation of this
microglial subtype is found to be deleterious (Krasemann et al.,, 2017; Pimenova et al,,
2017). Similar to DAM and MGnD, several different subtypes of microglia such as
proliferative-region associated microglia (PAM), activated response microglia (ARM) are

being extensively studied in the recent years (Wei & Li, 2022).

1.7.2b) Astrocytes:

Astrocytes are the second set of immune cells in the CNS which scaffold the entire brain
structure (Sofroniew & Vinters, 2010). Although not considered a part of classical
immune cells in the brain, astrocytes seem to be activated during conditions like
neuroinflammation (Wheeler et al.,, 2020) and neurodegeneration (Habib et al., 2020).
Astrocytes, along with pericytes, form a close-knit layer around the blood vessels, keeping
them intact, known as the blood brain barrier (Burn et al., 2021). Besides maintaining
standard homeostasis in the brain, astrocytes also contribute to the formation of unique
perivascular tunnels of the recently discovered glymphatic system, through which
neurotoxic wastes are removed from the CNS (Jessen et al., 2015). Astrocytes also extend
their support to oligodendrocytes by supplying growth factors that promote the
maturation of oligodendrocytes, therefore indirectly influencing myelin maintenance
(Tognatta et al., 2020). Apart from these, astrocytes serve as a rich source of energy
metabolites such as glucose, lipids and amino acids which are necessary for normal

functioning of neurons (as seen from Figure 1.6) (Chen et al., 2023).

The term ‘reactive astrocytes’ is often used to describe the activated version of astrocytes.

One common characteristic of reactive astrocytes is the expression of ‘Glial Fibrillary
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Astrocytic Protein’ (GFAP), which is upregulated in the activated state of astrocytes in

central nervous system (Sofroniew, 2014).

Like microglia, reactive astrocytes also express multiple receptors on their surface
including Pattern Recognition Receptors and Toll-Like Receptors, which are activated
through their respective ligands, to release interferons and Interferon Stimulated Genes
(ISGs), which is a major innate immune response against viral infections (McNab et al,,
2015). This excessive inflammatory cytokine secretion leads to the infiltration of immune
cells from the periphery into the CNS (Sofroniew, 2015). This has a variety of
consequences for brain function, for instance reactive astrocytes fail to regulate synaptic
transmission and thus contribute to excitotoxicity (as reviewed in synapse loss section

below).
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Figure 1.6: Functional diversity of astrocytes in the CNS; astrocytes providing energy

support to neurons, regulating synaptogenesis, maintaining integrity of blood brain
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barrier, regulating activity at the synapses, providing metabolic support to
oligodendrocytes, integrating with microglia to function at the synapses; Illustration

reproduced courtesy of Novus Biologicals.

1.7.2c) Immune cells in the immunological niches:

In addition to microglia and astrocytes, several other types of immune cells play a time-
dependent role in brain development, inflammatory conditions, and healthy brain
functioning. CD4+ T cells are known to play a critical role in healthy brain function and
abnormal T cell signalling, and depletion of these cells is met with neurological disability
in animal models (Desdin-Mic6 et al,, 2020). Likewise, CD8* T cells can infiltrate the brain
during aging, which reduces the proliferation of neuronal stem cells in neurogenic niches
(Dulken et al., 2019). B lymphocytes also contribute to the functioning of the brain by
enhancing oligodendrocyte development from precursor cells, as observed in the early
stages of murine brain development (Tanabe & Yamashita, 2018). These (and many other)
immune cells are stocked in different anatomical interfaces such as the meninges, choroid
plexus, and perivascular spaces. Additionally, the bone marrow of the skull supplies a
varied set of immune cells to the brain when necessary (Castellani et al., 2023) which, like
microglia, constantly surveil the brain for danger signal and exert control either remotely
by secretion of cytokines/neurotrophic factors, or locally by infiltrating the brain (Ito et
al., 2019). The meninges act as a reservoir of immune cells such as lymphocytes and
Antigen Presenting Cells (APCs) such as CNS Associated Macrophages, as well as dendritic
cells that present antigens to the T cells (Merlini et al., 2022). The meninges also serve as
a niche for immature B cells that originally migrate from bone marrow of the skull

(Schafflick et al., 2021).
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There are additional immune cells in the choroid plexus. The choroid plexus forms the
blood-cerebrospinal fluid-barrier, with the maximum population of macrophages, which
immediately respond to any insults from the brain or peripheral immune challenge
(Shipley et al, 2020). Other than macrophages, this niche holds enhanced major
histocompatibility complex-II expressing APCs (Mrdjen et al., 2018) and leukocytes that

migrate to CNS upon interferon signalling (Kunis et al., 2013).

Finally, perivascular spaces hold immune cells and these are the spaces surrounding small
blood vessels that integrates into the brain parenchyma (Mrdjen et al., 2018). The
immune cells present in this compartment are recognized as part of the innate immune
system, acting as the first line of defence. Most of the cells that populate the perivascular
spaces are leukocytes, perivascular CAMs, and macrophages (Mrdjen et al, 2018).
Together with the brain resident microglia, all these various immune cells function to
maintain homeostasis in the brain, and all are subject to alteration during aging and

neurodegenerative conditions (Castellani et al., 2023).

1.7.3) Neuroinflammation - A persistent immune response:

Acute neuroinflammation is a necessary immune response to invading pathogens and
toxic proteins within the brain, which usually subsides within few hours to days and is
required to maintain homeostasis. When the acute inflammation does not subside within
few weeks, neuroinflammation starts persisting indefinitely. This phenomenon is termed
chronic neuroinflammation which typically lasts for months and sometimes over years,

causing damage to the brain (as shown in figure 1.7) (Hannoodee & Nasuruddin, 2023).
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Figure 1.7: Uncontrolled neuroinflammatory response during pathological challenge,
with reactive microglia and astrocytes causing dysfunction of neurons, apoptosis and
synaptic loss through excessive secretion of reactive oxygen species, reduced supply of

trophic factors, and excessive release of glutamate; Image adapted from Leng et al., 2020.

1.7.3a) Neuroinflammation and cognitive deficits in Alzheimer’s disease:

There are several lines of evidence showing that neuroinflammation is a probable factor
leading to cognitive deficits in Alzheimer's disease and Mild Cognitive impairment. First,
a number of preclinical studies have shown that neuroinflammation underlies cognitive
decline in AD-related mouse models. For example, in the APP/PS1 mouse model,
neuroinflammation was found to parallel the progression of learning and memory deficits
in spatial and working memory tasks (Zhu et al., 2017). A separate study found that
TGCRNDS8 animals that were fed a whole-food diet showed spatial memory deficits that
was mediated by neuroinflammation in these animals (Parrott et al, 2015). Another
popular 5XxFAD model demonstrated that neuroinflammation preceded synaptic loss and

therefore lead to cognitive dysfunction as evidenced by poor performance on spatial and
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working memory tasks. Treatment with Pomalidomide, an immunomodulatory drug,

mitigated the severity of cognitive dysfunction in this AD model(Lecca et al., 2022).

Second, neuroinflammation has been found to disrupt the brain network communication
and synaptic function, resulting in cognitive disturbance (Heppner et al., 2015). A study
by Passamonti et al. (2019) reported that neuroinflammation (as marked by microglial
reactivity), and brain functional connectivity (proposed to have resulted from abnormal
microglial activity at the synapses) each had strong correlations with cognitive decline in
Alzheimer’s patients. These were supported by another imaging study conducted on AD
patients, that reported a positive correlation between dysfunction of network structural
integrity and various cognitive impairments (e.g. verbal memory, short-term memory).
Microglial reactivity but not Af deposition was correlated with network dysfunction,
associated with cognitive defects in AD patients, suggesting that neuroinflammation is
more predictive of such defects than A plaques (Leng et al., 2023). Several biomarker
studies have suggested the same thing regarding neuroinflammation in AD. For example,
glial cell and neuroinflammation markers such as YKL40, MCP1, VILIP1, sTREM2, IL-6,
TGF-B were found to be specifically upregulated in AD patients (Kiraly et al., 2023). Glial
cell marker such as YKL40 was further reported to be elevated in the CSF of MCI patients,
which could mark the earliest traces of neuroinflammation and aid precise diagnosis of

MCI to AD progression (Schmidt-Morgenroth et al., 2023).

1.7.3b) The effect of neuroinflammation on pathological markers of AD:

A third line of evidence supporting the role of neuroinflammation in AD progression
comes from studies pointing out neuroinflammation that occurs as a response to amyloid-
beta plaques and hyperphosphorylated Tau (Craft et al., 2006; Ismail et al., 2020). For

instance, several studies report microglial reactivity in response to Af3 plaque formation
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(Simard et al., 2006) which can phagocytose AB. Apart from phagocytosing the plaques,
however, microglia have also been shown to limit plaque growth and preserve neuronal
connections. This was demonstrated in a 2017 study that depleted microglia in APP/PS1
mice crossed with CX ; CR1-iDTR mice (i.e. a modification that allows control of microglia
and myeloid cells in brain) by injecting diphtheria toxin (DT). Although there were no
changes in plaque number, the size of plaques in these microglia depleted mice were
increased by 13%, confirming that microglia functions to limit the plaque growth (R. Zhao
et al, 2017). Similar results were reported in a 2020 study that looked at microglia’s
modification of plaque morphology. In a 5XFAD mouse model, microglia were found to
successfully limit diffuse plaques and maintain plaques in a compact stage, highlighting
the neuroprotective nature of microglia with respect to controlling amyloid plaques
(Casali et al.,, 2020). Over longer periods of time, however, microglia become incapable of
phagocytosing AP peptides, which contributes to the accumulation of Af. This was
observed in the study by (Hickman et al., 2008) where microglia isolated from adult (14
months old) PS1-APP transgenic mice displayed marked decrease in Amyloid-beta

scavenger receptors.

Just like microglia, astrocytes also contribute to Af degradation by secreting proteolytic
enzymes to cleave AP (Nalivaeva et al, 2012). In organotypic brain culture slides,
pharmacological ablation of astrocytes led to a sharp increase in amyloid beta levels,
confirming the need for astrocytes in the clearance of amyloid beta (Davis et al., 2020).
Although astrocytes take up aggregated amyloid beta, this disrupts the normal function
of astrocytes by hampering their energy metabolism. This was indicated by swollen
mitochondria and excessive fission in the astrocytes with excessive plaque accumulation

(Zysk et al., 2023).
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Although astrocytes and microglia have been documented to play a vital role in
clearance/modification of amyloid plaque pathology, during certain scenarios (such as
chronic neuroinflammation) persistent reactivity of these cell types are associated with
dysregulation of their canonical function leading to spreading of amyloid pathology.
Reactive astrocytes on the other hand are reported to increase A accumulation by
releasing inflammatory cytokines that can trigger plaque formation (Blasko et al., 2000).
A 2022 study by d’ Errico et al., proved that reactive microglia contribute to spreading of
AP pathology to the unaffected brain regions. In this study, the authors transplanted
wildtype embryonic neuronal cells into the neocortex of 5xFAD mice and observed that
the A plaques were present in the transplanted wildtype grafts. With the help of in-vivo
two photon imaging the authors demonstrated the movement of Af laden microglia
migrating to the previously unaffected tissues, therefore being partly responsible for the

spreading of A plaques in the uninfected brain region (d’Errico et al., 2022).

Similarly, microglia engulf Tau oligomers under physiological conditions, but
dysfunctional microglia are unable to phagocytose the aggregated Tau and are therefore
thought to indirectly contribute to Tau tangle formation (Bolds et al., 2017) In a recent
study, microglial reactivity has been shown to lead tau accumulation in a Braak staging
dependent manner. By performing network analysis following positron emission
tomography (PET) imaging for microglia and tau, it was reported that microglial reactivity
and accumulation propagated in the brain regions in a manner that followed the pattern
of Braak staging (Pascoal et al., 2021). A later study demonstrated that the correlation
between microglial reactivity and tau accumulation was driven by A3 burden. Particularly,
the co-occurrence of Af3, tau and microglial abnormality was seen to result in a severity

of cognitive phenotype in AD patients (Wang & Xie, 2022).
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Astrocytes have been shown to contribute to tau pathology propagation via vesicle
secretion and tunnelling nanotubules. Astrocytes engulf tau deposits in an attempt to
clear the accumulated tau and upon failing to degrade the ingested tau, astrocytes start
aggregating it within the cells. Mothes et al., used FRET based seeding assay and observed
that tau proteoforms are released by astrocytes and these released tau possess a higher
seeding capacity compared to the ingested tau which are then eventually spread to the
nearby cells (Mothes et al., 2023). Additionally, similar to the above-mentioned interplay
between microglia, Af and tau, there exists a link between astrocytes, A} and tau.
Evidence for this was reported in a 2011 study which stated that astrocytes are a key
downstream modulator of A pathology, resulting in tau phosphorylation in primary
neurons (Garwood et al, 2011). A recent study by Bellaver et al, (2023) examined
cognitively unimpaired individuals positive for astrocytic reactivity and reported that
reactive astrocytes are important in A induced worsening of tau pathology through
biomarker studies. This particular finding could help in the precise identification of

individuals in clinical trials who could eventually develop AD.

Activated microglia and astrocytes share common pathways that contribute to neuronal
degeneration in the context of chronic neuroinflammation. Both glial cells secrete
excessive amounts of inflammatory cytokines when activated, which leads to increased
levels of intracellular calcium in neurons. These abnormal levels of calcium can damage
mitochondria and activate caspases, eventually resulting in neuronal apoptosis (Kruman
et al, 1998). Microglia and astrocytes both also secrete nitric oxide and other free
radicals, high levels of which can lead to DNA and oxidative damage in neurons
(Rumbaugh & Nath, 2009). As a consequence of this, mitochondrial dysfunction and
calcium induced excitotoxicity occurs, which marks a major pathological feature of

Alzheimer's disease (Verma et al., 2022).
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A final way in which neuroinflammation can be destructive is through the sustained
reactivity of microglia and astrocytes, which can lead to the loss of their homeostatic
function (among other things). For example, astrocytes maintain Blood Brain Barrier
integrity, and loss of this function through their consistent activation can lead to infections
from the periphery spreading to the brain (Drogemiiller et al., 2008). Additionally, the
reduced secretion of neurotrophic factors by glial cells deprives neurons of their energy
and normal functioning, resulting in degeneration. These neurotrophic factors play a
crucial role in maintaining cognitive function, such that disturbances in their balance can
affect higher order functions like memory and cognition, which is a well-known clinical
feature of AD (De Sousa, 2022). Therefore, for all the reasons outlined above, chronic
neuroinflammation can be detrimental to normal brain function, and appears to be

inseparably linked to multiple features of AD pathology.
1.8) Hippocampal atrophy in Alzheimer’s disease:

Brain atrophy (shrinkage) and volume loss is a common phenomenon observed in
Alzheimer patients. Nevertheless, it is interesting to note that only selective regions of the
brain are affected by atrophy and volume loss in Alzheimer’s disease, and this remains
consistent across all AD cases (Prasad, 2020). A recent study conducted by (Planche et al.,
2022) depicted the chronological order in which brain region atrophy progresses
throughout the entire course of Alzheimer’s disease. According to this study, the
progression of brain atrophy starts from the hippocampal and amygdala regions and
slowly extends to cortical regions including entorhinal cortex, cingular and insular
cortices. This constitutes the major reason for my focus on the hippocampal region in this
study. In the following section, I will explain hippocampal anatomy, its circuitry and how

degeneration of hippocampus occurs in AD. I will be primarily referring to the mouse
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hippocampus in this section, but with noted references to human hippocampus in several

sections.

1.8.1) Hippocampus:

The hippocampus is a brain structure within the temporal lobe that forms a part of the
limbic system of the brain. The key functions of the hippocampus include memory
acquisition, regulation of learning and memory, spatial navigation, and decision making
(Tatu & Vuillier, 2014). The hippocampus has both efferent and afferent connections to
various other parts of the brain including anterior thalamus, hypothalamus, amygdala,

and entorhinal cortex.

1.8.2) Hippocampal anatomy:

In mice, the hippocampus can be divided into dorsal, medial/intermediate, and ventral
parts, with the dorsal hippocampus roughly corresponding to the posterior hippocampus
in humans and the ventral to the anterior hippocampus in human. The dorsal/posterior
hippocampus is known to play a vital role in spatial memory and navigation in both
humans and mice (Burgess et al., 2002). This is facilitated through the presence of ‘place
cells’ in the hippocampus which enables the subject to understand its location in the given
space (Moser et al., 2015). In humans, these place cells are located in hippocampus,
entorhinal cortex (Whalley, 2013). In animal studies, the hippocampus has been causally
linked to spatial memory in behavioural experiments like Water maze, Barnes maze and
contextual fear conditioning (Holt & Maren, 1999; Kim & Fanselow, 1992; Moser et al,,
1993). Specifically, these studies have found that lesioning or inactivating the

hippocampus prevents animals from recalling the location of an escape platform, escape

54



box, or the context in which a foot shock was delivered. This function does appear to be
specific to dorsal hippocampus, whereas the ventral hippocampus has been shown to be

involved in processing anxiety related behavioural responses (Bannerman et al., 2004).

Figure 1.8: Major regions and different sublayers of the hippocampus (left);
Hippocampal circuitry (right); Images adapted from Noguchi et al., 2020, (left) Schultz et

al, 1999 (right).

As shown in Figure 1.8, Coronal sections of the (mouse) dorsal hippocampus reveal two
major sub-regions - ‘Cornu Ammonis’ (CA) and Dendate Gyrus (DG). CA region is further
subdivided into CA1, CA2, CA3 and CA4 (Mercer & Thomson, 2017). CA1, being the largest
region of hippocampus, is bordered on one side by subiculum, on the other side by CA2
region. CA2 is bordered by CA1 and CA3 on either side. CA3 region is located in close
proximity to the DG region and bordered by CA2 on one side. A deep sublayer of DG is
termed CA4 region (Blackstad, 1956). DG region appears to follow the CA3 region, aligned

opposite the CA1 and CA2 regions.

1.8.3) Hippocampal circuitry:

The neural circuit within hippocampus is crucial for processing information and encoding
memories (Lisman, 1999). The entorhinal cortex, DG, CA1, CA3 and subiculum regions of

the hippocampus constitute a part of the major hippocampal circuit (Lopez-Rojas &
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Kreutz, 2016). The CA regions of the hippocampus are further layered as follows -
Stratum Oriens, Stratum Pyramidale, Stratum Radiatum and Stratum Lacunosum
Moleculare (Li & Pleasure, 2013) (Figure 1.8, left). CA1 - CA3 regions of the hippocampus
are made of pyramidal neurons and a small population of (mostly inhibitory)
interneurons. Pyramidal neurons have dendritic projections that are termed apical and
basal dendrites (Ho et al., 2013). Both these dendrites differ in electrical conduction and
neurotrophic factors. As apical dendrites are contained within the stratum radiatum
(refer to the section above), they form a major part in trisyanaptic hippocampal circuit,
therefore they are crucial to learning and memory (Arikkath, 2012; Wu et al.,, 2015).
Axonal projections from the CA3 pyramidal neurons in the ipsilateral and contralateral
hippocampus are named ‘Schaffer collaterals’ and ‘commissural fibers’ respectively
(Laurberg, 1979; Swanson et al., 1978). The DG is composed of granular cells and axons

of these granular cells are termed ‘mossy fibers..

Axons of the layer II of Entorhinal cortex project to the DG and CA3. Mossy fibers of the
DG project to stratum radiatum of CA3 region. CA3 combines these inputs from DG and
EC layer II, and then sends off Schaffer collaterals to the stratum radiatum of the
ipsilateral CA1 region, as well as commissural fibers to the stratum oriens of the
contralateral CA1. The CA1 region then sends projections to the subiculum. Axons of the

subiculum in turn mainly project to the Entorhinal Cortex (Figure 1.8, right).

1.8.4) Degeneration of hippocampus in AD:

As mentioned earlier in this section, hippocampal atrophy is evident in the very early
stages of AD. It has been reported by (Frisoni et al., 2010) that the patients with early AD
experience the loss of almost 15-30% of hippocampal volume. Numerous reasons for this

degeneration have been identified, out of which accumulation of Af plaques and Tau
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tangles are considered foremost. NFT accumulation starts in the Entorhinal cortex and
follows Braak staging of spatio-temporal distribution (which is typically the region wise
spread of neurofibrillary tangles, starting from transentorhinal cortex, to limbic regions
and finally the neo-cortical regions (Braak & Braak, 1991)). Additional factors
simultaneously contributing to hippocampal atrophy include chronic stress and
hyperexcitability of neurons together with a reduction in neurogenic niche (Anand &
Dhikav, 2012; Dhikav & Anand, 2011). Together, these factors lead to cognitive decline in

individuals with AD (C. R. Jack et al,, 2002).

1.9) Synapse loss in Alzheimer’s disease:

Synapse loss is one of the earliest pathological changes and strongest correlations of
Alzheimer’s disease next to A3 and NFTs. Loss of synapses in AD was first reported in
early 90s in a study by (Sze et al., 1997), where levels of synaptophysin (a pre-synaptic
marker) were decreased in post-mortem tissue taken from individuals with AD compared
to healthy controls. Ever since, evidence of its correlation with cognitive decline has
grown stronger. Analogous to hippocampal atrophy, synapse loss has diverse factors
contributing to the initiation and advancement of this pathology in the AD brain. For
instance, A oligomers and its negative effects on synaptic transmission were discussed
in the previous section (Af toxicity section). In this following section I will first introduce
spines and synapses, their functional significance, followed by how synapse loss occurs

in AD (i.e. major factors contributing to synapse loss).

1.9.1) Dendritic spines and synapses?
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Dendritic spines are small yet dynamic protrusions along the dendrites of specific sets of
neurons in the brain. They function as the receiving end of information from other
neurons, thus accommodating a functional synapse at the spine head (Figure 1.10, right).
The dendritic spine structure is supported by actin cytoskeleton, which facilitates it’s
dynamicity (continuous shape shifting according to the synaptic activity) (Koskinen et al.,
2012). Spine formation and maturation consists of the following stages in the following
order, each of which gives rise to different spine types - filopodium, thin, stubby,
mushroom, cup-shaped or branched spines (Figure 1.9). It has been widely accepted that
the mushroom spines are the most mature and stable form of spine, facilitating a
functional synapse formation, whilst other types of spines receiving signals on and off, in

the process of maturation into a stable spine (Nimchinsky et al., 2002).

Filopodium Thin Stubby  Mushroom Cup
shaped shaped

Figure 1.9: Different maturation stages of a dendritic spines starting from filopodium,
thin, stubby, mushroom, and cup-shaped (from left to right); Image adapted from Hering&

Sheng, 2001.

A synapse consists of a pre-synaptic terminal (axonal terminal from the neuron sending

information) and a post-synaptic density (dendritic spine of the receiving neuron) as
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shown in figure 1.10. The pre-synaptic terminal stocks the neurotransmitters in synaptic
vesicles which are released into the synaptic cleft during neurotransmission. The part of
the post-synaptic cell that receives this message, which for most synapses is the spine
head, holds the Post-synaptic density with neurotransmitter receptors like AMPA (a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid), NMDA (N-methyl D-aspartate)
and GABA (y-aminobutyric acid) receptors, which receive excitatory and inhibitory
signals from the pre-synapse (Voglewede & Zhang, 2022). The presynaptic terminals
which send signals to the spines are part of most glutamatergic neurons (i.e. excitatory
neurons that release glutamate as neurotransmitter) like pyramidal neurons of the
hippocampus, and some GABAergic neurons (releasing GABA as neurotransmitter,
inhibitory) like Purkinje neurons, as well as some interneurons (Chiu et al., 2013; Hering

& Sheng, 2001).
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Figure 1.10: A pyramidal neuron showing dendritic spines on its dendrites (left), A
functional synapse with a pre-synaptic terminal and a post-synaptic density that is
residing on a spine head, which is attached to dendritic shaft through spine neck(right);

Image adapted from Voglewede and Zhang, 2022.

1.9.2) Functional significance of dendritic spines:

As noted above, filopodia are the most abundant spine type during the initial stages (first
postnatal week) of development, followed by thin, stubby, and finally mushroom spines
being more prominent in the adult/fully developed brain (Fiala et al, 1998).

Sustenance/stabilization of the mature spines occurs with repeated synaptic
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transmission through a phenomenon called Long-term Potentiation (LTP) (Baltaci et al,,
2019), and this directly corresponds to the strengthening of the synapse (Citri & Malenka,
2008). This process is crucial for learning and memory which relies on the formation of
neural connections (i.e. synapses) within the brain. It has been consistently reported in
the literature that the learning and memory process is directly correlated with an increase
in the number of dendritic spines (Hayashi-Takagi et al., 2015; Hwang et al., 2022; Ma &
Zuo, 2022; Moretti et al., 2006). For example, the study by Hwang et al,, reported the
strengthening of highly specific synaptic circuit during the formation of long-lasting
motor memory in the mouse brain cortex. These studies indicate that the formation and
stabilization of dendritic spines is essential for maintaining the integrity of adult/mature

brain.

1.9.3) Mechanisms leading to loss of synapses in AD:

Although there are reports of multiple pathways and triggering mechanisms leading to
synapse loss in AD, [ will, here focus on the detrimental effects of activated microglia and
astrocytes in synapse pathology specifically, because much of this thesis deals with
looking at the glial cell expression profile in neuroinflammation and its effect on spine
density. The rationale for this stems from the fact that decrease in spine density/synapse
loss is evidenced in the early stages of AD (Scheff et al., 2007; Scheff et al., 2006) and has
further been reported across majority of the well-known AD models (Jang et al.,, 2021;
Salvatore Oddo et al., 2003), making it an important pathology to account for in our

sporadic AD model.

Microglia play an important role in pruning synapses during the initial stages of brain
development. However, it is being increasingly reported that abnormally activated

microglia phagocytose neuronal synapses to a greater extent in neurodegenerative
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conditions like AD (Crehan et al.,, 2012; Hansen et al., 2018). This is mediated through the
complement pathway. Briefly, the CR3 receptor expressed by microglia recognizes the C1q
ligand on apoptotic cells which can then be engulfed and cleared. These C1q ligands have
been reported to be expressed on synapses, which are then recognized by the CR3

receptors on the activated microglia.

Excessive C1g-CR3 mediated synaptic phagocytosis has been shown to be detrimental in
Alzheimer’s disease (Stevens et al., 2007). In 2016, Hong S et al, reported that
complement dependent synaptic pruning is activated in the early stages of AD brain,
suggesting that microglia mediated synapse loss happens in early AD. In addition, both
the expression of C1q and synapse elimination are found to occur prior to amyloid-beta
accumulation in the brain, thereby highlighting synapse loss as one of the earliest
pathological changes that is independent of amyloid plaque accumulation (Hong et al,,

2016).
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Figure 1.11: Schematic representation of a tripartite synapse - showing pre-synapse,
post-synapse and an astrocytic terminal; excessive gluatamate released at the synapse
where reactive astrocytes struggle to remove the glutamate released efficiently, therefore

resulting in glutamate excitotoxicity; Image adapted from Haroon et al.,, 2017.

Another way in which synaptic excitotoxicity can occur is via the dysregulation of
astrocytic function, as shown in Figure 1.11. Astrocytes form an integral part of synaptic
transmission via the ‘tripartite synapse’ (Velasco et al., 2017). The tripartite synapse
includes a pre-synaptic terminal, post-synapse and an astrocytic terminal which regulates
neurotransmitter flow at the synapse, particularly glutamate. Glutamate is the major
excitatory neurotransmitter in the brain and glutamate mediated excitotoxicity is a major

cause of neuronal death in Alzheimer’s disease (Gonzalez-Reyes et al., 2017). At the
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synapse, glutamate released by the pre-synaptic terminal stimulates the post-synapse
and initiates an action potential, after which the excessive glutamate is cleared by the
astrocytes which carry glutamate transporters. Glutamate is then recycled within the
astrocytes and transported to neurons for the next cycle of synaptic transmission.
Reactive astrocytes become less efficient at this or even fail to perform this function
(Haroon et al.,, 2017) The resulting failure to uptake excessive glutamate by reactive
astrocytes results in glutamate excitotoxicity, which is the overstimulation of glutamate
receptors causing CaZ+ influx. One effect of this excessive Ca2+ influx is the activation of
proteasome pathway leading to synaptic dysfunction and loss of synapses. Synapse loss
is eventually followed by neuronal network degeneration leading to cognitive

impairments witnessed in AD (Nanclares et al,, 2021).

Now that I have reviewed the gene mutations, risk factors and neuropathological features
of AD, I will move on to understand how these features have been modelled in preclinical
studies. Specifically, in the following section, [ will discuss some of the familial pre-clinical

models and already existing sporadic models of Alzheimer's.
1.10) Mouse models of Alzheimer’s disease:

Most widely used mouse models of Alzheimer's disease are familial AD models. However,

a few sporadic AD models have begun to emerge in recent years.
1.10.1) Familial AD models:

First, [ will briefly review several of the popular familial AD models that exhibit mixed
(combination of APP, PSEN1, MAPT) mutations or only APP mutations. The behavioural

and pathophysiological features of these models are summarized in Table 1.1 below.
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The 5x-FAD model is one of the most popular models in preclinical AD research. This
model combines three mutations on the APP gene and two mutations on the PSEN gene,
which together makes 5x-mutations (Oakley et al., 2006). The plaque deposits begin in
this model at around 2 months of age, along with gliosis indicating neuroinflammation.
Synapse loss occurs in this strain, as demonstrated by a reduction in expression of the
pre-synaptic marker synaptophysin relative to wildtype controls by 4 months (Crouzin et
al,, 2013). Working memory and spatial memory deficits begin at 4-5 months age (Kimura

& Ohno, 2009).

Another popular model is the 3xtg-AD model, which has a single mutation in each of the
APP, PSEN, and MAPT genes (as shown in Table 1.1), therefore combining both amyloid
beta and tau pathologies in a single model. Phenotypically, these animals start showing
deficits in spatial and working memory by 4 months of age (Billings et al., 2005).
Pathophysiological features include extracellular amyloid beta deposits by 6 months age,
tau aggregations by 12 months in the cortex and hippocampal regions (S. Oddo et al,,

2003).

Familial AD models - mixed gene mutations:

STRAIN No of Af Tau Mutations- Locomotor Spatial Synapse  Neuroinflammation
mutations detail impairment memory loss
impairment
5xFAD 5 v x APP: Swe v v v v
(K670N/M671L) 12 months 4-5 months 9 months 2 months
Flo (1716V)
Lon (V7171)
PSEN1: (M146L)
and (L286V)
APP/PS1 2 v x APP: Swe x v v v
(K670_M671deli 7 months 1 month 1.5 months
nsNL)
PSEN1: L166P
3xTg-AD 3 v v APP: Swe v v v v
(K670N/M671L) 4 months 4 months 3 months 7 months

PSEN1: (TM1)
MAPT: (P301L)
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Table 1.1: Widely used familial AD models with a combination of different gene

mutations in AD preclinical research.

Strains with just the APP mutations have also been used to model Alzheimer's disease,
and the features of several of these models are summarized in Table 1.2 below. One such
popular model is the J20-AD model which harbours two mutations in the APP gene
(Mucke et al., 2000). Neuronal loss begins at the age of 3 months for these animals,
accompanied by loss of synapses around the same time, marked by decreases in pre-
synaptic and post-synaptic markers (Hong et al., 2016; A. Wright et al., 2013). Spatial
memory deficits in Radial arm maze and Morris water maze are observed in these animals
(Cheng et al., 2007). Another model that is widely used in the field of AD is APP/PS1
(Chishti etal., 2001; Kitazawa et al., 2012), which display spatial memory deficits in water
maze around 7 month age (Serneels et al., 2009) and synapse loss as early as 4 weeks (1
month) (Bittner et al., 2012). Activated microglia were found to cluster around amyloid
plaques at 6 weeks of age (Radde et al., 2006). TsCRND8 is another commonly used model
with two mutations in the APP gene, same as the J20 model, except that TgCRND8 (Chishti
et al.,, 2001) uses a different promotor that results in an acceleration of AD phenotype
(Chishti et al., 2001; Kitazawa et al., 2012). Therefore, onset of cognitive impairments and
neuroinflammation appears much earlier in these mice compared to ]20 animals as seen

from Table 1.2.

MAPT mutations are known to be associated with various neurodegenerative diseases
such as Frontotemporal lobular dementia and Parkinsons disease. A rare pA152T
mutation of tau has been shown to increase risk in Frontotemporal dementia (FTD) and
Alzheimer’s disease (Coppola et al., 2012). Similarly, recent studies have highlighted

pTau-S396, pTau-T181 as pathogenic variants in Amyotrophic Lateral Sclerosis (ALS)
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(Petrozziello et al., 2022). Aside from AD related mutations, other MAPT mutations in

FTD, ALS and other tauopathies are listed in MAPT | ALZFORUM.

Familial AD models - only APP mutations:

No of Mutations- Locomotor Spatial memory  Synapse Neuroinflammation
mutations detail impairment impairment loss

J20 2 APP: Swe v v v v

(K670N/M671L) 5 months 4 months 3 months 6 months
Indiana (V717F)

PDAPP 1 APP: Indiana x v x v
(V717F) 3 months 6 months

TgCRND8 2 APP: Swe x v v v
(K670N/M671L) 3 months 6 months 3 months

Indiana (V717F)

Tg2576 1 APP: Swe x v 4 10 months
(K670N/M671L) 6 months 4.5 months

Table 1.2: Widely used familial AD models with just APP mutations in AD preclinical

research.

1.10.2) Sporadic AD models:

Apart from the familial AD models discussed above, AD research has employed a few
sporadic AD models. These models do not harbour a genetic mutation related to familial
AD, but rather are engineered to reflect some of the key phenotypical and pathological
features of Alzheimer’s disease through expression of risk factors that are linked to AD
progression (Lili Zhang et al,, 2019). Here [ will describe several of these sporadic models,
specifically those that have been generated by infusions of Af or tau and other drugs to

mimic pathological and behaviour phenotypes of Alzheimer’s disease.
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1.10.2a) AP infused models:

AP infusion models are created by intracerebroventricular (i.c.v) or intrahippocampal
injections of AP peptides including AB(1-40), AB(1-42) and AB(25-30) (Akhtar et al,,
2022). The injection of AB(1-40), in particular into the cerebral ventricle of rats was found
to result in enhanced levels of secretory APP which eventually was found to cause
increased deposits of A in the brain (Zhang et al, 2004). Intracerebroventricular
injections of A (25-30) injection led to deficits in novel-object recognition and fear-
conditioning paradigms, that were in part due to the downregulation of cholinergic
system. Specifically the downregulation of nicotinic acetylcholine receptors, which was
reversed through treatment of galantamine (acetylcholinesterase inhibitor)(Wang et al.,
2007). Intracerebroventricular injections of AB3(1-42) also caused deficits in learning and
memory paradigms such as Morris Water Maze and passive avoidance, and this effect was
found to be mediated in part by increased oxidative stress in the brain (Shekarian et al.,
2020). Several other models infused various A peptides alongside other toxic drugs to

mimic AD pathology, and these will be discussed later in this section.

1.10.2b) Tau infused models:

Similar to the AP induced models, there are several models of tau injections in rodents
that model the AD phenotype (Yokoyama et al., 2022). Clavaguvera et al., (2009) used
extracts from mutant P301S mice to induce tau pathology in wildtype human tau carrying
animal models. This procedure resulted in development of filamentous tauopathy in the
recipient mouse model. Similarly, injection of AD brain derived pathological tau into A3
bearing models resulted in visible tau pathologies, including neuropil threads, aggregated
tau in dystrophic neurites, and neurofibrillary tangles. The formation of tau pathology

was found to be induced by the AB plaques in this animal model (He et al.,, 2018). A 2021
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study by Saito et al,, (2021) observed similar results by crossbreeding humanized MAPT
expressing mice with App-KI mice. They reported a rapid cell-to-cell propagation of
pathological tau as well as an accelerated tau accumulation in the presence of
amyloidosis, emphasizing the importance of investigating A} induced tau pathology in

the context of AD.

1.10.2c) Lipopolysaccharide (LPS) injection models:

LPS (which is a component of the outer wall of gram negative bacteria (Bertani & Ruiz,
2018)) is often administered to create a neuroinflammatory response (Lee et al., 2008;
Zhao et al., 2019) to study the neuroinflammation related pathology of Alzheimer's
disease. There have been multiple studies that performed single and repeated injections
of LPS in rodents to mimic neuroinflammation observed in AD. Czerniawski J etal., (2015)
reported that a single intraperitoneal (i.p.) injection of LPS 0.167mg/kg was sufficient to
impair context dependent object discrimination in rats while sparing spatial memory. A
higher dosage of 1mg/kg LPS i.p. injection resulted in impairments in passive avoidance
and learning deficits in water maze test (Anaeigoudari et al., 2015; Anaeigoudari et al.,
2016). A single intravenous injection of LPS 1mg/kg was shown to impair cognitive
performance in Barnes maze and inhibitory avoidance test (Vasconcelos et al., 2014).
Continuous injections of 0.75mg/kg LPS was given for 7 days to Swiss mice resulted in
early-stage impairments of spatial learning and memory. Further histological
investigation of hippocampus indicated neuronal degeneration in these animals receiving
0.75mg/kg LPS (Khulud A. Bahaidrah et al., 2022). Like i.p. injections, i.c.v injections of
LPS (12pg) have also shown to cause spatial learning and memory deficits accompanied
by a decrease in neurons and an increase in microglia in the hippocampus. This model

also displayed an increase in A positive cells and inflammatory cytokines like TNF-a and
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nitric oxide capturing specific pathological features of Alzheimer’s disease (Zhao et al,,

2019).

1.10.2d) Models of genetic risk factors of AD:

The major genetic risk factor for sporadic Alzheimer’s disease, ApoE4 is modelled in mice
by targeted replacement of murine ApoE for human ApoE4, to create ApoE4-TR
(transgenic) mice. These mice were shown to express lower levels of total ApoE4, less
ApoE4 associated with lipoprotein and less lipidated compared to the ApoE3 and ApoE2
mice (Youmans et al., 2012). The ApoE4-TR mice were reported to have a leaky blood
brain barrier and impaired tight junctions (Jackson et al., 2022). In addition aged ApoE4-
TR animals also showed depression-like behaviour, as well as impaired glucose
metabolism and mitochondria biogenesis in the hippocampus (Lin et al., 2022). Early-life
stress in ApoE4-TR animals showed impairments in spatial memory, as well as decreased

expression of synaptic proteins and loss of GABA-ergic neurons (Lin et al., 2016).

Another genetic risk factor for sporadic AD, TREMZ2, is modelled in the TREM2-NSS
(normal splice site) mice. These mice are crossed with 5xFAD mice to understand the
effect of TREM2 AD related pathological profiles. TREM2-NSS/5xFAD animals display
dystrophic neurites, axonal damage, and reduced size and number of microglia. Aged mice
of this model exhibit deficits in long-term potentiation and postsynaptic loss. Therefore,
this model serves to better understand the effect of TREM2 on microglial mediated

pathogenesis of AD (Tran et al,, 2023).

1.10.2e) Other sporadic AD models:

In addition to these models, there are several others. For instance, the Streptozotocin

induced rodent model (modelling metabolic dysfunction factor) display memory
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impairments, along with pathological amyloidogenesis, tangles and inflammation (Elahi
et al,, 2016; Mehla et al,, 2013; Rajasekar et al,, 2017; Zhang et al., 2018) (refer to Table
1.3). Another well-known model, namely Senescence accelerated mouse model (which
models the aging aspect), shows Af, Tau pathology and neurotransmitter dysfunction.
Similarly, a traumatic brain injury induced model (Iwata et al., 2002; Wang et al., 2017), a
metal-ion induced dysfunction (Walton & Wang, 2009) model, and few other models have

been proposed as potential candidates for sporadic AD.

Overall, although these attempts at modelling the sporadic form of AD are commendable,
and even necessary to advance AD research in a preclinical setting, there have been some
significant disadvantages associated with these models (Zhang et al., 2020) such as poor

drug absorption and absence of neuronal apoptosis, highlighting the need for discovery

of new and alternate models.

Sporadic AD models:
Model Method Plaques NFTs Locomotor Spatialmemory Neuronloss Neuroinflammation
activity impairment
Metablic ICV - v v = v v v
damage streptocotozin after 2 weeksof after 7 days of
model injection injection
TBI model Control v v - ' v v
cortical Impact 3 days after After 3 days of after 6 months of
injury injury injury
SAMP8 Senescence - - - Anxiety and - -
acceleration depression like
behavior
Aluminium Oral v v - v v v
neurotoxicity administration after 6 weeksof  after 6 weeks after 6 weeks
AlCI3 injection
Acrolein Oral Y v - v v v
induced administration after 8 weeksof  after 8 weeks after 8 weeks
model of acrolin injection

Table 1.3: List of sporadic AD models that have been used in preclinical research so far.
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1.11) Behaviour assays used to assess anxiety and spatial memory in

preclinical mouse models of Alzheimer’s disease:

AD preclinical research employs numerous behavioural paradigms to assess cognitive
impairments in preclinical mouse models of AD in a manner that is intended to replicate
the cognitive impairments seen in individuals with AD. In this section, we will look at two
of the major behavioural assays that are relevant to this thesis and are commonly

employed in Alzheimer’s models.
1.11.1) Anxiety measurement:

Anxiety is one of the prominent neuropsychiatric symptoms of Alzheimer’s disease with
a prevalence of 40% (Mendez, 2021). It is considered to be a prelude of AD, as it is
witnessed in patients with Mild Cognitive Impairment and early stages of AD (Mendez,

2021).

Although anxiety is difficult to assess in rodents and is subject to limitations, such as the
reduced cognitive capacity of rodents relative to humans as well as their inability to
verbally express themselves, several assays have been developed to effectively measure
anxiety-like behaviours in rodents. Two of the most common assays are the Open Field

Test and Elevated Plus Maze test.

The open field test is performed in an open chamber; one that has walls to prevent escape
but no ceiling, as seen in Figure 1.12 (left). Mice and rats naturally prefer confined spaces
where, in the wild, they would be hidden from potential predators such as cats, or
swooping birds (Gould et al., 2009). Exposure to an open chamber such as this therefore
elicits anxiety-like behaviours from the mice, which causes them to avoid the centre of

open field and try to hide in the corners or by the walls. During the test, the animals are
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allowed to explore the chamber for a standard time, and their locomotor activity is
assessed along with the time spent in the centre of the open field. Animals that spend
longer in the centre are thought to be less anxious relative to animals who spend more

time in the periphery (Gould et al., 2009).

The performance of several AD mouse models has been tested using the open field. For
example, the familial AD model APP/PS1-KI was shown to be anxious in the open field
test at 7 months, as these mice spent less time in the centre zone compared to the corner
zone relative to wildtype controls (Webster et al., 2013). 3xTg-AD animals showed an
anxiety effect that was sex-specific, with males displaying fluctuations in anxiety
behaviour throughout 11 months age, whereas female 3xTg showed consistently higher
anxiety-like behaviour relative to wildtypes, starting 2 months until 11 months of age.
Moreover, this increase in anxiety was accompanied by the accumulation of phospho-Tau
in AD relevant brain regions such as hippocampus, amygdala, and entorhinal cortex

(Szabo et al.,, 2023) suggesting that it could be the cause.

A third model that has been shown to exhibit increased anxiety in the open field test in
the TgCNRD8 model, as relative to wildtypes these animals were found to prefer to stay
in the corner zone and avoid the centre zone. In this instance, behaviour was correlated
with an increase in plaques, tangles, and glial cell numbers in the cortex and in
hippocampal regions (Xu et al., 2023), which therefore suggested neural correlates of this
anxiety. Finally, 24 month-old APP23 mice have also been shown to display increased
anxiety-like behaviours by spending reduced time in the centre zone compared to corner
zone (Giménez-Llort et al., 2021), although this study did not reveal the putative neural

correlates of this behavioural change.
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Figure 1.12: (Biorender), Schematic representation of Open Field (A) and Elevated Plus

Maze (B) apparatus.

The Elevated plus Maze (refer to Figure 1.12 right) is a plus shaped maze which is placed
at a certain height (usually 600-900m) from the ground level. This maze has two closed
and two open arms. Anxious animals tend to spend more time in closed arms where they
feel safe from falling and will typically avoid the open arms. Therefore, the time spent by
the animals in open vs closed arms gives a measure of anxiety of the animal (Komada et

al, 2008).

With regards to mouse models of AD, several have again been shown to exhibit anxiety-
like behaviours, spending more time in the closed arms than the open arms relative to
wildtypes. For instance, APP/PS1 mice show this pattern of results (Webster et al., 2013),
as do 18 month old 3xTg animals. For the latter study, this behavioural deficit was
paralleled by plaque accumulation in the subiculum region of the hippocampus and
phospho-Tau in the CA1 region of hippocampus, with the female mice developing these
pathologies more rapidly than the male mice, again highlighting a sex difference in this

strain of mice (Dominic et al.,, 2021).
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The APPNL-6-F model showed mixed effects when it comes to anxiety related behaviours.
Whereas 8 months old APPV.-G-Fanimals were seen to spend less time in the centre of the
open field chamber, thus displaying an anxiogenic profile, the same animals were seen to
spend more time in the open arms compared to closed arms indicative of an anxiolytic
behaviour. Although the reason for these contradictory results was not determined, the
authors additionally observed increased damage to the prefrontal cortical region of the
brain, which they suggested could account for the deficits seen in social and anxious

behaviours (Giménez-Llort et al,, 2021).

1.11.2) Spatial memory measurements:

As mentioned, people with AD experience severe impairments in spatial memory.
Therefore, there are a number of different measures used in the laboratory to test spatial

memory in rodents, including the Barnes Maze, and Morris Water Maze (MWM).

Figure 1.13: (Biorender), Schematic representation of Barnes Maze (A) and Morris Water

Maze (B) apparatus. .
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The Barnes maze is shown in Figure 1.13 (left) and uses a broad circular board with
multiple holes on the board. Beneath one of these holes is an escape box, which the animal
needs to navigate and find with the help of some visual cues. When tested, the escape box
will be removed to check if the animal could remember the previous location of the box
in the absence of feedback or cues. Animals with intact spatial memory will spend most
of their time in or around the previous location of the box, even after it has been removed,
suggesting that they are relying on their memory of the location and not external cues.
Animals with impaired spatial memory tend to spend an equal amount of time in the prior

location of the box as the other sections of the maze (Pitts, 2018).

The Morris water maze (shown in Figure 1.13, right) is a slight variation of this task except
that it includes water into which mice are placed. During the acquisition phase, mice will
learn to swim and locate a raised platform. This is a desirable outcome as mice find
swimming aversive. On the test day, the platform is removed, and the time spent by
animals in the quadrant where the platform was previously placed (target quadrant) is

assessed to reveal whether the spatial memory of the animal is intact.

In addition to these tests, there are a few other variations of spatial memory tests
including passive avoidance and contextual fear conditioning, which have an additional
layer of fear encoding/memory associated with the spatial element (Ogren & Stiedl],

2010).

Most preclinical AD models showing impairments in spatial memory tests are
accompanied by various pathological accumulations in the dorsal hippocampus,
suggesting that this is the likely neural correlate of the deficit. For instance, 12-month old
APP23 (with plaque accumulation and gliosis in the hippocampus) mice showed worse

performance in the Morris water maze paradigm (i.e. longer time to learn the task, and
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less time in the target quadrant on test) compared to age matched controls (Giménez-
Llort et al., 2021). Several studies have found impaired performance on the Barnes maze
in 3xTg mice as early as 6.5 months old, and this deficit was found to worsen with age
showing a pronounced deficit in 12 months old 3xTg animals (Parachikova et al., 2010;
Sterniczuk et al., 2010; Stover et al., 2015). This again was accompanied by increased
amyloid plaque levels and neuroinflammation in the dorsal hippocampus. Similar to the
3xTg animal model, 5xFAD animals also show an impairment in spatial memory (Morris
water maze) starting 5-6 months of age that appeared to relate to the altered expression
of inflammatory markers in the hippocampus and cortical regions of these animals (Ullah

et al., 2020).

A more recent study looked at cognitive deficits in APP/PS1 animals at 9 and 12 months
of age and observed a significant reduction in cognitive performance in Morris water
maze. This was however reversed when the animals were trained multiple times at
different time points before being tested (Lonnemann et al., 2023). These findings are
supported by those from a different group, who reported deficits in spatial memory of
APP/PS1 mice starting at 4 months age, although dorsal hippocampal plaque pathology
wasn’t observed in these animals in the later time points of 6 and 12 months (suggesting

an alternate source of these deficits) (Ji et al., 2023).
1.12) Interim summary:

Alzheimer’s disease can be broadly classified into sporadic and familial forms. Familial
AD has an early onset and accounts for a minor percentage of the cases, and sporadic AD
has a late onset and accounts for a major percentage of the total cases. While familial AD
has a defined set of mutations contributing to the aetiology of the disease, sporadic AD

has a multifactorial aetiology. Genome wide association studies have reported ApoE4 to
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be the strongest genetic risk factor for sporadic Alzheimer’s, alongside TREM2, CLU,
ABCA7 which are categorized low risk for AD. Environmental risk factors for AD include
lifestyle risk factors like diabetes, obesity, metal ion exposure, pollution and mental health

issues including depression and anxiety.

The vast majority of preclinical AD research has focused on modelling familial AD, which
carries definitive gene mutations, like 5x-FAD, 3xTg, TsCRND8 and more. This has been
detrimental to the understanding of the mechanisms of AD, because familial AD is present
fewer than 5% of patients and these models - develop pathologies that might follow
mechanisms similar to familial AD cases, not reflecting what happens in the sporadic AD
cases (i.e, genetic mutations remain the source of A accumulation in familial AD patients
as well as familial AD models, however, there is no genetic background to the Af
accumulation in sporadic AD cases and the mechanisms for this still remain elusive). The
adverse effect of using such models is highlighted when considering a study by Van Dam
and De Deyn in (2011), who listed a number of potential AD drugs that were in the pre-
clinical stages of testing on familial AD models, describing their effectiveness in reversing
the behavioural and pathological features of familial AD models. However, recent years of
AD research has not seen a successful translation of these and other drug treatments in
clinical trials (Aisen, 2019). Indeed, just 4 of the 146 drugs tested for AD was unsuccessful
according to a 2019 statistics (New Report Details the Setbacks and Challenges to
Alzheimer’'s Research, 2018) as shown in the Figure 1.14. This calls for a careful
reconsideration of the approaches to modelling AD in pre-clinical research field. The
study presented in the current thesis is therefore one such attempt to create a better

preclinical model of Alzheimer's disease, specifically a sporadic model.
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Unsuccessful Investigational Drugs for Alzheimer’s Disease (1998-2017)
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Source: PARMA analysis of Adis R&D Insight Database, 25 January 2018

Figure 1.14: Graphical representation of success rates for Alzheimer’s disease drugs;

[llustration reproduced courtesy of PhARMA.

The question remains, however, of the best way in which to model sporadic forms of AD.
Again, transgenic models can be used: several genes (e.g. APOE4) have been identified as
risk factors for AD, although unlike familial AD genes, these mutations do not guarantee a
diagnosis. Likewise, the human amyloid beta knock in (hAB-KI) model carries wildtype
the human amyloid beta sequence with no mutations, which can be used to determine
whether this will result in the aggregation of amyloid beta plaques like that seen in human
sporadic cases. Another factor that can be employed in the laboratory is
neuroinflammation. Neuroinflammation, triggered through multiple pathways is being
increasingly recognized as one of the central players in AD. Neuroinflammation is
observed in various brain regions in Alzheimer patients, with a prominent example being
the hippocampus. Because the hippocampus is crucial for learning and memory, atrophic

hippocampus underlies the cognitive deficits in individuals with Alzheimer's. This
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hippocampal degeneration/atrophy is characterized by loss of neurons (i.e.
neurodegeneration). Neuron loss is further accompanied by the loss of synapses, which
are the major sites of connection, paving way for cell-cell interactions. Collectively, these
changes contribute to the progression of the observed behavioural and cognitive

impairments in Alzheimer's disease.

1.13) Aim: Chapter 3

The aim of Empirical Chapter 3 of this thesis is

e To create a better sporadic AD mouse model, using a combination of genetic and

non-genetic risk factors.

The first genetic risk factor I chose to employ was ApoE4, because it is the highest genetic
risk factor for AD. The second risk factor I employed was human wildtype A sequence
(with no familial AD mutations). Each of these genetic risk factors was tested for
behavioural and cellular changes alone and in combination with neuroinflammation. I
also tested systemic and local neuroinflammation in the absence of these genetic factors.
First, these models were investigated for locomotor and anxiety-like deficits using the
open field test, as well as spatial memory deficits using the Barnes maze. Second, I
investigated whether these models’ produced elevations in markers associated with

neuroinflammation as well as a loss in dendritic spines in the dorsal hippocampus.
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2. Hippocampus and goal-directed action control in rodents as
a model of activities of daily living deficits in Alzheimer’s

disease:

Chapter 2 provides the introduction to the experiments presented in the second empirical
chapter: Chapter 4. Specifically, in the following chapter I will provide a more detailed
background on the deficits in activities of daily living that are exhibited by individuals
with Alzheimer’s disease in addition to the behaviour deficits in spatial memory and
anxiety that are discussed in Chapter 1. Furthermore, I will link these deficits to
impairments in goal-directed action control - a thoroughly operationalized and well
understood behaviour in the laboratory that we can study in animals to give us insights
about goal-directed action in humans. Finally, [ will review the neural circuits underlying
these behaviours, and how this circuit interacts with that which is damaged in AD

behaviour.
2.1) Activities of Daily Living (ADL) in AD:

Early diagnosis and treatment of AD could help slow its progression, keeping individuals
healthier and independent for longer, which would improve the quality of life of the aging
population and help mitigate the enormous healthcare costs of AD. As reviewed in
Chapter-1, there are several behavioural and cognitive deficits that are central to
Alzheimer’s disease, such as memory loss and impaired spatial memory. These symptoms
start becoming apparent in the Mild Cognitive Impairment stage, which is a prelude to

dementia. In recent years, researchers have developed sensitive techniques to identify the
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progression from mild cognitive impairment to Alzheimer's dementia with a view of
enabling earlier diagnosis of this disorder. One such diagnostic measure is the assessment
of Activities of Daily Living (ADL; (Potashman et al., 2023). Indeed, according to the
‘National Institute of Ageing’ clinical diagnosis criteria, a person can only be diagnosed
with Alzheimer’s if their cognitive deficits “are significant enough to impair a person's
ability to function independently” ((NIH), 2020). Therefore, diagnostic tools like ADL
scales intervene here by measuring the independent functioning of an individual, in order
to determine whether an individual's disease has progressed from MCI to AD. In the
following section, I will introduce ADLs, their different types, and how they are impaired

at different stages of AD.

2.1.1) What are Activities of Daily Living?

Activities of Daily Living assessments are, as the name suggests, a set of tasks designed to
evaluate the patient’s ability to execute day-to-day activities. In addition to identifying the
progression from Normal Cognition to Mild Cognitive Impairment to Alzheimer’s, ADL
assessments track the course of Alzheimer’s development, enabling healthcare
professionals to customize assistance and personal care to patients (Edemekong et al.,
2023; Reisberg et al., 2001). There are two types of ADLs - basic and instrumental, and

these are discussed in detail in the following section.

2.1.1a) Basic ADL:

Basic ADL assessment comprises activities that are key to an individual’s independent
functioning. These include measurements of ‘ambulation’ - an individual’s ability to move
around/walk and reach places within short distances independently, ‘eating’ - the
person’s ability to eat, including chewing and swallowing, maintaining personal ‘hygiene’
- an individual’s ability to groom oneself and maintain a proper appearance and hygiene,
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and ‘bathing/toileting’ - the person’s ability to use the bathroom and toilet including
cleaning up after themselves. Impairments in basic ADLs are most apparent during
moderate to severe stages of AD, where patients become extremely dependent on care

givers for their daily activities (Edemekong et al., 2023; Marshall et al,, 2012).

2.1.1b) Instrumental ADL:

Instrumental ADLs (IADLs) refer to everyday goal-directed actions that require conscious
thinking, planning, and organization. Instrumental ADLs are observed in MCI and mild AD
stages where patients start showing deficits in executive function and decision-making
skills. There are many examples of instrumental activities of daily living. For example,
transportation refers to a person’s ability to properly use transport systems and driving,
and organizing alternate means of transport, there’s also shopping and meal preparation,
referring to the person’s ability to shop for what’s needed and remembering step by step
procedures of preparing a meal. Another such activity is house cleaning and maintenance,
indicating an individual’s ability to perform necessary actions to maintain order and
hygiene at home, including cleaning and doing laundry and getting essential things to

keep the house functional.

Instrumental ADLs also refer to more complex activities, such as managing finances and
communication. Managing finances refers to the ability to assess one’s own financial
status, pay bills and manage assets, and managing communication referring to the
person’s ability to appropriately communicate with others and remembering how to
contact people via various modes of communication. Managing medications is also
important and refers to an individual’s ability to keep track of their health conditions and

take necessary medicines at the right time as directed. The most commonly used
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Instrumental ADL assessments was developed by Lawton and Brody in the year 1969

which is still employed in AD diagnosis (Lawton & Brody, 1969)behaviour.

2.2) Deficits in Goal-directed action/decision-making in AD:

These activities of daily living are broadly equivalent to goal-directed actions as they have
been studied in animals and humans for a number of years (Balleine & Dickinson, 1998b).
As mentioned in Chapter-1, the majority of pre-clinical AD research focuses on
understanding memory loss, avoidance, recognition and visual /spatial problems, without
actually focusing on how these problems translate into the types of functional outcomes
listed above in the activities of daily living. This is problematic because cognitive deficits
such as memory loss in AD are often limiting for individuals precisely because of how they
interfere with the individual’s ability to perform a wide range of tasks. For example, it is
of little consequence if an individual forgets what groceries they need whilst they are
walking the dog, but it becomes an issue once the individual enters the shop to buy the
groceries. Therefore, failing to capture this complexity at a preclinical level means that
these models are failing to capture the scope of cognitive-behavioural deficits of AD. This
could be contributing to problems with translatability if, for instance, treatments are
tested on such models and found to be effective in treating memory loss alone but are not
tested for their capacity to restore goal-directed action control. As a result, when

translated, the treatment may treat only partially treat the symptoms of AD.

From this, I would suggest that simply capturing deficits in memory and visuo-spatial
abilities in preclinical models of AD is not sufficient, either for understanding the full

biophysiological mechanisms of the disease or for treating its full scope. Therefore, it is
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the second primary aim of this thesis (addressed in Chapter 4) to better capture deficits
in goal-directed action in a mouse model of AD. The nature of this model was determined
by the results of Chapter 3, which demonstrated that of all the models of sporadic AD that
[ tested, only lipopolysaccharide injected into the dorsal hippocampus produced evidence
of both elevated neuroinflammatory marker expression and significant loss of dendritic
spines. I therefore tested whether mice with hippocampal neuroinflammation were also
impaired in their ability to produce goal-directed actions and investigated the potential

mechanisms of doing so.

Although the testing of potential treatments for these deficits is beyond the scope of the
current thesis, it is hoped that the results I present will produce a deeper understanding
of the neuropathological mechanisms of goal-directed deficits in AD with a view that this
information might be used to test treatments in the future in a manner that will translate

more effectively to humans.
2.3) Goal-directed actions:

Goal- directed action selection refers to the selection of actions that are performed with
the expectation of them resulting in particular desired outcomes. For instance, a person
approaching a vending machine, inserts money and presses the relevant button that
delivers the exact chocolate bar that was desired by the person. In this scenario, inserting
cash and pressing the button are considered actions that resulted in the chocolate bar
outcome, which was the food desired. Goal-directed actions are contrasted with habits
that are elicited automatically and in response to surrounding stimuli rather than in
pursuit of a particular goal. For instance, when driving you might habitually take a turn
that you usually take to go to work, even on the weekend when your goal was to drive to

the beach. To the best of our knowledge, it is only goal-directed action control that is
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affected in AD, whereas habit learning has been shown either to be intact (Eldridge et al.,
2002), or to have clinically insignificant (De Wit et al., 2021) deficits relative to healthy

controls.

Nevertheless, testing goal-directed actions in rodents in the laboratory does pose certain
challenges. For instance, whereas an individual who presses a button for a particular
chocolate bar on a vending machine can tell you that they did so with intention, rodents
cannot do the same. As such, it is impossible to determine from simple observation
whether a mouse might be pressing a lever in order to receive a food pellet, or whether
they are doing so because they have pressed the lever so many times previously that it
has become an automatic habit in the presence of the stimuli that surround the lever.
Therefore, in order to distinguish between goal-directed actions from habits in the
laboratory, Balleine and Dickinson stated that only goal-directed actions are motivated by
both (i) the value of the outcome, and (ii) the knowledge of contingency between the
action and outcome (Balleine & Dickinson, 1998a; Dickinson & Balleine, 1994). The gold
standard protocol that is used in the laboratory to test whether actions conform to these
criteria is known as devised ‘outcome devaluation’ invented by Rescorla (Colwill &

Rescorla, 1985).

2.3.1) Outcome devaluation

Outcome devaluation has been described across a number of species (as reviewed below),
but here [ will focus on the rodent version as this is the topic of the current thesis. The
rodent version of devaluation has three distinct phases. The first of these is an
acquisition/learning phase during which animals are trained to press two levers that each
delivering two distinct food outcomes. For example, as shown in Figure 2.1, a mouse might

be taught to press a left lever for a sucrose solution and a right lever for a grain pellet (or
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the opposite contingencies, counterbalanced). This is followed by a devaluation phase
where the mouse is pre-fed to satiety on only one of the two outcomes (in Figure 2.1 this
is shown as pellets). This pre-feeding procedure has been shown to reduce the value of
the pre-fed outcome relative to the other (Balleine & Dickinson, 1998a). An analogous
experience for humans might be when pizza becomes devalued after eating 4-5 slices, but
ice cream is still desired. Finally, there is a test phase in which mice are given a choice
between the two levers but food outcomes are not presented. When faced with such a
choice, a goal-directed animal will selectively press the lever associated with the valued
outcome and avoid the lever associated with the devalued outcome (in Figure 2.1 the left

lever is valued and the right lever devalued).

Acquisition/training phase Devaluation phase Test phase

Figure 2.1: Pictorial representation of outcome devaluation procedure; acquisition phase
(on the left where animals are trained to press levers), devaluation phase (where animals
are devalued on one of the outcomes, usually counterbalanced), test phase (on the right,

where animals are given levers, with no actual outcome being presented).

Animals that successfully perform outcome devaluation by responding selectively on the
valued lever and avoiding responding on the devalued lever, demonstrate that their action

is motivated by the current value of the outcome, thus fulfilling the first criterion of goal-
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directed action. Moreover, because animals are tested in the absence of the food
outcomes, animals must rely on their memory of which lever had earned which outcome
during training in order to show this result, thus fulfilling the second criterion of goal-
directed actions. Animals that show this result (Valued > Devalued) are thus acting under
goal-directed control, whereas animals that press both levers equally (Valued = Devalued)

are not.

2.3.2) Outcome devaluation as a model of functionality:

In order to perform outcome devaluation effectively, animals must not only have their
memories intact (i.e. to remember which lever previously earned which outcome), but
must also be able to integrate this with information about which outcome is currently
most valuable as well as a motor command about which lever to press. In this way,
outcome devaluation provides a sophisticated assessment of how memory is integrated
with affective information and motivational state to produce a functional response. As
reviewed above, this is precisely the type of behaviour that is impaired in individuals with

AD and that has been lacking from preclinical models so far.

Although rodent models will only ever be just that - a model of real-world cognitive
deficits, and not a faithful recapitulation of the actual cognitive/behavioural deficits
observed in individuals with AD - there is reason to believe that the results from outcome
devaluation studies might be both translatable to humans and predictive of cognitive
deficits that occurs in various disorders and diseases. First, as well as being performed
across a range of species other than mice, such as rats (Iguchi et al,, 2017; Keefer et al,
2020) and monkeys (LaFlamme et al., 2022); there are a number of studies in which
human versions of the outcome devaluation task has been investigated (Friedel et al.,
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2014; Iain et al., 2022). In these versions, lever presses are typically replaced with button
pushes, the stimuli comprise various shapes or pictures flashed upon a computer screen,
food outcomes might include various types of juice, chocolates, and chips, which can be
devalued by being fed to satiety, just as they are in mice. Another version of this task even

replaced food with monetary outcomes (Sjoerds et al., 2016).

Second, there are now a number of findings to suggest that outcome devaluation
performance is consistently impaired in a wide range of neurological disorders. For
instance, people with Autism Spectrum Disorder (Alvares et al., 2016), Schizophrenia
(Morris et al., 2018) and Parkinson’s disease (de Wit et al., 2011) demonstrate deficits in
outcome devaluation. Of particular interest is a study by Alvares et al., (2014), which
reported that people with social anxiety disorder displayed impairments in goal-directed
action as measured using an outcome devaluation task. Moreover, this impairment
predicted individual’s real-world functionality, because it correlated with their responses
to cognitive-behaviour therapy. Specifically, individuals with this disorder who performed
better on the outcome devaluation test were more successful in their ability to override
negative /unhealthy thoughts and approaches by altering their actions, and individuals
who did poorly on devaluation testing responded less well to therapy. Therefore, although
outcome devaluation has yet to be tested in individuals with Alzheimer’s disease, possibly
due to the overwhelming focus of studies on memory deficits in particular, these examples
clearly demonstrate that it does have value as a procedure both in its translatability to
humans as well as its ability to predict how well those individuals function outside of the

laboratory.
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2.3.3) Brain Mechanisms of Goal-Directed Action

In Chapter 1 I reviewed the role of atrophy and neurodegeneration of the hippocampus
in AD, as well as hippocampal anatomy and circuitry more broadly. Neuropathological
features within the hippocampus (such as neuroinflammation), thus comprise an
excellent candidate for the source of AD-related impairments in goal-directed action.
Thus, in order to identify how deficits in goal-directed action might arise from the
pathophysiological features of AD, in the following section I will review the brain regions
and circuits involved in goal-directed action selection, with a particular focus on dorsal

hippocampus and the structures connected to it (directly and indirectly).

2.3.4) Rodent and human brain structure homology:

It has been well documented in the literature that humans and rodents share brain
structure homology between the regions associated with goal-directed action control.
Functional MRI (Magnetic Resonance Imaging) in particular has been a key player in
understanding the human brain structures involved in goal-directed behaviours. Such
studies can be compared to lesion or inactivation studies in rodents to confirm that each
brain region and/or circuit plays a causal role in producing such behaviours. A lengthy
review of these studies and the degree of homology of each region within this circuit was
provided by Balleine and O’Doherty (Balleine & O'Doherty, 2010). This study confirmed
that there is a high degree of homology between each brain region and circuit between
rodents and humans, and thus suggest the legitimacy of studying this circuit in rodents in
a manner that allows us to make causal and precise implications about the consequences

of disruptions to this circuit for behaviour. The following sections will therefore focus on
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the brain regions and circuits underlying goal-directed action in rodents, as mice are the

focus of the current thesis.

2.3.5) Neural basis of learning goal-directed actions

A simplified representation of the neural structures and circuits that underlie goal-

directed action is shown in Figure 2.2.

Figure 2.2:; Neural circuits involved in incentive learning and action-selection (upper
hemisphere) mOFC - medial orbitofrontal cortex, NACc - nucleus accumbens core, IC -
infralimbic cortex, BLA - Basolateral amygdala, SNr - substantia nigra, ML-T - mesolimbic
tract, action-outcome contingency (lower hemisphere) PL - prelimbic cortex, MD -
mediodorsal thalamus, pDMS - posterior dorsomedial striatum, EC - entorhinal cortex,

dHip - dorsal hippocampus. Image adapted from Bradfield and Balleine, 2017.
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In individuals with AD, it is possible that there are changes to all the brain regions such
as prefrontal cortex, basolateral amygdala, and nucleus accumbens, mentioned here in
the figure, however, since hippocampus is the first and extensive region to be affected in
AD, we only focused on manipulations in the hippocampus for this project. As mentioned,
goal-directed action selection is a complex process involving the integration of several
other processes. One of these sub-processes is the learning of ‘what leads to what'’ i.e,,
which action earns which outcome. With regards to action-outcome learning, three
regions of the brain play an important role. They are, prelimbic cortex (PL), mediodorsal

thalamus (MD), and posterior dorsomedial striatum (pDMS) (Bradfield & Balleine, 2017).

The prelimbic cortex forms a part of the medial prefrontal cortex. The mediodorsal
thalamus forms part of medial thalamus and it is one of the largest nuclear structures in
rodents. All four segments of the medial thalamus (medial central, lateral, and
paralamellar) are distinctly connected to the prefrontal cortex (Mitchell & Chakraborty,
2013), and the mediodorsal thalamus in particular is strongly and reciprocally connected
with the prelimbic cortex. The pDMS is part of the basal ganglia, and also receives inputs
from the prelimbic cortex, but is not directly connected with the mediodorsal thalamus
(Vandaele et al., 2019). This means that any information accrued by the mediodorsal
thalamus during action-outcome learning is likely relayed to the pDMS via the prelimbic

cortex.

Early evidence suggesting the involvement of the prelimbic cortex in action-outcome
encoding was presented by Balleine and Dickinson (1998b) when they gave excitotoxic
prelimbic lesions to rats prior to lever press training in a similar outcome devaluation
paradigm to that described above. On test, sham controls demonstrated evidence of

having learned goal-directed actions because they responded more on the valued relative
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to the devalued lever on test. However, lesioned animals responded equally on both levers
suggesting that their goal-directed actions were impaired. Later studies showed that the
prelimbic cortex contributes only to the learning of action-outcome contingency but does
not store these associations, because outcome devaluation was intact for animals that
were given excitotoxic lesions of prelimbic cortex after lever press training but before
testing (Ostlund & Balleine, 2005). Later evidence added strength to this argument,
because it was found that phosphorylation of extracellular signal regulated kinase (p-
ERK), a cellular activity marker,; increases within 1-hour after initial lever press training,
but does not increase at later timepoints, suggesting that PL is only involved in the early

stages of learning (Hart & Balleine, 2016).

Pre- but not post-training excitotoxic lesions of the mediodorsal thalamus in rats also
impair outcome devaluation (Corbit et al., 2003; Ostlund & Balleine, 2008). Because of
these similar findings regarding mediodorsal thalamus and prelimbic cortex, as well as
the fact that strong reciprocal connections exist between these structures, Bradfield et al,,
(2013) conducted a study to determine whether the circuit between the two structures
was also necessary for learning action-outcome contingencies. They excitoxically lesioned
the PL of one hemisphere and the MD of the other hemisphere, and because these
structures also communicate contralaterally, they also electrolytically lesioned the part of
the corpus callosum that carries these signals across the two hemispheres (Bradfield et
al, 2013). Animals with sham lesions, or with the PL-MD connection intact in one
hemisphere (ipsilateral controls) showed intact devaluation performance (Valued >
Devalued), whereas animals with contralateral lesions and therefore no intact circuit in
either hemisphere were impaired (Valued = Devalued). This suggested that interplay

between these two structures is necessary for learning action-outcome contingencies.
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Later studies have shown that the posterior dorsomedial striatum is also involved in
learning goal-directed actions, but unlike prelimbic cortex and mediodorsal thalamus, it
is also involved in storing the knowledge of those actions and their outcomes. This is
because both pre and post-training lesions/inactivation of the posterior dorsomedial
striatum impair outcome devaluation performance (H. H. Yin et al,, 2005; Henry H. Yin et
al., 2005). Altogether then, these studies indicate that the action-outcome contingency
knowledge encoded in the prelimbic cortex and mediodorsal thalamus is then relayed to

the posterior dorsomedial striatum where it is stored (Bradfield & Balleine, 2017).

2.3.6) Neural basis of the performance of goal-directed action:

Two regions - in addition to the posterior dorsomedial striatum - that play an important
role in the performance of goal-directed actions are medial orbitofrontal cortex and the
Nucleus Accumbens core in the ventral striatum (Bradfield & Balleine, 2017). Medial
orbitofrontal cortex, like prelimbic, also forms a part of the prefrontal cortex (Shannon et

al, 2016).

Like the prelimbic cortex and mediodorsal thalamus, pre-training excitotoxic lesions of
the medial orbitofrontal cortex and nucleus accumbens core also impair performance on
outcome devaluation. However, because lesions are permanent, they are present during
both training and test, making it difficult to tease apart whether these structures are
specifically involved in the learning that occurs during training or the selection of goal-
directed actions on test. However, further testing has shown that unlike prelimbic cortex
and mediodorsal thalamus, post-training inactivations of medial orbitofrontal cortex also
abolish outcome devaluation performance (Bradfield et al., 2015; Bradfield et al., 2018).
With regards to the nucleus accumbens core, animals with lesions of this structure were

able to learn another measure of goal-directed action called contingency degradation,
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suggesting that it was the performance but not the learning that was specifically impaired
in these animals (Balleine et al., 2015; Corbit et al., 2001). It is notable that the medial
orbitofrontal cortex projects directly and densely to the nucleus accumbens core,
suggesting that the two structures likely act in concert to produce intact goal-directed

action selection, although direct evidence for this hypothesis is currently lacking.

In addition to inputs from the medial orbitofrontal cortex, the Nucleus accumbens core
receives inputs from the basolateral amygdala and insular cortex. Moreover, and lesion
studies abolishing the connections between the nucleus accumbens core and either the
of these structures (Parkes et al., 2015; Shiflett & Balleine, 2010) has decreased the
animal’s ability to choose the appropriate goal-directed action. From the specific results
of these studies, it has been hypothesized that the changes in reward value are encoded
in the basolateral amygdala, retrieved through the insular cortex, which is then aligned
with information about the sensory-specific characteristics stored in the medial
orbitofrontal cortex that conveys this processed information to the nucleus accumbens

core to guide the performance of the right choice (Bradfield & Balleine, 2017).
2.4) The role of hippocampus in goal-direction action:

In Chapter 1 of this thesis, [ looked at the anatomy and functions of hippocampus from a
broader perspective of learning and memory. In the following section, I will explore
hippocampal functions related to spatial decision-making, and how these fit in to the

bigger picture of goal-directed action selection.
2.4.1) The interplay between OFC and hippocampus:

Hippocampus has long been appreciated for its role in ‘spatial mapping’: capturing a

representation of the environmental cues and context to create a space map which would

95



facilitate navigation through that space. In 1948, Tolman established a ‘cognitive map’
function for hippocampus, where he proposed that hippocampus integrates the external
sensory cues with the internal states of emotion/motivation to achieve a specific relevant
outcome (Tolman, 1948). Recording hippocampal neuron firing (place cells firing)
patterns has given some valuable insights into the versatility of hippocampal functions.
Place cells are specific neuronal cells in the hippocampus that are activated when an
animal enters/navigates through an environment. These cells were first described by
O’Keefe (1976) and detailed place cell firing analysis has been carried out ever since, to
determine the involvement of hippocampus in a range of spatial and decision-making

tasks.

In accordance with Tolman'’s proposal of a ‘cognitive map’ Kennedy and Shapiro (2009)
analysed place cell firing patterns and provided evidence for the influence of motivational
state to perform a goal-directed action in the given context. The context here was a
wooden trident box which held food and water in one of the arms and the animals were
either food deprived or water deprived before the testing procedure and the animal’s
approach to the appropriate arm was recorded. Firing patterns were from the CA1 region
of hippocampus during the animal’s goal-directed action (entering arms to receive
outcome). Another study by Hok et al., showed that place cell firings are clustered near
the ‘goal-locations’ in a water-maze spatial navigation task (Hok et al., 2007). These
studies suggest that not only does the hippocampus contain a cognitive map of the
environment, but that information about goals and their locations is also represented

here.

Additional evidence for this conclusion was provided by a study that employed a T-maze

task (as seen in Figure 2.3) (Adam & Redish, 2007). In this task, rats learned through trial
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and error whether turning left or turning right would result in getting a reward. During
the training phase, when the rats were still figuring out the reward contingencies, they
would pause before deciding to turn left or right. This pause behaviour has been termed
Vicarious Trial and Error (Tolman, 1939) and is hypothesized to reflect cognition during
which the rats are simulating the potential consequences of each action to be taken before
choosing which action to take. Hippocampal place-cell firing patterns were observed
during this phase to reveal that hippocampus is aiding this decision-making process by

projecting future paths that were likely to result in reward.
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Figure 2.3: (Biorender); A representation of T-maze test.

In the previous section I highlighted the importance of orbitofrontal cortex in performing
goal-directed actions. It is notable, then, that during the same T-maze task used by Adam
and Redish to assess hippocampal contributions to decision-making, orbitofrontal
cortical neurons responded while rats were receiving rewards in the training trials.
Moreover, it was found that these same neuronal ensembles were those which were active
when checked during the Vicarious Trial and Error phase (Steiner & Redish, 2012). This
activation was found to occur approximately during the expected time at which the
hippocampus is assessing which future course to take. These results could imply,

therefore that during spatial decision-making tasks, the hippocampus evaluates the
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potential courses available and sends this information to orbitofrontal cortex, which then
evaluates the choices based on reward contingencies to determine the best action

possible (Steiner & Redish, 2012).

This apparent synergy between the behavioural functions of the hippocampus and
orbitofrontal cortex is accompanied by reports of both direct and indirect projections
between the two structures (Wikenheiser & Schoenbaum, 2016). In particular, the CA1
region of the hippocampus and subiculum sends fibers to both the prelimbic and medial
orbital cortices (Jay & Witter, 1991). Orbitofrontal cortex returns these projections to CA1
through indirect projections via parahippocampal structures like entorhinal cortex,
perirhinal and postrhinal cortices (Witter et al., 2000). Other potential indirect pathways
of communication between hippocampus and orbitofrontal cortex include the
convergence of direct projections from each structure in Ventral Tegmental Area and
ventral Striatum. The following figure details the connection between the above-

mentioned regions (Wikenheiser & Schoenbaum, 2016).
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Figure 2.4: Direct and indirect connections between orbitofrontal cortex (OFC) and

hippocampus; Image adapted from Wikenheiser and Schoenbaum 2016.
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2.4.2) Hippocampal lesion studies:

In the following sections, I will review the evidence implicating the hippocampus in goal-

directed actions more specifically, as opposed to spatial decision-making more generally.

The very first evidence that the dorsal hippocampus might play a role in goal-directed
learning and/or action selection was provided by Corbit and Balleine. First they
performed a classical outcome devaluation experiment and a second set of experiments
with a slight variation made to the outcome devaluation paradigm - contingency
degradation in rats (Corbit & Balleine, 2000). For the contingency degradation phase,
each lever continued to earn each outcome (e.g. left lever-pellets, right lever-sucrose), but
one of the outcomes was also delivered ‘freely’- i.e. unearned by presses on either lever.
For instance, if pellets were delivered freely, animals learned that they no longer needed
to press the left lever to earn the pellets. This served to degrade the left lever-pellet
contingency. However, rats still had to press the right lever to earn sucrose such that the
right lever-sucrose contingency remained nondegraded. Rats that learned how to do this
(i.e. respond more on the nondegraded relative to the degraded lever) thus fulfilled the
second criterion of goal-directed actions: responding in accordance with the action-

outcome contingency.

Electrolytic lesions were made to the dorsal hippocampus and the rats underwent
outcome devaluation using a procedure similar to that described above. Here it is
important to note that the lever press acquisition phase lasted 10 days (i.e. 10 lever press
training sessions in total, 1 per day). Outcome devaluation performance was intact for all
animals on test (Valued > Devalued), regardless of group. When tested for sensitivity to
contingency degradation, however, only the sham rats demonstrated such sensitivity

(Nondegraded > Degraded) whereas rats with hippocampal lesions did not (Nondegraded
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= Degraded). Together, these results provided partial evidence that the dorsal
hippocampus might some role in goal-directed action learning and or performance,
specifically with regard to the ability to respond in accordance with changes in action-
outcome contingency. With some additional research, it became apparent that damage to
entorhinal cortex projections in the hippocampus had occurred in this initial study as a
result of the electrolytic nature of these lesions, and that this damage specifically was
responsible for the observed deficits (Corbit et al., 2002). This is because when excitotoxic
lesions of the dorsal hippocampus were administered in a later study that left entorhinal
projections intact, both devaluation and degradation were also found to be intact (Corbit

et al., 2002).

Taken together, these studies reported limited (if any) evidence for the involvement of
dorsal hippocampus in goal-direction action. However, this seemed to be at odds with the
aforementioned studies of spatial learning in which hippocampal activity reflected goals
(Adam & Redish, 2007; Steiner & Redish, 2012), as well as neuroimaging studies in
humans (Schuck & Niv, 2019; Vikbladh et al., 2019) that indicated a role for hippocampus
in goal-directed action using non-spatial tasks. One key difference between these
neuroimaging studies and the rodent studies conducted above was the fact that humans
are typically only trained on tasks for a short period of time (1-3 days) whereas the
rodents in the studies above were lever press trained for 10 days. This is important,
because the dorsal hippocampus has a well-documented role in initial learning that often
becomes independent of the hippocampus over time (Bradfield et al., 2020; Schuck & Niv,
2019; Zhou et al,, 2019). Therefore, learning and expression of goal-directed actions
might also be temporally transient in a way that was not captured by the lesion studies

that involved multiple days of training. This is explored in the next section.
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2.4.3) Goal-directed actions transiently depend on dorsal hippocampus:

In 2020, (Bradfield et al., 2020)used chemogenetics to identify a transient role for dorsal
hippocampus in goal-directed action. Briefly, chemogenetics refers to Designer Receptors
Exclusively Activated by Designer Drugs (DREADDs), which are a genetically engineered
version of G-protein coupled receptors. These designer receptors can be used to control
cellular activity in a wide variety of cell types. DREADDs are typically packed within viral
vectors which can then be introduced into cells using cell type specific promotors. Once
integrated into the cell, the receptors can be activated with designer drugs such as
Clozapine N-Oxide (CNO) (Figure 2.5). This can lead to either activation of a series of
signalling cascades within the cells in case of M3 muscarine DREADD, or results in

silencing the activity of the cell which is M4 muscarine DREADD (Whissell et al.,, 2016).
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Figure 2.5: Schematic representation of DREADDs - transfection and activation in
rodents; [llustration reproduced courtesy of Claudia Flandoli/Adapted from a scheme by

William Ju.

Using M4 DREADDs, Bradfield et al, selectively silenced the dorsal hippocampus either
during lever press training or test. This time, however, rather than receiving 10 days of

lever press training (as in previous studies of hippocampus in goal-directed action), rats
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in this study only received lever press training across 1-2 days until they reached a
criterion of 20 outcomes on each lever (approx. 20% of rats did not reach this criterion
and were excluded). Control animals that received vehicle injections or CNO injections
paired with a non-active version of the adenovirus (i.e. AAV-hSyn-mCherry)
demonstrated intact outcome devaluation (Valued > Devalued), whereas animals that
received both the M4 DREADD virus and CNO injections to inactivate the dorsal
hippocampus were impaired (Valued = Devalued). Moreover, animals that received
transfection of the M4 DREADD localized to the CA2 region of the hippocampus were also
not impaired, suggesting that it was the CA1 region specifically that moderated the effect.
When the same animals were later given 4-5 additional days of lever press training and
tested again, devaluation was intact for all rats, regardless of hippocampal inactivation.
Together, these results suggested that the dorsal hippocampus, and likely CA1 in
particular, regulates goal-directed action for a short time during/after initial learning but
that goal-directed action becomes hippocampally independent after multiple days of

training.

Based on these findings, (Dhungana et al., 2023) hypothesized that they might observe a
similar behavioural impairment in the J20 model of Alzheimer’s disease as these animals
express a number of neuropathological features in their dorsal hippocampus, such as
markers of neuroinflammation, amyloid plaque aggregation, and neuronal loss. Unlike
rats, wildtype mice needed a minimum of 4 days of lever press training to demonstrate
an intact outcome devaluation effect. When tested after these 4 days, however, wildtype
mice demonstrated evidence of intact outcome devaluation (Valued > Devalued) just as
control rats did in the previous study, and as expected, devaluation was impaired (Valued
= Devalued) in 36 and 52 weeks old J20 mice. Again, this effect was overcome after

additional lever press training, which in this study lasted for 4 days, after which all mice
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they showed intact outcome devaluation (Valued > Devalued) regardless of genotype.
These findings suggested that ]J20 mice were initially impaired in their
learning/expression of goal-directed action, but that this deficit could be overcome with

additional lever press training.

Interestingly, this study also provided a possible molecular mechanism underlying the
hippocampal involvement in J20s. By performing a correlational analysis on the number
of activated microglial cells Ionized calcium binding adapter moleculel (Ibal) and
performance on the first devaluation test that had occurred after 4 days of lever press
training, Dhungana et al,, found a significant negative relationship. This showed that
animals with more microglial expression in their dorsal hippocampus performed more
poorly on this initial test. When a similar analysis was performed with the same Ibal
expression correlated with performance on the second devaluation test (i.e. that
conducted after 8 days of lever press training), no such relationship was detected.
Together, these results suggested that neuroinflammation in the dorsal hippocampus
might have caused the initial impairments in goal-directed action but had no impact on

goal-directed action after multiple days of training.

This study is interesting for two reasons. First, it is the first demonstration of goal-
directed deficits in a preclinical mouse model of AD, and second, it suggests the possibility
that these outcomes could be overcome with additional training. If translatable, this could
suggest that individuals with AD might also be able to overcome their impairments in
everyday goal-directed activities of daily living. Nevertheless, these findings were once
again detected using a familial model of AD and has not been shown in a sporadic model.

This will be addressed in the current thesis.
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2.5) Interim summary:

In order for individuals to progress from a diagnosis of mild cognitive impairment to
Alzheimer’s, the NIH states that their cognitive deficits must impair their ability to
function independently ((NIH), 2020). This ability is measured by scales referred to as
Activities of Daily Living (Potashman et al,, 2023), with people with AD having been
shown to experience difficulty performing everyday tasks and requiring additional
support. In the laboratory, the ability to perform everyday tasks in a goal-directed manner
is referred to as “goal-directed action” and other forms of action control (e.g. habit) have
been shown to be minimally affected in AD. In both humans and animals, outcome
devaluation is the gold-standard test for measuring goal-directed actions that has been

shown to be predictive of real-world functionality.

As mentioned, there has only been one preclinical study investigating outcome
devaluation performance in an animal model of AD, and that was performed in the J20
familial AD model. In this (Dhungana et al.,’s) study, it was found that 36- and 52-week-
old J20 mice experienced initial impairments in goal-directed action control that
recovered after animals were given additional training. Although interesting, these results
are again subject to questions about the translatability, since familial AD represents less
than 5% cases. Therefore, it is the second aim of this thesis to determine whether such
results can be replicated in a sporadic model of AD, the nature of which was determined

by the results of the first empirical Chapter (Chapter 3).
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2.6) Aim: Chapter 4

Chapter 4 of this thesis aimed at

e To improve translatability of the identified sporadic model of Alzheimer’s disease
from a behavioural standpoint, by determining if it impairs goal-directed action

control

To achieve this aim, the experiments reported in Chapter 4 trained sham or sporadic mice
(mice with neuroinflammation in the hippocampus) to perform outcome devaluation
after 4 or 8 days of training. It was expected that hippocampal neuroinflammation would
impair initial goal-directed action but that performance would recover with additional
training (i.e. that it would impair devaluation performance on the 4 day test but not the 8
day test). Because prior studies have identified sex differences in the abilities of male and
female mice to perform goal-directed actions (Dhungana et al, 2023) I decided to
separate the male and female cohorts. Once behaviour was complete, animals were culled
and I then performed a series of cellular analysis, checking for glial cell and neuronal
activation, and determining if these changes correlated these with the behavioural

differences we observed.
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RESULTS
(Chapters 3 and 4)
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3. Combining major risk factors (genetic and non-genetic) to

generate a sporadic AD model:

3.1) Introduction:

Preclinical AD research predominantly employs familial AD models which have a
definitive genetic inheritance and differ widely from the sporadic form of AD , both in
terms of the onset and progression of disease. A major concern here regarding is the fact
that only <5% of AD patients have familial form of AD and the rest 95% of patients suffer
from sporadic/late onset AD which has a complex and multifactorial aetiology (Sasanka
Chakrabarti et al., 2015; Dorszewska et al., 2016; Reitz, Brayne, et al., 2011; Zetterberg &
Mattsson, 2014). Preclinical familial models are therefore failing to capture the form of
AD that is experienced by the vast majority of individuals, and this is likely contributing
to the fact that AD treatments tested on such models are failing to translate more than
99% of the time (Cummings, 2018). For this reason, creating a sporadic preclinical model
of Alzheimer’s is of utmost importance to understand the disease mechanisms and
develop better treatment strategies (Coronas-Samano et al., 2016; Hartantyo et al., 2020;

Huynh et al., 2020; Zhang et al., 2020)

The overall aim of this Chapter is to generate a sporadic model of AD with factors that are
known to be strongly associated with the sporadic form of Alzheimer's. I hypothesized
that combining certain genetic and environmental risk factors that play a prominent role
in the pathology of Alzheimer’s would elicit similar behavioural and cellular changes in
mice to that observed in patients, with the aim of facilitating a detailed understanding of

the disease mechanism.
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The genetic factor that I chose to model in this study is ApoE4, therefore I employed a
ApoE4-KI (Knock-in) model. The environmental risk factor that was chosen for this study
was neuroinflammation and I used LPS injections to model neuroinflammation.
Intraperitoneal injections of LPS were given to the animals, which have been previously
shown to reach the central nervous system via blood circulation (Perry, 2004). This is
important because the blood brain barrier is known to exert control over the substances
entering the brain, protecting brain from toxins and pathogens from the periphery
(Persidsky et al., 2006). If LPS could not cross this barrier, there would be no way for it to

cause pathology in the brain.

Indeed, several studies have shown that LPS exerts its effects on the brain through
multiple pathways (Peng et al,, 2021). For example, the paracellular pathways for LPS
entry happen with the disruption of adhesion proteins thereby destroying the integrity
of adherence junctions and tight junctions (Alexandrov et al., 2020; Seok et al., 2013).
Endothelial cells, which form an integral part of BBB have been reported to be disrupted
by LPS, by either promoting apoptosis of the cells or by reducing their proliferation (Liu
et al., 2020). Death of these cells lead to increased permeability of BBB, which is further
followed by entry of peripheral cytokines into the brain, triggering neuroinflammation.
These infiltrating peripheral cytokines can induce microglial reactivity by binding to the
toll-like receptors, thereby initiating a cascade of neuroinflammatory responses within

the brain (Peng et al,, 2021).

Systemic injections of LPS have been shown to increase inflammatory cytokines in the
brain such as IL1[3, FCyRII and microglial activation markers (Noh et al., 2014). Following
a single i.p. LPS injection of 10mg/kg, brain levels of IL13 and TNFa peaked 24 hours

following injection but dropped when checked 3 and 7 days after injection. IL6 on the
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other hand, peaked after 24 hours of injection and stayed increased 3-9 days after
injection (L. M. Wang et al., 2018). Similarly, a single LPS injection of 5mg/kg, TNFa and
IL18 remained increased in frontal cortex and hippocampus 7 days after injection.
Surprisingly, this study reported a sustained increase of the same cytokines for a
prolonged period of 10 months’, with expression extending to the cerebellum (Bossu et
al., 2012). IL18 levels have also been shown to increase in the brains of AD patients (Ojala
et al., 2009). These increased levels of IL18 were shown to increase APP protein levels
and processing, which resulted in the excessive production of AB-40 (Sutinen et al., 2012).
TNF-mediated neuroinflammation was also reported to result in neuronal loss in AD
hippocampus. Specifically, this neuronal loss was caused by TNF mediated necroptosis, as

observed in human iPSC neuronal cell cultures (Jayaraman et al., 2021).

In addition to these processes, peripheral LPS injections alter microglial cells in the
hippocampus, striatum, and frontal cortical regions of the brain (Noh et al., 2014).
Microglial cells immediately react to LPS, as they densely express the Toll-like receptors
(TLRs) that recognize LPS, and activating these receptors leads to downstream signalling
that produce inflammatory cytokines, including TNFa and IL18 (C. R. Batista et al., 2019).
A single i.p. injection of LPS at 10mg/kg was found to increase microglial reactivity in the
cortex of Sprague Dawley rats in a study by Wang et al., (2018). Likewise, an increase in
the reactivity of microglia and astrocytes were noticed 24 hours following a single i.p.

injection of LPS at 5mg/kg in C57BL6/] mice (Yang et al., 2020).

In addition to activating microglia and astrocytes, LPS administration has been seen to
promote amyloid deposition. For instance, 7 days of LPS (0.5mg/kg) intraperitoneal
administration was shown to increase Af 1-42 levels in the brain and induce AD-like

neuronal degeneration (Behairi et al.,, 2016). APPSwe AD model mice were given chronic
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LPS administration (i.e. intraperitoneal injections of 0.5mg/kg once a week for 13 weeks),
which led to an increase in A in the hippocampus, cortex and amygdalar regions (Sheng
et al.,, 2003; Thygesen et al., 2018). However, a recent study gave a single LPS injection of
1mg/kg in 5xFAD mice at 6 weeks of age, before the development of Af plaques, to prime
the microglial cells. When checked for A3 plaque deposition 140 days later, LPS injection
had resulted in increased phagocytosis of A3, leading to a decrease in overall plaque load.
This highlighted how LPS priming of microglial before A accumulation can induce an
innate immune memory in microglia, which eventually improves the A pathological

phenotype (Yang et al., 2023).

Systemic LPS injections have also been shown to induce cognitive deficits in both WT
animals. For example, a single injection of 0.5mg/kg LPS into wildtype mice before testing
on the elevated plus maze was shown to affect locomotor activity of the animals and
induce anxiety-like behaviour (Jiang et al., 2022). In a separate study, wildtype animals
treated with LPS (i.p 5mg/kg) performed poorly relative to controls in the Morris water
maze (Yang et al, 2020). In yet another study single intraperitoneal injection of
0.75mg/kg LPS were shown to induce impairment in spatial memory, specifically in the
Morris water maze and passive avoidance tests. Moreover, there was a marked increase
in microglial reactivity, and neuronal cell loss in the hippocampus of these animals (Zhao
et al, 2019). Together, these cellular and cognitive changes induced by LPS in animal
models, makes it a suitable candidate for studying AD associated phenotype in rodents

(C.R. A. Batista et al,, 2019).

Lastly, it is worth considering whether the neuroinflammation induced by LPS in the
above studies could be considered acute or chronic. Typically, it is considered that, to

model acute neuroinflammation, studies describe a single higher dosage of 5mg/kg or
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more (Bossu et al., 2012; Oliveira-Lima et al., 2019; L. M. Wang et al., 2018), whereas the
repeated low dosage injections of LPS either continuously (Yang et al., 2020) or at certain
intervals of time (Sheng et al., 2003; Thygesen et al., 2018) is thought to model chronic
neuroinflammation. Because chronic neuroinflammation is thought to be more relevant
to AD pathology, in the current study I first decided to adapt a similar protocol with that
of Thygesen et al., and Sheng et al., to mimic chronic neuroinflammation. Specifically, I did
this by giving animals repeated LPS injections of 0.2mg/kg once a week for 17 weeks, the
details of which are explained in the methods section. In later experiments I did include
single injections of higher concentration LPS directly into the dorsal hippocampus.
However (and as noted in the results and investigated in the general discussion) this did
appear sufficient to produce a relatively long-lasting neuroinflammatory effect that

persisted for up to 6 weeks following injection.

The aim of Experiment 1 of this Chapter was to validate the sensitivity of our behaviour
and cellular techniques to be able to detect changes that have previously been reported
in the literature, using the J20 familial model of AD. This was so that any failure to detect
such changes in our future tests of novel sporadic models could not be attributed to lack
of sensitivity or any other kind of methodological failure of our techniques. The
behavioural tasks used included testing for locomotor activity and anxiety with the open
field test, as well as spatial memory with Barnes maze test. J20 animals were expected to
show enhanced locomotor activity and impaired spatial memory relative to controls.
Cellular techniques included immunostaining for microglia, and astrocytes in the dorsal
hippocampus, as measures of neuroinflammation, each of which were expected to be
elevated in J20 animals relative to wildtype controls. Finally, I completed Golgi staining
and counted dendritic spines, which were expected to be reduced for J20s relative to

controls.
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Following this validation, I proceeded with Experiment 2, in which [ combined genetic
and non-genetic risk factors of sporadic Alzheimer’s disease. I employed low dosage of
LPS over a prolonged period (17 weeks) to mimic chronic neuroinflammation (see figure
3.5 for reference). This environmental factor was combined with the genetic risk factor
ApoE4, which is the major genetic risk factor associated with sporadic AD (A. Armstrong,
2019; Corder et al., 1993). Specifically, I tested the ApoE4-KI model for behavioural and
cellular changes both on its own, and in combination with LPS injection (hereafter termed
as ApoE4-KI + LPS’). In the same experiment, [ also tested whether neuroinflammation
combined with the hAB-KI model produced behavioural and cellular changes. Unlike
familial AD models that carry APP genes with familial AD mutations, the ‘hAB-KI’ model
was engineered to express only the wildtype form (with no mutations of any sort) of A3
peptides that are observed in human sporadic AD cases. Because these wildtype A3
peptides contribute to the A aggregation in human sporadic AD cases, | wanted to
understand whether the induced neuroinflammation in these models can act as a trigger
for such an aggregation. Again, [ tested this model on its own and in combination with LPS

injection (referred to hereafter as ‘hAB-KI + LPS’).

Unfortunately, the results of Experiment 2 were inconclusive because I observed only
limited behavioural or cellular changes (if any) in any of the models tested. [ hypothesized
that perhaps the dosage of LPS I had chosen was too low, so in Experiment 3 I increased
the dosage and frequency of LPS administration as described in Figure 3.6. However,
because there were no sufficiently aged transgenic animals of either the ApoE4-KI or hA-
KI models available, I was only able to test this in wildtype animals. Once again, however,
this paradigm was only partially effective in bringing out the expected cellular changes.
Therefore, in the final experiment of this chapter, Experiment 4, I tested whether LPS

administered directly into the dorsal hippocampus (a brain region that has been heavily
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implicated in the neuropathology of AD) was sufficient to produce the expected cellular

changes. For all experiments in this section, approximately half of the animals were male,

and half were female.

3.2) Methods:

3.2.1) Animals:

There were four different mice strains used in this study. The following strains were

obtained from the Jackson Laboratory, Bar Harbour. 61 males and 63 females were used

for this project and all mice were exactly 6 months old at the start of behavioural

experiments.

()

(i)

37 hAB-KI (B6J(Cg)-Apptmt14di/]) mice; Jax #031050 (Baglietto-Vargas et al.,
2021) - This ‘human AP knock-in" mouse strain harbours three point
mutations (G—R, F-Y, R—>H) in the murine APP gene, leading to the expression
of human AP peptide sequence from the endogenous murine APP. Briefly,
homologous recombination was used to introduce three mutations in the APP
gene G676R (G5R), F681Y (F10Y), R684H (R13H) of embryonic stem cells.
These mice are homozygous for humanized A3 sequence.

39 ApoE4-KI (B6(SJL)-ApoEtm11(APOE*4)Adivj /T) mice; Jax #027894 (Foley et al,
2022) - The ‘ApoE4 knock-in’ mouse expresses a humanized ApoE4 from the
murine ApoE gene. Exons 2, 3 and 4 of murine ApoE was replaced by exons 2,
3,4 and a portion of 3’ UTR sequence of human ApoE4, thereby leading to the
expression of human ApoE4 from endogenous murine ApoE. The C57BL/6]

mouse were chosen and the ApoE gene was replaced through homologous
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recombination using a targeting vector of 1.5 kb with the above-mentioned
modifications in the exons. Homozygous animals are viable.

(iii) 9 hAPP-J20 (B6.Cg-Zbtb20T9(PDGFB-APPSwind)20Lms/2 Mmjax); Jax #34836 (Mucke et
al, 2000) - The J20 mouse strain, is a widely used familial AD model that
expresses human APP with Swedish (K670N/M671L) and Indiana (V717F)
mutations. This alteration leads to the over-production of AB resulting in
plaque pathology. The transgene expression is under control of the PGDF-f3
promoter. The APP gene has been inserted into mouse chromosome 16 within
intron 1 of the ZBTB20 gene.

(iv) 41 C57BL/6] mice were obtained from Australian BioResources (Moss Vale,

Australia).

All mice were housed at 2-5 per cage throughout the experiment and were maintained on
a 12-hour light/dark cycle with food and water supply ad-libitum. All animal experiments
were performed with the approval of the Garvan Institute and St. Vincent's Hospital
Animal Ethics Committee under approval number 17/28 and 20/08. This was in
accordance with the Australian National Health and Medical Research Council animal
experimentation guideline and the local Code of Practice for the Care and Use of Animals

for Scientific Purposes.

3.2.2) Experiment 1: Validating the sensitivity of our experimental procedures

using an established familial mouse model of AD, the hAPP-J20 model:

Animals:

For Experiment 1, there were 6 wildtypes and 9 J20 animals.

114



Behavioural Procedures:

Note that for Experiments 1 and 2, the behavioural procedures were completed by an
honours student, Alex Langdon. I completed all other procedures (including histology,
imaging, and analysis) for these experiments. I performed all the procedures for all other

experiments contained in this thesis.

i) Open Field Test (OFT):

-

Outer Edge Center

Figure 3.1: OFT chamber used for this experiment (left), an example of how the open

field is split into outer edge and centre zone for analysis (right).

Locomotor activity and anxiety in mice was assessed by using the Open Field Test (as
shown in Figure 3.1). The Open Field chamber used in our study measured 273mm x
273mm with 203mm high glass walls and were placed inside a sound attenuating cubicle
(MED-OFAS-MSU, MED-OFA-022, Med Associates inc.). At the start of each session,
individual mice were placed in the centre of the chamber and given 10 minutes to explore
it. Movement was recorded and tracked with the Activity Monitor 7 (Med Associates inc.)
which uses infrared beams to detect activity inside the chamber. The total distance
travelled by the animal over 10 minutes was recorded. The chamber was divided into two

zones - corner zone and centre zone. The relative amount of time spent in each zone was
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recorded and measured as an indicator of anxiety. As reviewed in Chapter 1, higher
anxiety is typically indicated by an animal that spends more time in the corner zones and

less time in the centre.

ii) Barnes Maze Test (BM):

Z (./l.

@’

o]

X )

3. Primary \

path length § ¢ @
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Figure 3.2: Adapted from honour’s student Alexander Langdon’s thesis. Photograph of
the room where BM was conducted (left), Dimensions of the BM apparatus used (middle),

Zone division and example of measures used for analysis (right).

Barnes Maze was used to assess spatial learning and memory in mice. A photograph of
the apparatus used is shown in Figure 3.2. This apparatus was a white circular platform
of 920mm diameter placed at an elevation of 1m from the ground. Along the perimeter of
the platform, 20 identical holes of 50mm diameter were equally spaced. A hidden black
escape box (175mm (D) x 75mm (W) x 80mm (H)) was placed beneath one of these holes
while the other holes were blocked. The escape box location was signalled by visual cues,
which comprised a yellow square, a green star, a blue triangle and a red circle printed on

A4 sheets of paper and placed one each on the four walls of the behaviour room. Mouse
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activity was recorded using ANYmaze Video Tracking System 6.33 (Stoelting Co.) with a

camera (DMK 22AUCO03) placed directly above the maze.

Acquisition phase (Day 1-5): Acquisition of the Barnes maze task occurred over 5 days.
There were 3 training trials per day with a 35-45-minutes interval between each trial.
During these trials, mice were placed at the centre of the maze in a cylindrical chamber
(80mm diameter x 12.5mm height) which was left in place for 5 seconds. Mice were
placed facing random directions which was rotated such that they could not use their
start position as a reference to find to the escape box. The chamber was then lifted, and
each mouse was given 2 minutes to explore and locate the hidden escape box. If the
animal did not locate the escape box in this given time, it was manually guided (with
hands) to the escape box and was given an extra 30 seconds inside the box to learn that
this is the desired destination. The location of the escape box was randomly assigned for
each animal prior to the experiment but remained constant for each individual mouse
throughout the entire experiment. At the end of each trial, the platform was rotated and

cleaned with 80% ethanol to eliminate any olfactory cues.

Probe trial (Day 6): The probe trial was conducted 24 hours after the last acquisition
trial. In this trial, the hidden escape box was removed so that its hole was now
undifferentiated from the other holes on the platform. Mice were again placed in the
centre of the maze, then given 90 seconds to remember and locate the hole beneath which
the escape box was hidden previously. Once finished, the recorded video was analysed by
dividing the maze into 4 equal zones (as depicted in Figure 3.2) and the time spent by
each animal in each zone was recorded and plotted. Animals with intact spatial memory

should spend more time in the target zone that previously contained the escape box.
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Tissue collection:

i) Tissue collection for Golgi staining:

One day after behavioural training finished, freshly extracted brains from 6 mice (3
wildtype, 3 J20) were used for Golgi staining. Mice were anaesthetized with isoflurane
and cervical dislocation was carried out to extract brains. The brains were then briefly
rinsed with water and immediately immersed in Golgi solution (described later in this

section).

ii) Tissue preparation for histology analysis:

5 wildtype and 5 ]J20 animals were anaesthetized with a ketamine mixture (100 mg/kg of
body weight, Mavlab) + Xylazil (20mg/kg of body weight, Troy laboratories Pty ltd) and
taken for perfusion 15 minutes later. Mice were cut open from the abdominal region till
the rib cage to reveal the heart. A 27G needle was used to puncture the apex of the heart
and an incision was made in the right atrium. Saline was then delivered to flush the blood
from blood vessels for about one minute. Next, mice were perfused with ice-cold 4%
paraformaldehyde (PFA) in phosphate buffer Saline (PBS, at pH7.4) for approx. 8
minutes. Brains were carefully extracted and stored in 4% PFA overnight. The next day,
brains were transferred to a 30% PBS sucrose solution where they were stored until

sectioning.
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Staining:

i)Golgi staining for dendritic spines:

Second day Second day Brain
Sol A+B Sol C change staining
Prepare Sol change Change Brain
A+B mixture  Sol A+B to Sol C section

] l l
!

Tissue
collection

14 days , L 3 days i

| |

Figure 3.3: Timeline for processing tissue for Golgi staining. Collected tissues are

impregnated in Golgi solution for about 18 days before it can be taken for staining.

TISSUE PREPARATION STAINING
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Ventral Coposectioning T adays 1% 50% 1x 75% 1% 95% 4% 100%
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Permount

Meount sections on gelatin-coated slides, let dry overnight

Figure 3.4: Schematic overview (made using Biorender) of the entire staining process.

Solutions A, B, C, D and E are provided with the kit.
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Brain Impregnation: The protocol described here was adopted from the Golgi staining
kit which provided all the solutions used in this protocol (FD Rapid Golgi stain Kit,
PK401/401A). Throughout the process of brain impregnation, all the solutions and brains

were stored in the dark, at room temperature (approx. 22 °C).

One day before the tissue collection, equal parts of Solution A and Solution B were mixed
in a 5mL Eppendorf and left to sit overnight. On the day of tissue collection, freshly
extracted brains were rinsed with water and immersed in A+B solution. The next day, the
brains were transferred to a fresh A+B solution and stored for 14 days in solution A+B.
Following this, the brains were transferred to solution C. One day later, the brains were

transferred to fresh solution C and stored for a total of 3 days.

Cryosectioning: One day later, the brains were immediately and coronally sectioned at a
100 pm thickness from bregma -1.58 to -2.30 (from Paxinos brain Atlas, (Paxinos &
Franklin, 2012)) and stained. The sectioned brains were first mounted on gelatin-coated

slides and then stained with a series of reagents and solutions.

Staining process: Solutions were freshly prepared for staining - Solution D+E (prepared
with milliQ water, Solution D: Solution E: milliQ water - 1:1:2 ratio, for example - 9ml of
Sol D + 9ml of Sol E + 18ml of MilliQ ddH20, total of 36ml), 50%, 75% and 95% alcohol

solutions. Brain sections on the slides were stained in the following order:

ddH20 - 2 times 4 minutes
Sol D+E mixture - 1 time 10 minutes
ddH20 - 2 times 4 minutes
50% alcohol - 1 time 4 minutes
75% alcohol - 1 time 4 minutes

120



959% alcohol - 1 time 4 minutes
100% alcohol - 4 times 4 minutes

Xylene - 3 times 4 minutes

Slides were then coverslipped using Permount (Fischer Scientific, SP15-500) and left to

dry overnight.

ii) Immunostaining for microglia and astrocytes:

PFA-perfused brain sections of 40 pm thickness were cut using cryostat and stored in
cryoprotectant solution. Coronal sections of brain were taken in a 1:6 ratio for the whole

brain.

Once removed from cryoprotectant, sections were rinsed with 3 x 10 minutes in a PBS (pH
7.2) solution then blocked in PBS with 3% bovine serum albumin (BSA: Bovogen Biologicals,
BSAS 1.0) + 0.25% Triton (Sigma Aldrich, T8787) in 1x PBS (pH 7.2) to prevent non-specific
binding, for an hour at room temperature. After blocking, the sections were incubated in the

following primary antibodies:

- rabbit polyclonal IBA1 (1:1000, Labome, Wako Chemicals, 019-19741),

- rabbit polyclonal GFAP (1:500, Dako Z0334),

for 72 hours at 4°C. All sections were rinsed thrice (10 minutes each) with PBS and

incubated in their respective secondary antibodies:

- Donkey anti-rabbit 488 (1:500, Invitrogen, A32790),

at 4°C overnight. Subsequently sections were rinsed with PBS and counterstained with

DAPI (Invitrogen, D1306) for 10 minutes at room temperature. Finally, the sections were
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mounted onto SuperFrost slides (ThermoFisher Scientific, SuperFrost plus F41296SP)
and coverslipped (Menzel-Glasser, #1) with 50% glycerol mounting medium (Sigma

Aldrich, GG1).

Image Analysis:

i) Neurolucida:

For Golgi-stained brains, Neurolucida (MBF Biosciences) was used to analyse the number
of dendritic spines. Spines were counted from CA1 region of hippocampus, bregma -1.58
to -2.30 (from Paxinos brain Atlas, (Paxinos & Franklin, 2012)). Only neurons with
complete branching were chosen for analysis. Three apical and 3 basal secondary
dendrites of branch orders 2-8, were chosen from four random neurons per brain. The
four random neurons were chosen according to one criterion - the neurons should have
a complete branching of apical and basal dendrites without any truncation of the
dendritic extensions. Selected dendrites were traced at 100x magnification (Axio Imager
M2), and spines were traced manually for its entire length. The tracings were then

exported to Neurolucida explorer to perform spine analysis.

Under the ‘Structure analysis’ tab in Neurolucida explorer, ‘Branched structure analyses’
was chosen. The ‘Segment details’ tab was then used to analyse spine numbers. Spine
counts were then exported to excel where spine density was calculated as the number of

spines per 10um length of the dendrite.

ii) Stereology:

For immunostained brains, Glial cells were counted using the Optical fractionator module
in Stereo Investigator (MBF Biosciences). Every sixth section was taken for quantification.

The region of interest was traced, and cells were quantified at 40x (Axio Imager A2) using
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a counting frame of 100 um x 100 um and a grid size of 200 pm x 200 pum. To eliminate
the possible surface irregularity, the guard zone height was set as 5 pm and the dissector
height was set to 10 um for all sections. The sampling intervals and parameters were
adapted from (Stayte et al., 2015) publication where the grid size and counting frame size
was adjusted according to the region of interest (in my project, the hippocampus).
Sampling intervals and parameters were determined by Stayte et al., from (Gundersen &
Jensen, 1987) which was followed in my project. Coefficient of error attributable to the
sampling was calculated according to the publication (Gundersen & Jensen, 1987). Cell
populations were estimated from the dorsal hippocampus of Bregma -1.34 to -2.30 mm
based on Paxinos atlas for mouse brain (Paxinos & Franklin, 2012). To exclude the

differences in traced volume, cell counts were represented as number of cells per area.

3.2.3) Experiment 2: Combining major genetic and non-genetic risk factors to

create a sporadic model of AD:

Animals:

For Experiment 2, 16 wildtype Sham, 18 wildtype LPS, 15 ApoE4 Sham, 24 ApoE4 LPS, 13

hAf Sham, 25 hAB LPS were used.

Intraperitoneal Lipopolysaccharide (LPS) injections:

Desired LPS (LPS, Escherichia coli 0111:B4, L3024, Sigma Aldrich) concentration -

0.2mg/kg

Working concentration - This was decided by taking the average weight of mice as 25gm.
To inject 25 units to a mouse weighing 25 gm with the desired concentration of 0.2mg/kg,
working concentration was decided in accordance with the following equation (Equation

1):
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25g+0.2mg/1000g 0.0125mg _

1) 525l = ol = 0.02mg/mL (working concentration)

LPS/Saline — 0.2mg/kg

Once a week for 17 weeks 1 day 6 days 1 day
< » |<—>| Open < —> | Barnes |<*+—>
| Field Maze >
Test Test
y y
8 weeks 24 weeks Tissue

collection

Figure 3.5: Experimental timeline for results described in Experiment 2 of this chapter.

All ApoE4-KI, hAB-KI and C57BL/6] mice were given LPS injections of 0.2mg/kg or Saline
as described in Figure 3.5. LPS injections were given once a week for a total of 17 weeks,
starting at 8 weeks of age. One day after the last LPS injection, an open field test was
performed. Mice then underwent other behavioural testing that is not reported here due
to being beyond the scope of the current thesis. Therefore, six days after the open field
test, a Barnes Maze Test was carried out. All animals were culled one day after the probe

trial test of Barnes Maze. Animals were 24-25 weeks old by the time they were culled.

Behavioural Procedures:

All behavioural procedures were identical to those described for Experiment 1.

Golgi staining and immunostaining and analyses:

Mouse brains were collected one day after the last experimental procedure and were
processed and analysed for Golgi or immunostaining using the same procedures

described in Experiment 1.

124



3.2.4) Experiment 3: LPS induced neuroinflammation as a sporadic model for AD:

Animals:

For Experiment 3, 24 wildtype Sham, 24 wildtype LPS animals were used.

Behavioural Procedures:

No behavioural procedures were performed in Experiment 3.

Intraperitoneal Lipopolysaccharide (LPS) injections:

For Experiment 3, the desired concentration was 0.5mg/kg (LPS working concentration

was prepared using Equation 1, with 0.5mg substituted for 0.2mg).

Saline or

LPS (0.5mg/kg)
LPS/Saline twice a week for 6 weeks
LPS/Saline twice a week for 4 weeks
I I I I >
9 weeks 10 weeks 11 weeks 13 weeks
8 weeks 12 weeks 14 weeks
Golgi & IHC Golgi & IHC
—tissue - tissue
collection collection

Figure 3.6: Experimental timeline for Experiment 3.

Systemic LPS injections were given to mice according to the experimental schedule in
Figure 3.6. Specifically, half of the C57BL/6] mice were given LPS injections of 0.5mg/kg
and half were given sterile Saline twice a week either for 4 weeks (n = 24) or for 6 weeks
(n = 24). Injections started at 8 weeks of age and when 4 or 6 weeks had passed, tissue
was collected for Golgi staining (n = 6 LPS/Sal) or immunostaining (n = 5 LPS/Sal). Very
small 0.5ml insulin syringes were used to minimize the pain caused due to repeated
injections and animal weights were recorded twice a week on the same day as injections.

Animals were also monitored twice a week for any sickness caused by LPS. Specifically,
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animals were check for weight loss, lethargy, pilo erection, and any wounds/infection
around the site of injection. However, I did not observe weight loss or pilo erection in any

of the animals, and no animals showed any infection around the injection site.

Golgi staining and immunostaining and analyses:

Mouse brains were collected one day after the last injection and were processed and
analysed for Golgi or immunostaining using the same procedures described for

Experiment 1.

3.2.5) Experiment 4: LPS induced neuroinflammation as a sporadic model for AD:

Animals:

For Experiment 4, 17 wildtype Sham and 15 LPS animals were used.

Intrahippocampal lipopolysaccharide injections:

LPS was freshly prepared on the day of surgery. To prepare it, 2mg of LPS was diluted in
500pl of Sham and used at a concentration of 4pug/ul. One pl of LPS or Sham was injected

per hemisphere of the brain (bi-lateral injections).

LPS 4pg/ul or

Saline
7 days time point

3 days time point

v

3 day Tissue 7th day Tissue
9/10 weeks collection — collection —
- Surgery Golgi staining & Golgi staining &
Immunostaining Immunostaining

Figure 3.7: Experimental timeline for results described in ‘Experiment 4’ of this chapter.

C57BL/6] mice were given intrahippocampal injections of Saline and LPS bilaterally (see

stereotaxic surgery section below for details). There were two timepoints - 3days and
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7days after surgery, at which the tissues were collected for checking spine density and
immunostaining, refer to Figure 3.7. Seventeen animals were culled at 3days timepoint

and 15 animals were culled at 7days timepoint.

Stereotaxic surgery:

All tools used for the surgery were autoclaved the day before and placed in a mixture of
chlorohexidine solution and purified water throughout the surgical procedure. Animals
were anaesthetized with a Ketamine mixture (100 mg/kg of body weight, Mavlab) +

Xylazil (20mg/kg of body weight, Troy laboratories Pty ltd).

Each mouse’s head was carefully shaved to expose enough skin and fixed on a stereotaxic
frame (Model 940, David KOPF Instruments). A generous amount of Betadine was applied
to the shaved skin and a small amount of Bupivacaine was injected subcutaneously at the
incision site to numb the area. Eye ointment (PolyVisc, Alcon) was applied to prevent the
eyes from drying. A neat incision of 2cm or more was made on the skin with a scalpel
blade (size 22) to expose the skull of the animal. A cotton swab, damped in H202was used
to gently dab on the skull of the animal to increase visibility of Bregma and Lambda. To
make sure that the brain was level, Bregma and Lambda co-ordinates were measured, and
the teeth and ear bars were adjusted until the difference between them was less than or

equal to 0.05mm.

Once the skull was level, small holes were drilled (microdrill, SDR scientific, Harvard
Apparatus) on either side of the skull according to the measured co-ordinates: AP(-1.8),
ML(+1.5). A Hamilton syringe (10ul, 1700 series, RN syringe, 1.0ul, 7000 series, KH
syringe, Neuros syringes, SDR scientific, Harvard Apparatus) filled with LPS/Sham was
used to inject the desired solution (1pl per hemisphere) at DV (-1.7) at the rate of

0.2ul/minute. The syringe was then left undisturbed for 5-7 minutes post injection and
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slowly retracted to make sure the liquid was contained in the area of injection. This was
repeated on the other hemisphere. The animal’s skin was then sutured (Dysilk, S405,
18mm, 3/8 circle, Dynek Pty Ltd) and approximately 500pl of Saline was injected sub-
cutaneously to avoid animals from feeling dehydrated after surgery. Animals were closely
monitored after surgery for signs of weight loss, pilo erection, hunched body posture,
inflammation, gripping strength, and any infection around the surgical site. These were
recorded in the monitoring sheet with a grimace scale rating of 0-2. If the animals were
high on this scale, they were given Carprofen (Rimadyl, Zoetis) to ease their pain. If the
animals were losing weight, special hydrogel (HydroGel, 70-01-5022 Clear H20) was given

orally.
3.2.6) Statistics:

All statistical analyses for all experiments were performed with Graphpad Prism 10.0.2.
Data were assessed using one-way or two-way ANOVA or two-tailed t-tests depending on
the data type, followed by post-hoc Bonferroni analysis where applicable. For all analysis,

a p value of <0.05 was considered significant.

3.3) Results & Discussion:

3.3.1) Experiment 1 - Validating the sensitivity of our experimental procedures

using the hAPP-J20 model:

In ‘Experiment 1’ of this chapter, I focused on validating the behaviour and molecular
procedures we chose to employ in our study, to ensure their sensitivity before applying
them to our novel sporadic AD models. This was done to confirm that our techniques were

effective in case we did not detect any changes in our sporadic models going forward. I
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performed this validation in a well-known familial model of AD - hAPP-J20. The
behaviour experiments included Open Field Test for locomotor activity and anxiety, and
Barnes Maze Test for spatial memory. Golgi staining was performed to assess spine
density changes and fluorescent immunostaining to assess neuroinflammation. The J20

animals used in this study were 6 months old at the start of behavioural testing.

3.3.1a) hAPP-J20 mice demonstrate hyperactivity in the open field test and impaired
spatial memory in the Barnes maze, confirming the sensitivity of our techniques to

these deficits (Contributed by Alexander Langdon, honours student):

Open field test results are shown in Figure 3.8A. From this figure, it is clear that J20
animals travelled a greater distance than wildtypes, and this was supported by statistical
analysis (t=2.183, p=0.0480). This suggests that J20 animals were hyperactive as
hypothesized and as expected based on what has been reported in the literature (Cheng
et al, 2007; Flores et al,, 2018). As shown in Figure 3.8B, there was no significant
difference between J20 and wildtype mice with regards to the time spent by these animals
in the centre of the open field chamber (t=0.1281, p=0.9000), indicating no change in

anxiety in J20 animals.

The Barnes maze results from the probe trial test are shown in Figure 3.8C, and it is clear
from this figure that J20 animals performed differently to wildtype controls. The primary
path length, speed and latency during acquisition did not differ between WT and J20, and
these data are shown in Figure 3.8 D-G. Upon performing a repeated measures Two-way
ANOVA for primary path length, there was a significant main effect of training day (Fz.02s,
2632)=7.677, p=0.0023) that did not interact (F4, 52)=0.8592, p=0.4946) with genotype.
Similar analysis on speed revealed a main effect of training days (F.107, 27.40) =3.932,

p=0.0297) which did not interact with genotype (F4, 52 =1.083, p=0.3744). A repeated
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measures Two-way ANOVA for latency revealed a main effect of training days (F(2.093, 27.21)
=7.776, p=0.0019) which did not interact with genotype (F4, 52) =0.3636, p=0.8334).
These results suggest that performance improved for all mice across days, in a manner
that was equivalent between groups (suggesting that the locomotor differences observed
earlier did not translate into differences in performance in the ]20 mice compared to WT

in our Barnes maze test).

There was, however, a significant effect on primary errors (the number of errors made by
the animal before the first encounter of escape hole), as shown in Figure 3.8G, showing
that J20 animals committed more errors than WTs, specifically on Day 4. This is supported
by with a main effect of genotype (F(1,13)=6.671, p = 0.0227). A post hoc analysis revealed
a significant effect on training day 4 (p=0.0441). This was statistically supported by a
main effect of time (F3,39)=21.38, p<0.0001) which interacted (F3,39) = 3.687, p=0.0198)
with genotype. The acquisition data revealed that J20 animals did not differ from wildtype
animals in most tasks suggesting ]20 animals learned the task as good as wildtypes albeit

making more errors.

The probe test was performed on the 6t day (the next day after the last day of
acquisition), the results of which are shown in figure 3.8C. A two-way ANOVA analysis
revealed a significant interaction (F3552) = 4.756, p=0.0053) between genotype and time
spent in different zones and a main effect of time spent in zones (F3,52)= 27.58, p<0.0001).
A post hoc analysis compared time spent in the target zone with respect to other zones
and revealed that ]20 animals spent significantly less time (p = 0.0153) in the target zone
compared to wildtype animals, which indicated that J20 animals were unable to
remember the escape box location (refer methods section for details, Figure 3.2).

Together with the acquisition data, it can be seen that ]J20 animals show specific spatial
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memory deficit, as they rely on visual cues when present, but when absent, they cannot
use memory to remember the location of escape box. An alternative way of representing
the same data is included in Appendix A, which shows the proximity to holes for WT and
J20 animals separately. WT animals seem to spend more time in the goal box, whereas,
J20 animals did not know the difference between goal box and other holes. This is in
support of our probe trial data version included in main figure 3.8C. Together with the
results of the open field test, these results suggested that J20 animals were hyperactive

and had impaired spatial memory relative to wildtype controls.
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Figure 3.8: Total distance travelled by WT and J20 animals during Open field test (A),
Time spent in the centre zone of Open field test (B), Time spent in target zone vs other
zones in Barne’s maze test on probe trial (C), Latency (D), speed (E), path length (F), and
errors made by animals to reach the escape box over the 5 days of acquisition training

(WT=6, ]20=9; * = p < 0.05, All values represent the Mean + SEM,)

3.3.1b) Reduced dendritic spine density in hAPP-J20 animals:

[ wanted to determine if any alterations in neuropathology underpinned the behavioural
changes observed in ]20 animals. On quantifying the apical and basal dendritic spines, we

observed that the apical spines were decreased in J20 animals compared to wildtype
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controls (t=3.256, p=0.0028, Figure 3.9A), however the basal spine numbers remained

the same between both groups (t=1.673, p=0.1047, Figure 3.9B).
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Figure 3.9: Apical dendritic spines in WT and J20 animals (A), Basal dendritic spines (B),
(WT, J20, n=16 dendrites; (3 dendrites per neuron, 4 neurons per animal, 4 animals per

group); p< 0.05; All values represent the Mean + SEM)

3.3.1c) Increased astrocytic cell numbers in hAPP-J20 animals:

After observing a significant decrease in dendritic spine density, [ proceeded to check for
another important neuropathological marker - glial cell activation. Microglia was stained
with Ibal and astrocytes with GFAP in the dorsal hippocampus. Our J20 animals showed
no differences in the number of activated microglial cells (t=0.3352, p=0.7461, Figure
3.10A), however the astrocytes cell number was significantly increased compared to the
wildtype animals (t=4.679 p=0.0016, Figure 3.10B). The increase in astrocytic expression

does indicate the presence of neuroinflammation in J20s, the failure to see such an
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increase in microglia could be due to the small sample size (here n =5 for both WT and

J20s).
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Figure 3.10: Number of Ibal+ cells (A) and GFAP+ astrocytes (B) in the dorsal

hippocampus. (WT, ]20, n=5; Analysis; p<0.05, All values represent the Mean + SEM).

3.3.1d) Experiment 1: Discussion

The results of Experiment 1 demonstrate that our behavioural and cellular techniques
were sufficiently sensitive to detect and replicate the J20 phenotype as has been
previously reported in the literature. This suggested that these techniques were suitable

for further testing of our novel sporadic AD models.

3.3.2) Experiment 2 - Combining major genetic and non-genetic risk factors to

create a sporadic model of AD:

Following validation of our experimental techniques in Experiment 1, in Experiment 2 we
used these techniques to test our sporadic mouse models of AD, which consisted of one
model that combined neuroinflammation with the ‘human Af’ gene and another that

combined neuroinflammation with ‘human ApoE4’ gene.
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3.3.2a) LPS induced hypoactivity and intact spatial memory in both hAB-KI and

ApoE4-KI models (Contributed by Alexander Langdon, honours student):

Although locomotor activity is not a preclinical behaviour of AD, for some reason many
studies with familial AD mouse models like J20 (Harris et al., 2010) APP/PS1 (Wang et
al,, 2022) and 5xFAD (Oblak et al., 2021) have reported hyperactivity. This was the first
reason [ investigated locomotor activity here. Second, | wanted to make sure the LPS did
not affect the normal movement of animals, as I was giving multiple LPS injections and in
general single LPS injection was shown to induce sickness behaviour that caused
hypoactivity in animals (Biesmans et al., 2013). Finally, as I was also investigating spatial
memory using Barnes maze test, in which the animal must move around to locate the
escape box, it was essential to make sure that the locomotor activity did not affect test
performance Open field performance of ‘ApoE4-KI’ and ‘hAB-KI’ that received Saline and
LPS is shown in Figure 3.11A. It is apparent from this figure that LPS injections alone did
not alter locomotor performance in this task, however LPS-injected ApoE4-KI and hA(-
KI mice exhibited reduced locomotor activity relative to Sham controls. Indeed, statistical
analysis revealed that there was a main effect of treatment (F(1,104) = 24.92, p<0.0001) but
no interaction with genotype. Post-hoc analyses demonstrated that the main effect was
particularly driven by hypoactivity in the ApoE4-KI and hAB-KI mice, because distance
travelled was not different between LPS and Saline-injected wildtype controls (p
=0.1939) but it was for ApoE4-KI (p=0.0212) and hAB-KI mice (p=0.0004). Time spent in
the centre zone of the open field is shown in Figure 3.11B, and it is clear from this figure
that no groups differed on this measure. This was supported by statistical analysis which
showed no interaction (F(2104) = 1.985, p=0.1426) or main effects of treatments or
genotype (both Fs < 1). These results suggest that locomotor activity did, but anxiety

levels did not, differ between wildtype, ApoE4-KI and hAB-KI mice upon LPS treatment.
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Barnes maze probe trial results are displayed in Figure 3.11C. From this figure, it is clear
that all groups spent equal amounts of time exploring the target zone. Indeed, the two-
way ANOVA analysis found a main effect of zones (F3,416)= 341.9, p<0.0001) that did not
interact with treatment or genotype (Fs < 1). Thus, we were unable to uncover evidence
of any impairments in spatial learning and memory in any mice regardless of the

genotype or treatment.
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Figure 3.11: Total distance travelled by WT, WT LPS, ApoE4-KI, ApoE4-KI LPS, hAB-KI,
and hAB-KI LPS animals (A), Time spent in the centre zone (B), Time spent in target zone
vs other zones in Barnes maze test (C). (WT Sham=16, WT LPS=18, ApoE4 Sham=15,

ApoE4 LPS=24, hAB Sham=13, hA3 LPS=25; p<0.05 All values represent the Mean + SEM).

3.3.2b) LPS decreased spine density in ApoE4-KI mice, but not hAB-KI mice:

Although we did not observe a significant difference in behaviour, we wanted to check for
any potential alterations at the cellular level which could result from ApoE4 or hAf
expression and/or LPS treatment. Checking for differences in apical and basal dendritic
spines we observed a significant reduction in apical dendritic spines in LPS treated
ApoE4-KI, but not the hAB-KI animals. Statistical analysis revealed a significant main
effect of treatment (F(2,124) = 4.846, p=0.0296) but no interaction with genotype (F(2,124) =
3.478, p=0.0339). A post hoc Bonferroni analysis then determined that spine density was
significantly reduced for LPS-treated ApoE4-KI mice relative to Sham-treated animals of
the same genotype (p=0.0212) (Figure 3.12A). The basal dendritic spines did not differ
amongst groups (Figure 3.12B). These results suggest that neuroinflammation was
successful in reducing dendritic spines in the ApoE4-KI mice but not in hAB -KI mice or

wildtypes.
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Figure 3.12: Apical dendritic spines in WT, WT LPS, ApoE4-KI, ApoE4-KI LPS, hAB-KI and

hAB-KI LPS animals (A), Basal dendritic spines (B). (WT Sham & LPS = 24 dendrites;
ApoE4 Sham & LPS = 17 dendrites, 3 dendrites per neuron, 4 neurons per animal; p<0.05,

All values represent the Mean + SEM).

3.3.2c) No changes in glial cell activation after LPS treatment in ApoE4-KI mice and

hAB-KI mice:

Upon checking for glial cell activation in the dorsal hippocampus of these mice, we first
observed that there was no difference in the number of IBA1 positive cells, as shown in
Figure 3.13. This was supported by statistical analysis because there was no main effect

or interaction between genotype and treatment factors (Fs < 0.05).
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Figure 3.13: Total number of Ibal+ microglial cells (WT Sham=6, WT LPS=8, ApoE4
Sham=7, ApoE4 LPS=7, hAf Sham=5, hAp LPS=7, Scalebar: 20x -250um, 40x - 100pum; All

values represent the Mean + SEM).

Similarly, GFAP positive cell numbers remained unchanged between groups as shown in
Figure 3.14. This was supported by statistical analysis because there was no main effect

or interaction between genotype and treatment factors (Fs < 0.3).
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Figure 3.14: Total number of GFAP+ astrocyte cells (WT Sham=6, WT LPS=8, ApoE4
Sham=7, ApoE4 LPS=7, hAf3 Sham=5, hAB LPS=7, Scalebar: 20x -250um, 40x - 100um. All

values represent the Mean + SEM).

Experiment 2: Discussion

Together, the behavioural and cellular results of this experiment were somewhat
inconclusive. Specifically, although I did find slight decreases in locomotor activity in LPS-

treated ApoE4-KI and hAB-KI mice, I was unable to detect any differences in anxiety or
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spatial memory. Likewise, despite a decrease in spine density in LPS-treated ApoE4-KI
mice, I did not see a similar decrease in hAB-KI mice, nor did I detect increased

neuroinflammation in either model.

Regarding the hypoactivity witnessed in my proposed sporadic AD model, this result
could suggest that the combination of Apoe4 risk allele + LPS and hAB genetic
modification + LPS administration synergistically affected locomotor activity. This could
be reflective of individuals with sporadic AD who demonstrate a reduction in activity
levels (Friedland et al, 2001; Hartman et al., 2018). Interestingly, despite showing
hypoactivity the ApoE4KI mice receiving LPS did not show a deficit/impairment in
working memory or spatial memory relative to wildtype controls. This is interesting,
because it is contradictory to what has been reported in the literature for this model, even
in the absence of an LPS manipulation. For instance, a study by Rodriguez et. al., (2013)
reported that young ApoE4-TR mice showed poor spatial learning in a probe trial of a
Barnes Maze test. Furthermore, young (3-6 months)(G. A. Rodriguez et al., 2013), middle
aged (10-13 months)(Boehm-Cagan & Michaelson, 2014; G. A. Rodriguez et al,, 2013;
Salomon-Zimri et al., 2014; Siegel et al., 2012) and aged (24 months)(Yin et al., 2011)
ApoE4 mice have been found to exhibit deficits in acquisition learning and memory

retrieval in Morris Water Maze test.

One potential reason for these contrary findings could be the choice of controls used, as
most of the previous studies have compared against ApoE3 mice rather than the wildtype
controls used here. Another probable reason could be the age of the animals used in our
study. These two points are discussed extensively in the ‘general discussion’ - ‘limitations

and future directions’ section.
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The spine density changes for ApoE4+LPS animals were interesting as it could indicate a
combined effect/interaction of these risk factors to result in a significant decrease of
spine density. Although literature reports for a similar strain of ApoE4, the ApoE4-TR mice
showed a reduced spine density without the additional neuroinflammation factor
(Nwabuisi-Heath et al., 2013), I could not detect such changes in our Experiment-2. This
could be because of differences in the strain, however, the combination of ApoE4 risk gene
and neuroinflammation leading to a decrease in spine density could be partly attributed
to the inherent effects of ApoE4 on spine density as described by (Nwabuisi-Heath et al,,

2013) and discussed in the general discussion section of this chapter.

Additionally, it would be ideal to perform, a detailed analysis of spine categorizing the
different types of spines like thin, stubby, or mushroom (Berry & Nedivi, 2017). This is
because, according to the literature, the total number of spines could remain unchanged
but there could be significant differences between certain spine types (e.g. the decrease
in mushroom spines as indicated in Lin et al,,’s paper, (2017)). However, I did not have
the time to carry out such a detailed analysis this in the current study. Therefore, it is
indeed possible that although the total spine numbers have decreased, this decrease
could have happened entirely in one specific type of spine (either thin, mushroom or
stubby) which, when observed, could provide insights on the specific changes induced by
LPS. Hence, future studies should consider looking at distinguishing the type of spines to

better understand the effects.

We did not notice a significant difference in microglia and astrocyte cell numbers in our
WT, ApoE4-KI or hAB-KI animals treated with LPS. The results for ApoE4-KI mice,
resembles the study results for this specific mouse strain published recently (Sepulveda

et al, 2022). The levels of key proinflammatory cytokines such as TNF-a and IL-6
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remained unchanged in APOE4-KI mice compared to controls at 6 months age, indicating
that these animals do not yet show changes in inflammatory profiles. Nevertheless,
results for LPS injection contradicts what has been observed in the literature in terms of
brain immune cell response after LPS administration. For instance, in the study conducted
by Yuangui Zu et al,, (2012) a single i.c.v injection of LPS given to the ApoE4-TR mice
resulted in prominent increases of both astrocytes and microglia. This difference could
have resulted from the variations in the mode of LPS administration between studies, as
our animals received intraperitoneal LPS injections whereas the above-mentioned study
used an i.c.v injection. Likewise, LPS injections alone have been reported to increase
astrocyte and microglial cell numbers in cortex and hippocampus of wildtype mice
(Fernandez-Calle et al., 2020; Garcia-Hernandez et al., 2022; Ryu et al., 2019; Sardari et
al., 2020). This is not surprising as these studies involved a high dosage of LPS injections
ranging from 1mg/kg to 10mg/kg, whereas I used a low dosage of 0.2mg/kg LPS.3.3.3)

Experiment 3 - LPS induced neuroinflammation as a sporadic model for AD:

[ hypothesized that the failure to detect any meaningful changes in behaviour or
neuroinflammation in Experiment 2 was due to the very low concentration of LPS used
relative to other doses that have been used to induce neuroinflammation in the literature
(Khulud Abdullah Bahaidrah etal., 2022; X. Feng et al., 2021; Zhao et al., 2019). Therefore,
for Experiment 3, I decided to investigate whether a higher dose of LPS (0.5mg relative to
0.2mg used in Experiment 2) would induce the desired changes in spine density and
neuroinflammation. Although ideally, we would have repeated Experiment 2 in its
entirety with this new, higher dose of LPS, unfortunately we did not have the requisite
number of aged transgenic animals available for this, or any following studies. Therefore,
we completed Experiment 3 and all following experiments in wild-type animals only, with

neuroinflammation as the sole sporadic factor in our AD model. Moreover, because
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previous studies have already demonstrated anxiety-like and spatial memory deficits in
wildtype animals treated with this dose of LPS (Hou et al., 2014), we did not test here for
behavioural deficits, but will address different behavioural deficits as a result of

neuroinflammation in Chapter 4.
3.3.3a) No differences in spine density after 4 weeks LPS injections:

There were no differences in spine density in either apical (t=0.6673, p=0.5057, Figure
3.15A) or basal dendrites (t=0.5682, p=0.5708, Figure 3.15B) of animals that received 4

weeks of LPS injections relative to Sham controls.
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Figure 3.15: Apical dendritic spines in Sham and LPS animals (A), Basal dendritic spines

(B), (Sham, LPS, n=72 dendrites; 12 dendrites randomly chosen per animal, 6 animals per

group; All values represent the Mean + SEM)
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3.3.3b) Differences in glial cell population after 4 weeks LPS injections:

[ next quantified the number of cells and cell intensity of both microglia and astrocytes in
the dorsal hippocampus. I observed that the number of Ibal+ cells increased (t=4.387,
p=0.0023, Figure 3.16A) in response to LPS injections, however, the total cell intensity of
Ibal did not change (t=1.765, p=0.1156, Figure 3.16B). This suggests that LPS caused
microglia to proliferate in number but that morphological changes were not sufficiently

large enough to reach significance.
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Figure 3.16: Number of Ibal+ microglial cells (A) and microglial cell intensity (B) in the
dorsal hippocampus after 4 weeks LPS injections. (Sham, LPS, n=5; Scalebar: 20x -250um,

40x - 100um; p<0.05, All values represent the Mean + SEM).
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In contrast to Ibal expression, there was no elevation in GFAP+ve cells (t=0.9506,
p=0.3696, Figure 3.17A), however there was a sharp increase in the intensity of GFAP
intensity in LPS-injected animals relative to Sham controls (t=5.281, p=0.0007, Figure
3.17B). This result suggests that LPS did not increase the number of astrocytic cells (at

least to the threshold of significance) but did alter astrocytic morphology.
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Figure 3.17: Number of GFAP+ microglial cells (A) and astrocyte cell intensity (B) in the
dorsal hippocampus after 4 weeks LPS injections. (Sham, LPS, n=5; Scalebar: 20x -250um,

40x - 100um; p<0.05, All values represent the Mean + SEM).

3.3.3c) No differences in spine density after 6 weeks LPS injections:

After seeing no difference in spine density after 4 weeks LPS injections, I proceeded to

check for any differences in the same after 6 weeks LPS injections. I quantified apical and
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basal dendritic spines, however again found no difference in both groups in animals that
received LPS compared to Sham. For apical dendrites, (t=1.286, p=0.2007, Figure 3.18A),

for basal dendrites, (t=0.01311, p=0.9896, Figure 3,18B).
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Figure 3.18: Apical dendritic spines in Sham and LPS animals (A), Basal dendritic spines
(B) after 6 weeks of LPS treatment, (Sham, LPS, n=72 dendrites; 12 dendrites randomly

chosen per animal, 6 animals per group; All values represent the Mean + SEM).

3.3.3d) Differences in glial cell population after 6 weeks LPS injections:

[ again quantified microglia and astrocytes population in the dorsal hippocampus for
these mice. Similar to the results from mice injected for only 4 weeks, in the animals
injected for 6 weeks microglial cell populations were increased because the number of

Ibal+ve cells was significantly higher in LPS-injected mice relative to Sham controls,
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(t=2.948, p=0.0185, Figure 3.19A). Again, however, there were no differences in IBA1+ve

cell intensity (t=1.719, p=0.1240, Figure 3.19B).
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Figure 3.19: Number of Ibal+ microglial cells (A) and microglial cell intensity (B) in the
dorsal hippocampus after 6 weeks LPS injections. (Sham, LPS, n=5; Scalebar: 20x -250um,

40x - 100um; p<0.05, All values represent the Mean + SEM).

Astrocytes expression also followed the same pattern as observed for the animals injected
for 4 weeks, because there were no change in the total number of astrocytes between both
groups, as measured by the numbers of GFAP+ve cells (t=0.03081, p=0.9762, Figure
3.20A), however the intensity of GFAP+ cells was higher in LPS treated animals compared

to Sham (t=7.429, p<0.0001, Figure 3.20B).
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Figure 3.20: Number of GFAP+ microglial cells (A) and astrocyte cell intensity (B) in the
dorsal hippocampus after 6 weeks LPS injections. (Sham, LPS, n=5; Analysis; Scalebar:

20x -250pum, 40x - 100um; p<0.05, All values represent the Mean + SEM).

3.3.3e) Experiment 3: Discussion

Overall, we did not observe a reduction in spine density after either 4 or 6 weeks of LPS
injections relative to Sham controls. However, there were changes in both microglial
number and astrocytic expression that indicated some success in inducing a

neuroinflammatory response as a result of LPS injections.

It is curious that [ observed an increase in microglial and astrocytic expression, but no
similar change in spine density. The following could be potential reasons why. The failure

to observe changes in spine density could be a result of the LPS dosage insufficient to
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exert such long lasting influence on the spine density. Literature reports for
intraperitoneal LPS induced decrease in spine density varies between studies. While a
single LPS injection of 0.5mg/kg were seen to produce alterations in spine density in the
CA1, CA2 and DG region of the hippocampus, there were multiple factors involved in this
study, such as Trk-B agonists and surgery. Results from this study could have been a
combined effect of these factors inducing changes in spine density (Zhang et al., 2014).
Another study that performed single intraperitoneal injection of LPS of the same
0.5mk/kg, did not witness a change in spine density even after 28 days of injection.
Significant changes in spine density started appearing only at 56 days after LPS injection
(Plintener et al., 2012). A complete opposite effect i.e., increase in dendritic spines were
observed upon i.p LP S injections of 0.5mg/kg in nucleus accumbens of rats (Corbit et al.,
2001). This study further witnessed an increase in glial cell activation upon LPS treatment
which is in line with my results here. One argument put forward by the authors was that
an increase in dendritic spines occurred as a result of effects exerted by microglia and
astrocytes upon activation by LPS. This was true given the literature supporting
neurotrophic factors secreted by microglia (Gomes et al., 2013) and astrocytes (Iravani et
al., 2012) upon activation. This could have served as a positive effect on dendritic spines
in our study after each LPS injection, therefore one of the probable reasons for not
witnessing a negative effect of LPS (i.e., LPS decreasing dendritic spines) on our animals.
It could therefore be possible that a higher dosage of LPS is required to induce a more

potent change in spine density of pyramidal neurons.

On the other hand, i.c.v. injections of LPS were found to always result in a decrease in spine
density as observed in the literature (Ano et al., 2019; Ano et al., 2020). These studies
could potentially provide a mechanism for central, and more direct effects of LPS on

structures such as spine density in rodents. Because we ideally aimed to observe changes

150



in both spine density and neuroinflammatory markers, we next investigated a more
localized model of hippocampal neuroinflammation in which LPS was injected directly

into the hippocampus.

3.3.4) Experiment 4 - Intrahippocampal lipopolysaccharide injection:

In Experiment 4 [ induced neuroinflammation specifically in the region of interest - the
dorsal hippocampus - hoping to observe alterations in both spine density and
neuroinflammatory markers. Dorsal hippocampal neuroinflammation is strongly
associated with AD pathology (Tuppo & Arias, 2005), therefore this was our next target
in our attempt to create a sporadic model of AD. Specifically, an intrahippocampal mode
of injection with a concentration of 4pg/ul LPS was finalized based on the study by Huang
et al.,, (Huang et al., 2012). Following this surgery, brains were separately collected for
Golgi staining or immunostaining, at both the 3- and 7-day timepoint after surgery. These
two timepoints were chosen based on the studies of (Fu et al.,, 2014) and (Hong et al,,
2020), who showed immediate increase in inflammatory markers 2-7 days after LPS
injection (systemic injections) which declined after 7 days. Based on these systemic
injection studies, we expected that spine density loss and neuroinflammation markers
would peak at 3 days and gradually decline after 7 days following intrahippocampal LPS

surgery as well.

3.3.4a) 3 days time point: Increased glial cell activation followed by slight changes in

dendritic spine density:

Brain sections were checked for reactivity of microglia (Ibal) and astrocytes (GFAP) as
described previously. Figure 3.21A and B showed that microglial cell counts (t=2.569,
p=0.0424) and intensity (t=3.242, p=0.0176) were significantly higher in the LPS group

relative to Sham, 3 days after surgery. However,; there was no change in the astrocytes cell
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number (t=1.545, p=0.1733) or intensity (t=0.4587, p=0.6626) as shown in figure 3.21C

and D.
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Figure 3.21: Glial cell activation 3 days after surgery. Total number of microglial cells (A)

and microglial cell intensity (B) in the Sham and LPS groups. Astrocytic cell population
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(C) and cell intensity (D) in both groups. (Sham, LPS, n=4; Analysis; Scalebar: 20x -250um,

40x - 100um; p<0.05, All values represent the Mean + SEM).

After confirming glial cell activation following LPS injections, I proceeded to check for
changes in dendritic spine density by performing Golgi staining. Figure 3.22 showed that
there were only slight changes in spine density 3 days after LPS injections. The apical
dendritic spines in the LPS group did not differ from the Sham controls which is indicated
by t = 1.510, p-value of 0.1345 (Figure 3.22A). However, there was a significant increase
in the basal dendritic spine density of the LPS group compared to Sham. This was
confirmed by a two tailed t-test (t = 2.228, p=0.0283). Taken together, these results
confirm the presence of neuroinflammation after LPS injections and suggest that the

witnessed neuroinflammation is starting to impact dendritic spine density.
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Figure 3.22: Apical dendritic spine density in Sham and LPS treated animals, 3 days after

surgery (A). Dendritic spine density from basal dendrites after of Sham and LPS treated

animals, 3 days after surgery (B). (Sham n=60 dendrites, LPS n=36 dendrites, 12
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dendrites randomly chosen from one mouse; p<0.05, All values represent the Mean *

SEM).

3.3.4b) 7 day time point: Increased glial cell activation followed by decrease in

dendritic spine density:

We checked for glial cell activation in our animals, 7 days after LPS surgery. Figure 3.23A
and B showed that the microglial cell activation persisted 7 days after LPS injections. This
was supported by a statistical analysis indicating that the microglial cell numbers
(t=4.210, p=0.0084) and the intensity (t=2.913, p=0.0333) remained significantly higher
in the LPS treated group relative to controls. There was an obvious change in morphology
of the LPS treated microglial cells as seen from the representative images. This time, there
was a change in astrocyte cell population, indicated by a significant increase in total cell
counts (t=6.717, p=0.0011) but the intensity (t=1.913, p=0.1193) did not differ between

Sham and LPS groups (figure 3.23C and D).
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Figure 3.23: Glial cell activation 7 days after surgery. Total number of microglial cells (A)
and microglial cell intensity (B) in the Sham and LPS groups. Astrocytic cell population
(C) and cell intensity (D) in both groups. (Sham n=4, LPS n=3; Analysis; Scalebar: 20x -

250um, 40x - 100um; p<0.05, All values represent the Mean + SEM).
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We proceeded to check for dendritic spine density differences and found that both apical
and basal dendritic spines were significantly decreased in LPS treated animals compared
to Sham. This was confirmed by statistical analysis, a two tailed t-test for apical dendrites,
t = 3.958, p=0.0001, (Figure 3.24A) and basal dendrites, t = 2.565, p=0.0119 (Figure
3.24B). Overall, these results confirmed that intrahippocampal LPS injections both

increased glial cell numbers and decreased spine density in dorsal hippocampus.
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Figure 3.24: Apical dendritic spine density in Sham and LPS treated animals, 7 days after
surgery (A) Basal dendritic spine density 7 days after surgery (B). (Sham, LPS n=48
dendrites, 12 dendrites randomly chosen from one mouse; p<0.05, All values represent

the Mean + SEM).

3.3.4c) Experiment 4: Discussion

Experiment 4 confirmed that intrahippocampal injections of LPS produced changes in

glial cell activation and dendritic spine density. Increased expression of
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neuroinflammatory markers was observed at both the 3- and 7-day timepoints. At the 3-
day timepoint, there was an increase in dendritic spine density for the basal dendrites
and no change in apical dendrites. This is consistent with previous results which have
reported increases in spines in cell culture within 3 weeks after LPS treatment (Chugh et
al., 2013) and 7 days after systemic LPS injections (Manabe et al., 2021). Interestingly, 7
days after LPS surgery, the glial cell activation was still higher but dendritic spine density

for both apical and basal dendrites were now significantly decreased.

These results confirmed that with intrahippocampal LPS injections, there was visible
neuroinflammation and loss of spines 7 days later. This is noteworthy because 7 days after
surgery is the timepoint at which we would typically begin behavioural testing. This
allowed us to proceed with the next step in testing our sporadic AD mouse model, which
was to use this procedure in Chapter 4 to determine whether it produced cognitive-

behavioural deficits in goal-directed action.
3.4) General discussion:

The overall aim of this chapter was to establish a novel sporadic model of AD. First, in
Experiment 1 I validated the behavioural and cellular techniques that my proposed AD
animals would be tested for. Specifically, [ observed hyperactivity and impaired spatial
memory in J20 animals compared to wildtype, replicating established results from the
literature (Flores et al., 2018; Pozueta et al, 2013). I then checked for cellular level
changes. [ found that J20 animals had reduced dendritic spines compared to wildtype, and
there was also a significant increase in astrocytes in J20s, but there was no difference in
microglial cell numbers. In Experiment 2, I proceeded to check our proposed sporadic AD
models using these now validated techniques. There was some hypoactivity observed

during open field in the APOE4+LPS and hAB-KI+LPS groups relative to the rest, but no
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changes in anxiety-like behaviours and no differences in spatial memory. Moreover, glial
cell assessment revealed no indication of neuroinflammation. The only change observed
was a decrease in spine density in ApoE4-KI mice. Therefore, in Experiment 3, I chose to
focus on a single, sporadic factor: neuroinflammation, to determine whether a higher dose
would produce the desired cellular changes. After increasing the LPS concentration from
0.2mg/kg in Experiment 2 to 0.5mg/kg in Experiment 3, I did observe evidence of
neuroinflammation (i.e. increased glial cell marker expression), however there was no
effect on spine density. Therefore, in Experiment 4, I decided to employ a more specific
and concentrated approach by administering the LPS injections locally into the dorsal
hippocampus. This time, the manipulation was successful in inducing both
neuroinflammation and a decrease in spine density, specifically when examined 7 days
after injections. Spatial memory deficits were not tested for in Experiments 3 and 4
because these have been reliably observed previously with intra-hippocampal LPS
injection. Instead, along with tests for locomotor activity and anxiety-like behaviour, I
chose to dedicate the entire next chapter (Chapter 4) to investigating the consequences
of intra-hippocampal LPS injections on another behaviour that is highly relevant to AD:

goal-directed action control.

The results of Experiment 1 are important here for the interpretation of the following
experiments, because they demonstrate that any future null effects detected in either the
behaviour or the cellular analyses were not a result of problems with the methodologies
or protocols used. That is, the observation that spatial memory was impaired in J20
animals confirmed results from two previous reports (Flores et al., 2018; Larson et al,,
2012), and the observed reduction in spine density confirmed the findings of Pozueta ] et
al,, (2013) as did the increase in the number of astrocytes population (Pozueta et al.,

2013; A. L. Wright et al,, 2013).
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In Experiment 2, [ observed a decrease in locomotor activity of ApoE4-KI and hAB-KI
animals treated with LPS. This is opposite to what other familial AD models (including
J20) typically display in terms of locomotion, which is usually increased (Oblak et al,,
2021; Wang et al,, 2022). The ApoE4-KI mice that were not treated with LPS in the current
study did not show a decrease in locomotor activity, which suggests that this
manipulation alone was not sufficient to alter behaviour, but this alteration required a
gene/environment interaction between the ApoE4-KI and neuroinflammation. This could
be potentially important for our understanding of how such interactions in AD patients
might be required for reductions in locomotor activity. Indeed, a 2018 genome wide
association study has identified ApoE4 as one of the potent influencers of physical activity
in humans (Klimentidis et al., 2018). If current results are translatable, however, they
suggest that ApoE4 only causes reductions in such activity if neuroinflammation is
present. Importantly, this finding could suggest that individuals expressing the ApoE4
mutation could be prevented from suffering locomotor deficits if neuroinflammation is

prevented.

The failure to observe any anxiety of spatial memory deficits in Experiment 2 suggests
that ApoE4-KI and hAB-KI mice are unlikely to display such deficits, at least at 6 months
of age when they were tested here, even when combined with systemic injections of

0.2mg/kg LPS to induce neuroinflammation.

Likewise, the failure to observe alterations in neuroinflammatory markers in these
models is unlikely due to issues with our techniques because they were able to detect
such changes in Experiment 1 as well as Experiments 3-4. This discrepancy could be a
result of the difference in analysis techniques used for these experiments. The ideal

methodology for all results would have been to use the stereological counting with MBF
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software. This is because it provides serial section intervals and traces the hippocampal
area volume, so that the software can reconstruct a hippocampal volume using the
measured parameters and give us outputs in terms of cells/area. (used in Fig3.16, 3.17,
3.19-21, 3.23). The advantage of using Stereo-investigator is that the cells/area gives the
total amount of cells in the reconstructed hippocampal volume (from the traced
hippocampus ROI inputs). The cell counts in this case will be proportional to the
hippocampal volume. The alternate method of representing just cell counts/ intensity,
(such as in Fig 3.12 to 3.15, 3.18, 3.22) does not take the total hippocampal volume into
account, in which case the cell counts are not proportional to this volume. Unfortunately,
the shift in methodologies was unavoidable, as the laboratory I was working in moved
from one institution to another and the new facility did not have stereo-investigator
hardware or software. As such, the results may be slightly less reliable because the
increase in cell counts observed in our case could be a direct result of an increase in glial
cell numbers, or a result of comparatively bigger hippocampal size in animals of that
group. However, because I made sure that the ROI stayed same throughout the sections,

it is less likely that this was the case.

Experiment 2 did identify a decrease in the spine density measure in APOE4-KI+LPS
animals, however, suggesting that the APOE4 mutation in combination with
neuroinflammation might be a particular risk factor for loss of hippocampal spines.
Whether this could probably be one of the factors underlying the hypoactivity witnessed
in these animals, remain unclear. This finding is consistent with the observation that
ApoE4 risk gene has been shown to have resulted in spine density decrease in primary
neurons (Brodbeck et al,, 2008) and in rodents (Ji et al., 2003). The failure to observe such
effects in our mice could be a strain specific effect, however, our animals could have

retained this effect to an extent which, in combination with the neuroinflammation factor,
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resulted in an evident decrease in spine density. The role of ApoE4 in neuronal plasticity
has been clear for many years now (Poirier et al., 1995). Studies suggest that ApoE4 is not
as efficient as ApoE3 in the process of neuronal outgrowth stimulation and synaptic
remodulation (Dumanis et al., 2009). Aged ApoE4 transgenic mice showed obvious
differences in the synapse to neuron ratio (Cambon et al., 2000). One explanation for this
could be an ApoE4 dependent abnormal transportation of cholesterol in the brain (Borras
et al.,, 2022; Jeong et al., 2019). Although neurons are able to regulate spine formation on
their own, astrocyte-derived cholesterol levels have been known to play a crucial role in
synaptogenesis (Mauch et al., 2001). Therefore, ApoE4 mediated abnormal cholesterol
transportation could have possibly predisposed the dendritic spines for any changes

triggered by LPS induced neuroinflammation in our animals.

An additional point worth noting is that the current study only tested animals were only
tested for changes in locomotor activity, anxiety and spatial memory. It is possible,
therefore, that other types of behavioural deficits were missed. Future studies might wish
to address this by testing additional constructs, such as working memory, object
recognition, and contextual fear memory to yield a complete profile of changes occurring
in these animals. Recognition memory is impaired in individuals with Alzheimer’s disease
(Viggiano et al., 2008) and are often tested in individuals with amnestic mild cognitive
impairment, in an attempt to identify individuals with potential progression to
Alzheimer’s disease (Ally, 2012; Goldstein et al., 2019). In rodents, recognition memory is
often assessed by performing object recognition test, where rodents are checked for their
ability to differentiate between a familiar and new object (Zhang et al., 2012). Similarly,
fear memory is important to adapt to new threats in the environment(Hamann et al,
2002; Maturana et al,, 2023) is impaired in Alzheimer's disease. Literature reports fear

conditioning gradually declining in amnestic mild cognitive impairment, and individuals
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with AD, compared to healthy controls, which could be an earliest marker for
distinguishing AD from prodromal stages (Nasrouei et al., 2020). In rodents, fear learning
and memory is assessed using fear conditioning paradigm, which is based on learning the
association between a neutral cue (conditional stimulus) and an aversive cue
(unconditional stimulus). Animals which learned this association would freeze to a
neutral cue, even in the absence of an aversive cue in the testing session. Familiar AD
models such as TgCRNDS, and Tg2576 were impaired in fear conditioning by showing
reduced freezing to the conditional stimulus (Hanna et al., 2012; Kishimoto et al., 2017).
Checking for behavioural changes in these paradigms could enable detecting subtle

changes in memory in these ApoE4-KI and hAB-KI treated with LPS.

As expanded on in the general discussion, there could be several reasons other than
methodological failure as to why I did not observe a pronounced Alzheimer’s phenotype
in any novel sporadic model. One important factor influencing these results must be the
age at which we looked for behavioural changes. Here, the animals employed were 6
months of age which could be too soon to detect such differences, as even some of the
well-known familial AD models like APP/PS1, AppNt-G-F/MAPT tend to start showing
working and spatial memory impairments as late as 9 months of age (Malm et al., 2007;
Saito et al,, 2019). Likewise, recent publication on hAB-KI mice have reported deficits in
contextual fear conditioning at 10 months of age (Baglietto-Vargas et al., 2021). Future
studies may therefore wish to repeat the experiments reported here with older mice.
Additionally, there could be an issue with the particular strains of mice used in the current
study. Most of the studies related to ApoE4 have been carried out in the ApoE4 targeted
replacement mice obtained from Taconic (Baglietto-Vargas et al.,, 2021), while we used
ApoE4-KI mice obtained from Jackson laboratory (consortium, 2018). Although these two

mouse strains are almost similar in terms of gene expression pattern, there are some
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subtle differences in the developmental process which could have resulted in the
differential effects we see in our results. Finally, it could be that our dosage of LPS was
simply too low for it to produce the expected neuroinflammatory effects, even in
combination with genetic risk factors. This possibility is supported by the fact that
increasing the dose in Experiments 3 and 4 was sufficient to produce evidence of

neuroinflammation.

Taken together, these results suggest that intrahippocampal injections of LPS were the
most effective of the various methodologies 1 employed to induce both
neuroinflammation and decreases in spine density. As mentioned, I did not test
intrahippocampally injected animals for spatial memory deficits as these have been
previously reported in the literature following this manipulation. However, I did assess
separate cohorts of animals that underwent this manipulation for locomotor activity and
anxiety-like behaviours using the open field test, and these results are reported in Chapter
4. I chose to test this in a separate chapter so that I could do so alongside an in-depth
investigation of this sporadic model of AD from a different, cognitive-behavioural
perspective. In particular, I investigated whether neuroinflammation in the hippocampus
could replicate the impairments observed in AD patients in their abilities to perform goal-

directed action.
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4. Creating a better behavioural model for sporadic

Alzheimer’s disease:

4.1) Introduction:

Pre-clinical AD research has largely focused on behavioural paradigms such as spatial
learning and memory, working memory, object recognition memory, and associative
learning tasks. Although deficits in some of these behaviours are primarily observed in
Alzheimer’s disease patients, functional consequences of these deficits in day-to-day life
of an AD patient remains largely unaddressed in preclinical research. This is a critical
oversight, because (according to the NIH)((NIH), 2020), an individual will not progress to
an Alzheimer diagnosis unless they are experiencing impairments in this functionality.
Additionally, the clinical staging of dementia according to NIA-AA (Revised Criteria for
Diagnosis and Staging of Alzheimer's Disease: Alzheimer’s Association Workgroup, 2023)
categorizes individuals into stage 4 (dementia with mild functional impairment) only
when individuals start showing a decline in activities of daily life and require assistance
with certain tasks._In the following chapter, | address this by investigating whether mice
with hippocampal neuroinflammation - the procedure that was demonstrated to be
successful in achieving both increased neuroinflammatory markers and decreased
dendritic spine density in Experiment 4 of the previous chapter - also display cognitive-

behavioural deficits in goal-directed action control.

As reviewed in Chapter 2, individuals with Alzheimer’s disease exhibit broad deficits in
cognitive control over everyday goal-directed tasks, such as bathing, cooking, and
dressing themselves. These tasks require individuals to integrate multiple underlying

cognitive processes, such as memory (e.g. how much butter to add to a recipe) and motor
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selection (e.g. washing themselves in the shower) to achieve a desirable goal, and could
thus be considered a more complex behaviour than those typically tested in preclinical
AD. Thus, it is critical that we capture these deficits in a preclinical model so that we can
understand their neuropathological correlates, thus providing a more complete testing
ground for future treatments. Although doing such a test is beyond the current capability
of our laboratory, we are seeking out avenues in which we might be able to carry out such
a study, by pairing with researchers that have access to AD patients (e.g. Prof. Bruce Brew

of St. Vincent’s Hospital in Sydney).

In order to evaluate goal-directed actions in animals with hippocampal
neuroinflammation I used an outcome devaluation paradigm. Outcome devaluation is an
extensively validated test for goal-directed action in both humans and rodent models.
Although devaluation has never been tested in Alzheimer’s patients directly, it has been
employed in other patient populations such as individuals with Parkinson’s disease (de
Wit et al,, 2011) and schizophrenia (Morris et al., 2018) where performance on this task
was found to be predictive of real-world behavioural deficits in goal-directed actions.
Given the fact that individuals with AD show multiple deficits in carrying out goal-
directed activities, it would make a lot of sense for the gold standard test of goal-directed
action, devaluation, to be tested in individuals with AD. The fact that it hasn’t, is likely a
failure of crosstalk between individuals who study goal-directed actions in the laboratory
and clinicians who work with individuals with Alzheimer’s disease. Another potential
reason for devaluation not being tested in AD so far could be because the mainstream
research has intensely focused on memory deficits, often to the detriment of other
symptoms (such as depression, apathy, anxiety, and agitation, as described in a recent

review; (Pless et al., 2023).
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Therefore, although outcome devaluation has yet to be tested in individuals with
Alzheimer’s disease, possibly due to the overwhelming focus on memory deficits, these
examples clearly demonstrate that it does have value as a procedure both in its
translatability to humans as well as its ability to predict how well those individuals
function outside of the laboratory. A final reason that devaluation may have been
overlooked in AD research could be due to the hippocampal centered approach. As noted
on pages 100-101, lesion studies conducted by Corbit and Balleine in (2000) and (2001)
suggested that devaluation did not rely on the hippocampus and as this is the most well-
studied region that is affected in AD, researchers may have thought it would also be
unaffected. More recent studies have shown, however, that devaluation does rely on the
hippocampus, only transiently, in the initial stages of learning (Bradfield & Balleine,
2020), which led to the demonstration that devaluation is also impaired in the 20 mouse
model of AD (Dhungana et al., 2023). These studies could be used to inform the study of

devaluation in people with AD.

In rodents, as described in Chapter 2, this procedure involves training them to press two
levers (usually a right and left lever) for two distinct outcomes (often pellets and sucrose),
then devaluing one of those outcomes by feeding it to satiety and testing whether animals

will press the lever for the still-valued outcome in an extinction test.

Although this model has not been used to test people with AD, as mentioned in the
previous paragraph, it has been employed in a familial mouse model of AD: the J20 model.
Specifically, Dhungana et al., (2023) found that devaluation performance was impaired
(Devalued = Valued) in J20 animals of either 36- or 52- weeks of age relative to age-
matched wildtypes (Valued > Devalued) after 4 days of lever press training. However,

performance recovered with an additional 4 days of lever press training such that
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devaluation was intact (Valued > Devalued) for all animals after 8 days of lever press
training, regardless of age or genotype. The distinction between performance on the 4
day and 8 day test here is interesting, because the dorsal hippocampus (and particularly
the CA1 region of dorsal hippocampus) has been specifically associated with short-term
and/or ‘episodic’ memory (Bartsch et al.,, 2011), which is also the type of memory loss
most frequently observed in the earlier stages of Alzheimer’s (Gold & Budson, 2008).
Consistent with this argument, the learning and expression of goal-directed action has
been argued to be reliant on episodic memory shortly after initial learning, and then
dependent on semantic memory 7 days or more after this initial learning (Bradfield et al.,

2020).

Following the 8-Day test, Dhungana et al,, (2023) culled all animals and quantified the
levels of microglial and astrocyte expression in the dorsal hippocampus. Correlational
analysis revealed that the number of activated microglia in dorsal hippocampus was
significantly negatively correlated with the performance of J20 animals on the 4-Day
outcome devaluation test but did not correlate with performance on the 8-Day test. This
suggested that dorsal hippocampal neuroinflammation was associated with poorer initial
goal-directed action control. Notably, however, this correlation does not necessarily
indicate that hippocampal neuroinflammation caused the observed deficits, which will be
tested in the current chapter. The ]20 mice in the study by Dhungana et al., had additional
neuropathology, most notably A3 plaques, as well as neuroinflammation in other parts of
the brain (outside of the hippocampus). In the current chapter we are purely testing

whether it is hippocampal neuroinflammation that has led to the changes in behaviour.

Dhungana et al.,’s study also found that there were sex differences in the abilities of mice,

even wildtype mice, to demonstrate intact outcome devaluation performance. Moreover,
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the expression of microglia and astrocytes were higher in female ]20s compared to male
J20s. This is noteworthy because literature reports for human Alzheimer’s cases incline
towards females developing the disease twice as frequently as males (Ferretti etal., 2018;
Podcasy & Epperson, 2016). Therefore, in order to ensure my study was sufficiently
powered to detect any differences, and in contrast to the results reported in Chapter 3, for
the following chapter [ separated animals by sex. Specifically, Experiment 5 of this chapter
tested outcome devaluation in female animals that had received hippocampal injections
of LPS. Experiment 6 of this chapter repeated the experiment with a male cohort. Dorsal
hippocampal tissue from each mouse was again immunostained for microglial and
astrocytic reactivity, to confirm the presence of a neuroinflammatory response and to
assess any correlations with behaviour. Moreover, I assessed this tissue for levels of the
immediate early gene c-Fos, which functions as an activity marker, co-localized with NeuN
in order to assess whether the manipulations altered neuronal excitability in the dorsal
hippocampus. This is important because only neurons possess processes long enough to
make contact with the broader circuit of goal-directed action, so it is only by altering the
activity of neurons that microglia and astrocytes could have any ultimate influence over

behavioural responses.
4.2) Methods:

4.2.1) Animals:

A total of 97 C57BL6/] animals were used in this chapter, which was split under different
experiments. All animal experiments were performed with the approval of the Garvan
Institute, St. Vincent's Hospital Animal Ethics Committee and Ernst facility UTS under
approval number 17/28, 20/08 and ETH21-6657. This was in accordance with the

Australian National Health and Medical Research Council animal experimentation
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guideline and the local Code of Practice for the Care and Use of Animals for Scientific

Purposes.

4.2.2) Experiment 5: The effect of hippocampal neuroinflammation on the

devaluation performance in female mice:

LPS injections and experimental schedule:

LPS 4ug/ul or
Saline Food deprivation

Open Field Test
1 week recovery

r'y

| — P — v

< > > —p r
9 weeks - Day 1,2 - Day 14— Devaluation Day 58— Devaluation Tissue
Surgery Magazine Lever press Day4 Test Lever press Day8 Test collection
training training 182 training 182

Figure 4.1: Experimental timeline for results described in Experiment 5 of this chapter.

C57BL/6] mice received bilateral hippocampal injections of Saline and LPS. Experiment
5 employed a female cohort with a total of 17 animals (9 Sham and 8 LPS). Briefly, animals
underwent surgery and were given a week’s recovery time after which they were food
deprived for two days. This was followed by 2 days of magazine training and 4 days of
lever press training, after which animals were given a devaluation test (hereafter referred
to as the “4-Day devaluation test”). This was followed by 4 more days of lever press
training (i.e. 8 days total lever press training) and another devaluation test, which is
hereafter referred to as the “8-Day devaluation test”. After this test, animals were given

an open field test to check for locomotor activity and were culled within one week.
Stereotaxic surgery:
All stereotaxic surgery procedures for Experiments 5 and 6 were conducted as described

for Experiment 4. Stereotaxic surgery for the DREADDs experiment was also conducted
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identically, except that pAAV-GFAP-hM3D(Gq)-mCherry/ pAAV-GFAP104-mCherry was
injected into the dorsal hippocampus instead of lipopolysaccharide (1ul per hemisphere)
at the rate of 0.2pl/minute. For these AAV injections, 5ul aliquots were removed from the
freezer and placed on ice, and only the desired amount to be injected (in this case 1pul)
was taken in the syringe just before injection. All other surgical procedures were

conducted identically to those previously described.
Behaviours:
i) Open Field Test (OFT):

OFT was performed identically to what was described in Experiment 1 (Chapter 3) of this

thesis.

ii) Outcome devaluation:

Magazine

Levers

Figure 4.2: Pictorial representation of outcome devaluation chamber.

Apparatus: The experiment was conducted in six identical Operant chambers (Med
Associates). One side of the chamber wall consisted of magazine (food receptacle) in the
centre and two retractable levers one on either side of the magazine delivering two

different outcomes. The opposite side wall consisted of a house light for illumination and
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a house fan which provided constant ~70 dB background noise. The chamber was
designed to deliver pellets (BioServ Biotechnologies, 45mg grain pellets) via a pellet
dispenser and sucrose solution (sucrose [white sugar, Coles] 20%+polycose [Nutricia,
Polyjoule] 10%) via syringe pump to the magazine. The setup was controlled by MED-PC
software which delivered pellets and sucrose, recorded the number of lever presses,

outcomes, and magazine entries.

Behavioural procedures: Three days before the start of magazine training, mice were
food deprived, with each mouse receiving 1.2g chow per day. This was so that mice were
hungry and therefore motivated to press levers for food. The food deprivation continued
for the whole experiment; however, the quantity of chow was increased to 1.4g once lever
pressing behaviour had been established. Weights were continuously monitored to make

sure they were kept consistent above 80% of the pre-surgery body weight.

Magazine pre-training: For two days prior to lever press training, mice received
magazine training to familiarize and habituate them to the context, and to associate it
with food. For this training, mice were placed in an operant chamber that was illuminated
with house light, and sucrose and pellets were delivered to the animals in the magazine
at random intervals around a mean of 60s. The session terminated after 30 minutes or
when 20 sucrose and pellets (40 total outcomes) had been delivered. Sucrose deliveries
were accompanied by a short (1 s) termination of the house light to alert mice of the
delivery. Pellet deliveries make a noise and do not require an additional cue to draw

attention. Levers remained retracted throughout magazine training.

Lever-press training (Day 1-4): Following magazine pre-training, animals were trained
to press levers for food outcomes. Lever press training was counterbalanced so that half

of the animals in each group received left lever-sucrose, right lever-pellets and the rest
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received the opposite arrangement. Lever press sessions terminated after 50 minutes or
when animals had earned 40 of each outcome, whichever came first. These sessions were
split into four 10-minute sub-sessions (two 10-minute sessions per lever. These
terminated early and mice entered time-out if 20 outcomes were earned before 10
minutes). There was a 2.5-minute time-out period in between each sub-session during

which levers were retracted and the house lights turned off.

Mice were trained on a Continuous Reinforcement schedule (CRF) (Sangha et al., 2002)
for the first two days during which every lever press earned an outcome. On Day 3 mice
were shifted to a Random Ratio 5 (RR5) schedule (Haw, 2008) for which each lever press
earned an outcome with a probability of 0.2. On Day 4, mice were further shifted to an
RR10 schedule where each lever press earned an outcome with a probability of 0.1. Three
to four mice progressed more slowly through the ratio increases due to low levels of lever
pressing, and finished Day 4 on an RR5 rather than an RR10 schedule. Following lever-
press training on Day 4, all mice were habituated to an empty cage with access to food
(chow, according to the quantity mentioned earlier in this section) for approx. 50
minutes. This cage would become the context (devaluation cage) in which animals would
be pre-fed to satiety on one of the outcomes to ‘devalue’ it prior to test on the following

day.

Outcome devaluation - 4 Day Test: After Day 4 of lever press training, the first outcome
devaluation test was conducted (i.e. the ‘4-Day Test’). Mice were randomly assigned one
of the two outcomes; sucrose or pellets to be devalued. Mice were then individually
placed in their devaluation cage with ad libitum access to one of the outcomes (i.e. 3ml
of sucrose solution or 3gms of pellets) for 50 minutes which they ate until satiation. This

procedure is known to reduce the value of the satiated outcome relative to the other
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outcome (Balleine & Dickinson, 1998). The animals are then placed into the operant
chamber for a 10-minute devaluation test where they were presented with both levers
but no food outcomes were delivered (i.e. they were tested in extinction). On day 2 of the
test, animals were pre-fed with the opposite outcome to that which they received on day
1 (e.g. if given pellets on day 1 they now received sucrose, and vice versa) after which
they were given another 10 minute choice extinction test. Responding rates on the

‘valued’ and ‘devalued’ levers were averaged across test days.

Lever press training (Day 5-8): One day after the 4 Day devaluation test, animals were
given 4 more days of lever press training, which were conducted as previously described
except that animal received only one day of RR5 followed by 3 days of RR10. Four mice
progressed more slowly through the ratio schedule increases due to low performance

levels, so they were given 2 days of RR5 and two days of RR10 instead.

Outcome devaluation - 8 Day Test: Animals were given a second set of outcome
devaluation testing the day following day 8 of lever press training (i.e. the ‘8 Day test’).

This was conducted identically to the 4 Day test previously described.

Immunostaining:

As per all prior experiments and as previously described, within one week of completing
behavioural testing mice were perfused with PFA and their brains removed, and
hippocampal sections sliced on the cryostat. Sections were then taken for

immunostaining.

The staining protocol was conducted in the manner described in Experiment 1 (Chapter

3) using the following primary and secondary antibodies:
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primary antibodies secondary antibodies
rabbit polyclonal ibal Donkey anti-rabbit 568 (1:500,
(1:500,thermofischer, pa5-21274) Invtirogen, A32790)
rabbit polyclonal dsred (1:300, scientifix, | Donkey anti-rabbit 568 (1:500,
632496) Invtirogen, A32790)
rabbit polyclonal c-Fos (1:500, Synaptic | Donkey anti-rabbit 568 (1:500,
systems, 226003) Invtirogen, A32790)
chicken polyclonal NeuN (1:500, Saphire | Goat anti-chicken 647 (1:500,
bioscience, GTX00837) Thermofischer, A21-449)
mouse polyclonal GFAP (1:300, NE | Goat anti-mouse 488 (1:500,
Bioloabs, GA5) Thermofischer, A32723)

Specifically, 4 sections per brain were stained for IBA1 and GFAP and 4 other sections per
brain were separately stained for NeuN and c-Fos. The four sections were chosen from
Bregma -1.34 to -2.30 mm based on Paxinos atlas for mouse brain (Paxinos & Franklin,
2012) which comprised dorsal hippocampus. 4 out of 5 good sections were chosen and
damaged/torn sections were not taken into consideration. Mounting and cover slipping

procedures were performed as previously described.

Image Analysis:

i) Microscopy:

Immunostained sections were imaged using a TiE2 inverted microscope under 40x
magnification. Laser intensity and image capturing frames were kept consistent for all the
images. Images were taken from CA1 region of the hippocampus. For c-Fos and NeuN
images were additionally captured from the dentate gyrus, due to the observation that
there was significant c-Fos expression there. A z-stack image covering at least 10 pm

thickness of the tissue was captured, at 0.6pum/0.9um stack interval. All images were
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taken from the dorsal hippocampus which spans from Bregma -1.34 to -2.30 mm based
on Paxinos atlas for mouse brain (Paxinos & Franklin, 2012). At least 7 images per brain
(left and right hemispheres combined) were obtained for analysis. Most brains had 8
images from which cell numbers and intensity were counted. The images were chosen
according to the number of sections containing the anatomic area — as 35-40um thickness
section with an interval of 1:6 will result in almost 5 sections of dorsal hippocampus per

brain.

ii) Fiji (Imagej):

For cell counts: The captured images were then analysed using FIJI (Fiji Is Just Image]).
The image stack was imported to FIJI and the composite channels were first split into
individual channels then these individual channels were re-stacked (i.e. merged into a
single image). For the re-stacked images, the threshold was adjusted to make sure the cell
bodies were all included, (count particles - 16 to infinity). Cell counts output was saved

and averaged for each brain.

For intensity measurement: Following cell counts, a separate intensity measurement
was performed: mean intensity was calculated for all the images and averaged for each
brain. The intensity measurements were done using Image], and there was a common
threshold set (60,000-98,000) for within one batch while analysing using image].
Although this procedure is not as accurate as the stereological approach used in Chapter
3, due to the laboratory moving and no longer having stereological facilities available this
shift in methods was unavoidable. However, I did take all precautions to ensure that
measurements were as accurate as possible including maintaining a constant laser
intensity when taking images in the microscope, which I believe could help eliminate

some batch differences.For co-localization measurement: Co-localization was measured
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for c-Fos and NeuN only (to determine the rate of neuronal activation). The stacked
images were converted into RGB colour images and made composite. The colour
threshold was adjusted to select all the yellow signal (which is the colocalization of red
[NeuN] and green[c-Fos]), and the percentage area of the selected signal was measured

and averaged for each brain.

All graphs except for the graphs that mention cells/mm?3 did not take into account
hippocampus area (in terms of volume). Rather I kept the ROI consistent (i.e, the image
frame size chosen within hippocampus to perform cell counting/measure cell intensity).

4.2.7) Statistics:

All statistical analysis were performed with Graphpad Prism 8.4.3. For comparisons
involving only two means, two tailed t-tests were performed. For all other analyses one-
way or two-way ANOVA were conducted, followed by post-hoc Bonferroni analyses where

applicable. For all analyses, a was set at <0.05.

Correlational analyses were carried out following immunohistochemical assessment, to
determine whether microglial, astrocytic, and neuronal c-Fos expression was associated
with behavioural performance. In order to assess correlations with devaluation
performance in a manner that was not driven by differences in baseline lever pressing per

se., I calculated a “devaluation ratio” according to the following equation:

SR =

Leverpressrateontest
(Leverpressrateontest + Leverpressrate during training)

A positive score indicated intact devaluation and a score of zero or lower indicated poor

devaluation performance.
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4.2.3) Experiment 6: The effect of hippocampal neuroinflammation on the

devaluation performance in male mice:

Experiment 6 repeated the procedures of Experiment 5 in a male cohort of mice. There
was a total of 20 animals (11 Sham and 9 LPS). The experimental timeline, (surgery,
behavioural procedures, and tissue collection) were conducted identically to those
described for Experiment 5. The only difference was that male mice on food deprivation
received slightly more chow - initially 1.3g chow per mouse, which was increased to 1.6g

once lever pressing was established.
4.3) Results and Discussion:

4.3.1) Experiment 5: Hippocampal neuroinflammation accelerated devaluation

performance in female mice:

Female C57BL6/] mice were given bilateral intrahippocampal injections of LPS or Saline
to induce neuroinflammation and then were tested for outcome devaluation performance
after either 4 or 8 days of lever press training. Hippocampal sections were then analysed
for neuroinflammatory markers, neuronal markers, and c-Fos expression, and each of
these markers was correlated with behavioural measures. c-Fos is an Immediate Early
Gene (IEG), the expression of which indicates cellular activity (Lara Aparicio et al., 2022).
Inflammation induced in the hippocampus activated microglia and astrocytes (as seen in
Experiment-4); however, it was important to assess if the changes in glial cells altered
neuronal activation. As reviewed in Chapter-1, neurons are a part of the trisynaptic input
in the hippocampus, therefore alterations in the neuronal activation can impact changes

in the brain regions that receive neuronal projections from the hippocampus. Hence
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checking for c-Fos expression was crucial for our experiments. Placements for all female

animals are shown in Figure 4.3.

-1.70

-1.82

-1.94

-2.06

-2.18

-2.30

Figure 4.3: Schematic illustration of placements for female Sham (gray dots) and LPS

(pink dots) groups (The numbers correspond to Bregma).
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4.3.1a) Hippocampal neuroinflammation increased lever press rates but did not

affect magazine entries in female mice across Days 1-4 of lever press training

Figure 4.4A shows the lever press rates for female mice during days 1-4 days of lever press
training. Lever press rates were significantly higher in LPS-treated animals compared to
the Sham controls, although all mice did increase lever pressing across days, indicating
that they had acquired the lever press response. This was supported by a repeated
measures two-way ANOVA showing a significant main effect of training days (F(1.353,
2029)=101.1, p<0.0001, Greenhouse-Geisser corrected for violating sphericity) indicating
that mice increased lever pressing over days averaged over group. There was also a
significant main effect of group (F, 15=22.59, p=0.0003), indicating that group LPS
performed more lever presses averaged across days. Moreover, there was a significant
group x days interaction (F3, 45=21.04p<0.0001), indicating that group LPS increased
lever press responding across faster than Sham. However, both Sham and LPS animals did
acquire lever pressing, because there was a significant linear simple effect for each group

over days: Sham, (F(1,20) = 15.443, p =.0001) LPS, (F(1,20) = 145.6, p <.001).

In contrast to lever press rates, there was no difference in the magazine entries made by
LPS animals relative to Sham as shown in Figure 4.4B. This was supported by statistical
analysis (repeated measures two-way ANOVA) showing only a main effect of training days
(F2.299, 3448)=9.717, p=0.0003), but no significant effect of group (Fa, 15=0.1916,
p=0.6678) and no interaction (F, 45=0.2610, p=0.8531). This suggest that although
magazine entries significantly decreased across days (likely due to the increase in the
competitive response of lever pressing across days - i.e. mice cannot lever press and enter

the magazine at the same time such that an increase in one behaviour is typically
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accompanied by a decrease in the other). However, this decrease did not differ according

to group.
A. Day 1-4 Lever press rates B. Day 1-4 Magazine entries
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Figure 4.4: Lever press rates for females during training days 1-4 (A). Magazine entries
made by mice during training days 1-4 (B) (Sham n=8, LPS, n=9; p<0.05; All values

represent the Mean + SEM.

4.3.1b) Hippocampal neuroinflammation accelerated goal-directed action in Day 4

devaluation test in female mice:

Lever press rates during the Day 4 devaluation test are shown in Figure 4.5A. In contrast
to expectations, Sham animals did not show intact devaluation, indicated by equal
responding on valued and devalued levers. However, the LPS animals were showing intact
devaluation because they responded more on the valued lever compared to the devalued
lever. A two-way ANOVA revealed a significant main effect of group (F, 30)=14.58,
p=0.0006) and a significant main effect of devaluation (F(1, 30)=4.740, p=0.0375). In
addition, there was a significant group x devaluation interaction (F(, 30)=4.494,

p=0.0424). The Bonferroni post hoc analysis revealed the source of this interaction,
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because the LPS group pressed the valued lever significantly more than the devalued

lever, p = 0.0077, but Sham animals did not, F < 1.

Similar to training, magazine entries on test were equivalent between Sham and LPS
groups, as indicated by a two-tailed t-test (t = 0.2477, p=0.8077, Figure 4.5B). Together,
these results suggest that hippocampal neuroinflammation accelerated (rather than
impaired) goal-directed action control relative to Sham animals but did not affect

magazine entries.
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Figure 4.5: Lever presses made by Sham and LPS animals on both valued and devalued
lever on the Day 4-devaluation test (A). Magazine entries made by the same animals on
the Day 4-devaluation test (B). (Sham n=8, LPS, n=9; p<0.05; All values represent the

Mean = SEM).

4.3.1c) Lever press rates remained higher for female mice with neuroinflammation

relative to Shams across days 5-8 of lever press training:

Consistent with days 1-4 of lever press training, LPS-treated animals maintained higher
lever press rates relative to Sham across days 5-8 (Figure 4.6A). This was supported by a

repeated measures two-way ANOVA that found a main effect of day (Fz.04s, 30.68)=83.52,
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p<0.0001) and a main effect of group (F(i, 15)=55.88, p<0.0001) but no day x group
interaction (F(3,45=1.130, p=0.3469). This suggested that although LPS animals did press
the levers significantly more than Sham animals, the rate of lever press increase across
days was stable for each group (i.e. LPS animals did not increase lever pressing any faster

than Sham group).

As shown in Figure 4.6B, there was no difference in magazine entries made by LPS
animals relevant to Shams. This was supported by statistical analysis (repeated measures
two-way ANOVA) because there was no main effect of day (F(1.592,23.88)=2.189, p=0.1421),
no main effect of group (F(1,15=0.006280, p=0.9379), and no day x group interaction (F,

45)=1.495, p=0.2286).
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Figure 4.6: Lever press rates for females during training days 5-8 (A). Magazine entries
made by mice during training days 5-8 (B) (Sham n=8, LPS, n=9; p<0.05; All values

represent the Mean + SEM).

4.3.1d) Hippocampal neuroinflammation increased lever pressing but did not affect

goal-directed action in female mice on the 8 Day test:
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Figure 4.7A shows the lever press rates for the Day 8 devaluation test. This time, unlike
the 4-Day test, devaluation performance was intact (Valued > Devalued) for both groups,
although overall lever pressing was still marginally higher for group LPS than for group
Sham. This was supported by statistical analysis which found a marginally significant
main effect of group, (F(1,30=22.11, p=0.0571) and a significant main effect of devaluation
(Fa,30=22.11, p<0.0001). In contrast to the Day-4 test, however, there was no group x
devaluation interaction (F(, 30)=0.7886, p=0.3816), suggesting that devaluation was

intact for all animals, regardless of group.

Magazine entries from this test are shown in Figure 4.5B. Although from this figure it
appeared as though there was a slight decrease in magazine entries made by LPS animals,
this effect was not significant, as shown by a two-tailed t-test (t=1.118, p=0.2810, Figure

4.7B).

Taken together with the results of the 4-Day test, these results indicate that hippocampal
neuroinflammation initially accelerated goal-directed action control in female mice, but
that this effect was lost after multiple days of training when goal-directed action control
was also intact for Shams. This was in spite of marginal evidence that hippocampal
neuroinflammation continued to elevate the overall lever press rate on the 8-Day test but
did not affect the distribution of lever presses among the valued and devalued levers
which is the critical factor when determining goal-directed action control. Consistent with

the 4-Day test, magazine entries on the 8-Day test again did not differ between groups.
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Figure 4.7: Lever presses made by Sham and LPS animals on both valued and devalued
lever on the Day 8-devaluation test (A). Magazine entries made by the same animals on
the Day 8-devaluation test (B). (Sham n=8, LPS, n=9; p<0.05; All values represent the

Mean = SEM.

4.3.1e) Hippocampal neuroinflammation did not alter locomotor activity in an Open

Field Test in female mice:

The higher press rates in LPS animals relative to shams led me to speculate that the effect
might be due to a general tendency towards hyperactivity in these animals, rather than a
specific acceleration of goal-directed control. To assess this possibility, I conducted an

open field test.

Figure 4.8A shows the total distance travelled by these animals during the 10 minutes
session. As can be seen from this figure, although there appeared to be a trend towards
an increase in locomotor activity in the LPS group, statistically there was no significant
difference between the LPS group and Shams. This was indicated by two-tailed t-test (t =
2.041, p=0.0592). Additionally, there was no difference in the time spent by these animals

in the corner zone (t=1.427, p=0.1740, Figure 4.8B) and centre zone (t=1.427, p=0.1740,
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figure 4.8C). This indicated that the LPS animals were not anxious compared to the Sham
controls. Overall, these results show that locomotor activity and anxiety levels were not
altered by intrahippocampal injections of LPS. This suggests that the observed differences
in outcome devaluation were not a result of either potential confound, but rather an

indication of a specific acceleration of goal-directed control in these animals.
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Figure 4.8: Total distance travelled by Sham and LPS animals in the open field test (A).
Time spent by Sham and LPS animals in the corner zone (B) and the centre zone (C).

(Sham n=8, LPS, n=9; All values represent the Mean + SEM).

4.3.1f) Upregulation of Ibal+ microglia after LPS treatment in female mice:

The number of microglial cells in the dorsal hippocampus was increased for LPS-treated
animals relative to Shams. This was supported by a two-tailed t-test (t = 13.63, p<0.0001,
Figure 4.9A). This was paralleled by an increase in Ibal intensity (t = 3.445, p=0.0043,
Figure 4.9B). This confirms that the LPS injections were sufficient to produce a
neuroinflammatory response in the microglia, and further shows that this response was

still present after the end of behavioural testing which lasted approximately 4 weeks.
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Figure 4.9: Total number of microglial cells in Sham and LPS animals (A). Microglial cell
intensity in both Sham and LPS groups (B). (Sham n=7, LPS, n=8; Scalebar: 50um; p<0.05;

All values represent the Mean + SEM).
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4.3.1g) Upregulation of microglia correlated with devaluation on the 4 Day but not

the 8 Day test, and did not correlate with magazine entries on either test:

To understand the relationship between the cellular changes and the observed
behavioural differences, we performed a correlational analysis. There was a significant
positive correlation between microglial cell numbers and devaluation scores from the Day
4 test. This indicated that increased number of microglial cells was associated with the
better performance of female LPS animals on the Day 4 test (r=0.6770, p=0.0056) (Figure
4.10A). The same was true for microglial intensity (r=0.6488, p=0.0089) (Figure 4.10B).
However, no such correlation was observed for either cell counts (r=0.2338, p=0.4018)
or intensity (r=-0.06163, p=0.8273) with devaluation scores from the 8 Day test (Figures

4.10C,D).

We found no correlation of microglial cell counts or intensity on the magazine entries

made by these animals on 4 Day and 8 Day devaluation test, refer to appendices.

Together, these results suggest that the upregulation of microglia in dorsal hippocampus
was associated with better goal-directed control but not with Pavlovian approach

behaviour (as measured by magazine entries).
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Figure 4.10: Correlation of Ibal+ cell counts with behaviour performance on the Day 4
devaluation test (A). Ibal intensity correlation with 4-Day devaluation test performance
(B). Ibal+ cell counts correlation with behaviour performance on the Day 8 devaluation
test (C). Ibal intensity correlation with 8 Day devaluation test performance (D). (Sham

n=7, LPS, n=8; p<0.05; All values represent the Mean + SEM).

4.3.1h) Upregulation of GFAP+ astrocytes after LPS treatment in female mice:

As shown in Figure 4.11A, there was no significant difference in the number of astrocytes
in dorsal hippocampus, as observed from the equal number of GFAP+ cells in both LPS
and Sham animals (t = 1.128, p=0.2795). However, as shown in Figure 4.11B, there was
an increase in the intensity of GFAP+ astrocytes in the LPS group compared to the Sham
group (t=5.053, p=0.0002). Together, these results suggest that although LPS injections
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did not cause the proliferation of astrocytes in dorsal hippocampus, it did cause
morphological changes indicating astrocyte activation. Again, this result confirms that
LPS injections were sufficient to produce a neuroinflammatory response in the astrocytes,

and that this response was still present after behavioural testing.
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Figure 4.11: Total number of astroglial cells in Sham and LPS animals (A). Astrocytes cell
intensity in both Sham and LPS groups (B). (Sham n=7, LPS, n=8; Scalebar: 50um; p<0.05;

All values represent the Mean = SEM).

4.3.1i) Upregulation of astrocyte intensity correlated with devaluation on the 4 Day

but not the 8 Day test, and did not correlate with magazine entries on either test:

Astrocytic cell counts did not correlate with devaluation scores of LPS-treated animals on
either test (4-Day test: r=-0.06555, p=0.8165; 8-Day test: r=0.3431, p=0.2106) tests as
shown in Figures 4.12A,C. However, there was a significant positive correlation between
astrocytes intensity and devaluation scores from the 4-Day test (r=0.7441, p=0.0015) but
not the 8 Day test (r=0.0241, p=9306), as shown in figures 4.12B,D. There were no
correlations between the astrocytic cell counts/intensity with the magazine entries from

either test (refer appendices).

Together, these results suggest that the upregulation of astrocytic intensity in dorsal
hippocampus was associated with better goal-directed control but not with Pavlovian

approach (i.e. magazine entries).
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Figure 4.12: Correlation of GFAP+ cell counts with devaluation performance of animals
on the Day 4 devaluation test (A), Day 8 devaluation test (C). GFAP intensity correlates
with the devaluation performance on 4-Day test (B), 8-Day test (D). (Sham n=7, LPS, n=8;

p<0.05; All values represent the Mean + SEM).

4.3.1j) LPS treatment did not alter the NeuN+ neuronal cell population in the dorsal

hippocampus of female mice:

[ stained for NeuN to assess whether there was cell death of as a result of LPS injections.
Although I did also measure cell counts for NeuN, it was not possible for Image] to
recognize individual neurons regardless of how strict a threshold I set due to many cells

being too close together. Although it would be ideal to perform a % area analysis after
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thresholding, with threshold adjustments (as mentioned earlier) some of the cells are
either completely eliminated or few cells looked clumped together and therefore I was
unable to differentiate single cells. This was partly due to the issues with overexposure,
even though the laser intensity was kept at minimum. As such, continuing to measure it
this way appeared to result in inaccurate cell counts so that I decided to measure the

intensity of the cells, which could yield some level of consistency between different

sections.

NeuN positive cell intensity is shown in Figure 4.13. From this figure it is clear that NeuN
intensity was similar between group LPS and group Sham in both CA1 and DG regions.

This result suggests that there was no evidence of neuronal death following LPS surgeries.
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Figure 4.13: NeuN cell intensity in CA1 (A) and DG (B) regions. (Sham n=7, LPS, n=8; All

values represent the Mean + SEM).

4.3.1k) Hippocampal neuroinflammation increased the percentage of c-Fos/NeuN

positive cells that expressed c-Fos in dentate gyrus in female mice:

The percentage area of NeuN colocalized with c-Fos did not differ between group LPS and
group Sham in the CA1 region (Figure 4.14, t =1.528, p = 0.1506), but was significantly

higher in the DG region (t = 2.916, p=0.0120), shown in Figure 4.14A,B.
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Figure 4.14: % area of co-localization of c-Fos and NeuN in CA1 (A) and DG (B) regions.

(Sham n=7, LPS, n=8; Scalebar: 50um; p<0.05; All values represent the Mean + SEM).

4.3.11) Experiment 5: Discussion

Overall, the results of Experiment 5 indicate that, in female mice, LPS was successful in
causing an increase in neuroinflammatory markers (i.e. Ibal and GFAP) in dorsal
hippocampus, as well as an increase in neuronal excitation (i.e. co-localised c-Fos and
NeuN) in the dentate gyrus. Behaviourally, this increase in hippocampal
neuroinflammation accelerated goal-directed action control, and this acceleration was

positively associated with microglial and astrocytic expression in dorsal hippocampus.

This was not the anticipated result, as [ had expected LPS-induced neuroinflammation in
hippocampus to impair, rather than accelerate goal-directed action. Potential reasons for
this unexpected result will be expanded on in the discussion of this Chapter and in the
General discussion. First, however,  wished to determine the generality of the conclusion
that hippocampal neuroinflammation accelerates goal-directed control by investigating

whether the same result would be obtained in male mice.
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4.3.2) Experiment 6 - Hippocampal neuroinflammation facilitated Pavlovian

approach behaviour but did not affect goal-directed control in male mice:

For Experiment 6, male animals (11 Sham, 9 LPS) underwent the same experimental
procedures described for Experiment 5 and the results are as follows. Placements for each

animal is shown in Figure 4.15.

Figure 4.15: Schematic illustration of placements for male Sham (gray) and LPS (blue)

groups (The numbers correspond to Bregma).
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4.3.2a) Hippocampal neuroinflammation did not affect lever press rates but

increased magazines entries in male mice over Days 1-4 of lever press training:

Lever press rates for Sham and LPS animals are shown in Figure 4.16A. The figure
suggests that all animals, irrespective of the treatment group, learned to press levers at
the same rate. This is supported by statistical analysis (repeated measures two-way
ANOVA), as there was a main effect of day (F(1.253,2256=98.23, p<0.0001) but not group
(F1,18=0.0005995, p=0.9807), and no significant day x group interaction (F3,54=0.8381,

p=0.4842).

Figure 4.16B shows the magazine entries made by these animals over the training days
1-4. As can be seen from this figure, LPS animals made slightly more entries compared to
the Sham animals. A repeated measures two-way ANOVA revealed the main effect of day
(F1.927, 3469=7.535, p=0.0021) that did not interact with group (F(, 54=0.05872,
p=0.9811), however, the main effect of group was close to significance (F, 18=4.280,

p=0.0532).

Together, these results show that lever press rates for Sham and LPS groups did not differ,

however the LPS animals made more magazine entries than to Sham controls.

A. Day 1-4 Lever press rates B. Day 1-4 Magazine entries
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Figure 4.16: Lever press rates for males during training days 1-4 (A). Magazine entries
made by mice during training days 1-4 (B) (Sham n=11, LPS, n=9; All values represent the

Mean = SEM).

4.3.2b) Hippocampal neuroinflammation did not affect goal-directed action control

in male mice in the 4 Day devaluation test:

Lever press rates on the 4-Day devaluation test is shown in Figure 4.17A. As expected, the
Sham animals displayed intact devaluation by responding on the valued more than the
devalued lever. Surprisingly, group LPS also showed intact devaluation. These
observations were supported by a Two-way ANOVA showing significant main effect of
devaluation (F(1,36=4.551, p=0.0398), no main effect of group (F(1,36=0.1501, p=0.7007)

and no significant group x devaluation interaction (F < 1).

Magazine entries elicited during the 4-Day test are shown in Figure 4.17B. From this
figure it appears as though LPS animals performed more magazine entries than Shams.
However, upon performing a t-test, the difference was not found to be significant

(t=1.497p=0.1518).

Together, the results of the 4-day devaluation test did not produce any significant
differences in either devaluation performance or magazine entries, although the latter did
appear to be marginally increased in LPS animals. This suggest that, in contrast to the
female mice, hippocampal neuroinflammation did not accelerate goal-directed control in
male mice, although this is possibly due to the fact that Sham male mice were already
showing an intact devaluation effect (Valued > Devalued) whereas Sham females in
Experiment 5 were not (Valued = Devalued). Therefore, it is possible that the performance
of male mice was at ceiling and no further improvements could be statistically

determined.
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Figure 4.17: Lever presses made by Sham and LPS animals on both valued and devalued
lever on the Day 4-devaluation test (A). Magazine entries made by the same animals on
the Day 4-devaluation test (B). (Sham n=11, LPS, n=9; p<0.05; All values represent the

Mean = SEM).

4.3.2c) Hippocampal neuroinflammation did not affect lever press rates but did

increase magazines entries in male mice across Days 5-8 of lever press training:

Following the 4-Day devaluation test, 4 additional days of lever press training was
performed (Day 5-8). Lever press rates across days 5-8 are shown in Figure 4.18A. All
animals, irrespective of their group, pressed levers at the same rate. This was supported
by a repeated measures two-way ANOVA analysis showing a significant main effect of day
(F(1.874,33.74)=73.41, p<0.0001) but no main effect of group (F1,18=1.006, p=0.3291) and

no day x group interaction (F3,54=0.8590, p=0.4680).

Consistent with the first four days of lever press training, LPS animals again made more
magazine entries than Shams during Days 5-8 (Figure 4.18B). A repeated measures two-
way ANOVA revealed a significant main effect of day (F(z.666,4.99)=9.763, p<0.0001) and of

group (Fes66, 499=9.763, p=0.0028), although there was no significant day x group
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interaction (F(3, 54)=2.354, p=0.0822). These results suggest that LPS animals performed
more magazine entries than Shams overall, but the rate at which they did so did not differ

across days.
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Figure 4.18: Lever press rates for males during training days 5-8 (A). Magazine entries
made by mice during training days 5-8 (B) (Sham n=11, LPS, n=9; p<0.05; All values

represent the Mean + SEM).

4.3.2d) Hippocampal neuroinflammation did not affect goal-directed action control

but did facilitate Pavlovian approach in male mice in the Day 8 devaluation test:

Figure 4.16 shows lever press rates during the 8-Day devaluation test. Similar to
performance on the 4-Day test, devaluation was intact for both Sham and LPS animals
who responded more on the valued lever versus the devalued lever (Figure 4.19A). This
was supported by a two-way ANOVA which found a significant main effect of devaluation
(Fa, 36=14.40, p=0.0005) and no main effect of group (F(1,36)=0.0003497, p=0.9852) as

well as no significant group x devaluation interaction (F(1,36=0.05546, p=0.8151).
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Magazine entries from the 8-Day devaluation test are shown in Figure 4.19B. This time,
the LPS treated animals made significantly more entries to the magazine relative to the

Sham controls. This was indicated by the results of a t-test, t =2.536, p = 0.0207.

Overall, results from 8-Day devaluation test suggested that, in male mice, hippocampal
neuroinflammation did not affect goal-directed action control, because devaluation was
intact (Valued > Devalued) for both groups but did facilitate Pavlovian approach

behaviour because group LPS performed more magazine entries than Shams.
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Figure 4.19: Lever presses made by Sham and LPS animals on both valued and devalued
lever on the Day 8-devaluation test (A). Magazine entries made by the same animals on
the Day 8-devaluation test (B). (Sham n=11, LPS, n=9; p<0.05; All values represent the

Mean = SEM).

4.3.2e) Hippocampal neuroinflammation did not alter locomotor activity in an Open

Field Test in male mice

I next performed an open field test to determine whether the facilitation of Pavlovian
approach in LPS animals was a result of an overall hyperactivity effect or differences in

anxiety between groups.
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Figure 4.20A shows the total distance travelled by these animals during the 10-minute
test. There was no significant difference between the LPS and Sham group, which is
indicated by a two-tailed t-test (t=0.8686, p=0.3965). This confirmed that the LPS animals
were neither hyperactive nor hypoactive. Additionally, there was no difference in the time
spent by LPS and Sham animals in the corner zone (t=0.7751, p=0.4483, Figure 4.20B)
and the centre zone (t=0.7751, p=0.4483, figure 4.20C). This indicated that the LPS

animals were not anxious compared to the Sham controls.

Overall, the locomotor activity and anxiety levels of the LPS treated animals remained the
same as that of Sham animals. This suggests that the observed differences in magazine
entries were not a result of either potential confound, but rather an indication of a specific

facilitation of Pavlovian approach behaviour in these animals.
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Figure 4.20: Total distance travelled by Sham and LPS animals in the open field test (A).
Time spent by Sham and LPS animals in the corner zone (B) and the centre zone (C).

(Sham n=11, LPS, n=9; p<0.05; All values represent the Mean + SEM).
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4.3.2f) Upregulation of Ibal+ microglial cells after LPS treatment:

When microglial cell numbers were quantified, I found a significant increase in the LPS
group compared to the Shams (t=9.984, p<0.0001, Figure 4.21A). Additionally, microglial
cell intensity was also higher in the LPS treated animals compared to the Sham animals
(t=4.403, p=0.0004, Figure 4.21B). This confirmed that, similar to the females in

Experiment 5, LPS was again successful in causing the proliferation of microglia in the

dorsal hippocampus of male mice.
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Figure 4.21: Total number of microglial cells in Sham and LPS animals (A). Microglial cell
intensity in both Sham and LPS groups (B). (Sham n=10, LPS, n=9; Scalebar: 50um;

p<0.05; All values represent the Mean + SEM).

4.3.2g) Increased microglial reactivity did not correlate with devaluation

performance or magazine entries:

Microglial cell numbers did not correlate significantly with any behavioural measure on
any test (see Appendix F for precise correlational values). Likewise, microglial intensity
did not correlate with devaluation scores from either test (see Appendix F). Although
microglial intensity did not correlate with magazine entries from the 4-Day devaluation
test, it did marginally positively correlate with magazine entries on the Day 8 devaluation
test (p=0.0705, r=0.4238, Figure 4.22D). This pattern of results is notable, because the
only significant behavioural difference induced by hippocampal neuroinflammation in
male mice that was observed on either test, was the increase in magazine entries on the
Day 8 test, and it appears that this difference was associated with increased microglial
expression in dorsal hippocampus. This suggests the possibility of a causal relationship

between microglial proliferation and enhanced Pavlovian approach.
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Figure 4.22: Correlation of Ibal+ cell counts with behaviour performance of males on
the 4-day magazine entries (A). Ibal intensity correlations with 4-Day magazine entries
(B). Ibal+ cell counts correlation with behaviour performance on the 4-day magazine
entries (C). Ibal intensity correlation with 8-Day magazine entries (D). (Sham n=7, LPS,

n=8; p<0.05; All values represent the Mean + SEM).
4.3.2h) Upregulation of GFAP+ astrocytes cells after LPS treatment:

The number and intensity of GFAP+ astrocytes is shown in Figures 4.23A and B,
respectively. From Figure 4.23A, it can be observed that there was no significant
difference in the astrocytes cell number between LPS and Sham controls (t=0.5047,

p=0.6202). However, there was an increase in the intensity of GFAP+ astrocytes in the LPS
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group compared to the Sham group, which revealed that there were likely some
morphological changes to the astrocytes indicating astrocyte activation (t=7.690,
p<0.0001, Figure 4.23B). These results mirrored those observed in female mice and again
suggested that LPS was successful in producing a neuroinflammatory response in the

dorsal hippocampus that lasted for the duration of the experiment.

Astrocytes

Sham

LPS

A. Total astrocyte B. Astrocyte cell
cells intensity
— —_ *
150 80000 —
° . . 2 60000 .
= 1004 ,°° o @
[ ] _e c °
(3] ° A 2 e
& : . £ 40000+ o®
< o
& 50 : g el
(® 20000- peet
[
0 I 1 0 1 1
Sham LPS Sham LPS

205



Figure 4.23: Total number of astroglial cells in Sham and LPS animals (A). Astrocytes cell
intensity in both Sham and LPS groups (B). (Sham n=10, LPS, n=9; Scalebar: 50um;

p<0.05; All values represent the Mean + SEM).

4.3.2i) No correlation of reactive astrocytes with the devaluation performance and

magazine entries made by male animals:

Neither astrocytic cell numbers nor intensity significantly correlated with any

behavioural measure on any test (see Appendix F for the specific values).
4.3.2j) No changes in NeuN activation after LPS treatment:

Figure 4.24A showed that the intensity of NeuN positive was similar between LPS treated
animals and Sham controls in both the CA1 and DG regions. Therefore. the LPS treatment

did not disturb neuronal cell populations.
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Figure 4.24: NeuN cell intensity in both Sham and LPS groups in CA1 region (A) and DG

region (B). (Sham n=9, LPS, n=9; p<0.05; All values represent the Mean + SEM).
4.3.2k) c-Fos colocalized with NeuN positive cells:

As shown in Figures 4.25A, LPS treatment did not affect the % area of colocalization for

c-Fos and NeuN in the CA1 of male mice, which was no different from Sham controls. As
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can be seen from Figure 4.25B, that there was a trend towards decreased expression of c-
Fos in NeuN+ cells c-Fos in the DG of LPS animals compared to sham controls. Statistically

this effect was marginal, t=2.050, p=0.0571.
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Figure 4.25: % area of co-localization of c-Fos and NeuN in CA1 (A) and DG (B) regions.

(Sham n=9, LPS, n=9; Scalebar: 50um, All values represent the Mean + SEM).

4.3.21) Experiment 6: Discussion

Overall, the results of Experiment 6 indicate that, in male mice, LPS was successful in
causing an increase in neuroinflammatory markers (i.e. Ibal and GFAP) in dorsal
hippocampus but did not significantly affect neuronal excitation (i.e. co-localised c-Fos
and NeuN). Behaviourally, this increase in hippocampal neuroinflammation did not affect
goal-directed action control but did facilitate magazine entries across training and on the
8-Day test. This was unexpected, as not only did LPS-induced neuroinflammation in the
hippocampus failed to impair goal-directed action, it facilitated our measure of Pavlovian
approach to the food magazine - magazine entries. Post-mortem analyses of
neuroinflammatory markers revealed that, in spite of the overall increase, there was no
correlation with either of these markers and any behavioural measure. Moreover,
neuroinflammation did not cause neuronal death (NeuN) or any differences in c-Fos

expression in neurons (c-Fos colocalized with NeuN).

Together, the results of Experiment 5 and 6 were unexpected. First, Experiment 5 revealed

that in female mice, hippocampal neuroinflammation accelerated goal-directed control

208



without affecting Pavlovian approach, whereas in Experiment 6, hippocampal
neuroinflammation did not affect goal-directed control but did facilitate Pavlovian
approach in male mice. To further investigate the potential mechanisms of these
surprising effects, we next attempted to chemogenetically excite astrocytes specifically in
both male and female mice to determine whether we could replicate the behavioural
effects observed following LPS injections into dorsal hippocampus. That is, we injected
the virus AAV-GFAP-hM3Dqg-mCherry (n = 23 females, n =19 males) or the control virus
AAV-GFAP-mCherry (n = 10 females, n = 13 males) into the dorsal hippocampus to cause
astrocyte-specific transfection with the ‘excitatory’ hM3Dq designer receptor exclusively
activated by designer drugs (DREADD). The hM3Dq receptor will not respond to any
endogenous ligand but does cause cellular activation (Roth, 2016) including of astrocytes
(Adamsky et al., 2018) when the animal is given an i.p. injection of the designer drug

clozapine-N-oxide (CNO).
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mCherry- CNO

Figure 4.26: Representative image showing expression of pAAV-GFAP-hM3D(Gq)-

mCherry (AAV5) - upon activation with CNO in the dorsal hippocampus area. Image on
the bottom - DAPI (blue), GFAP for astrocytes (green), NeuN for neurons (cyan), mCherry
- DREADDs (red). Merged images (zoomed in from the image on the top) with orthogonal
views (small panel on the right and bottom) showing co-localization of astrocytes and

mCherry. Image on the top was captured at a 10x magnification (Scalebar: 250um). All

other images were captured at a 40x magnification (Scalebar: 50um).
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However, the results of this experiment were only partially conclusive for two reasons:
First, I observed transfection of the AAV in both astrocytes and neurons, as shown in

Figure 4.27, and second, I did not observe any robust behavioural alterations.

DREADDs - VEH

Figure 4.27: Representative image showing expression of pAAV-GFAP104-mCherry
(AAV5) that received Vehicle injections in the dorsal hippocampus area. Image on the
bottom - DAPI (blue), GFAP for astrocytes (green), NeuN for neurons (cyan), mCherry -
DREADDs (red). Merged images (zoomed in from the image on the top) with orthogonal
views (small panel on the right and bottom) showing co-localization of astrocytes and
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DREADDs. Image on the top was captured at a 10x magnification (Scalebar: 250um). All
other images were captured at a 40x magnification (Scalebar: 50um). Highlighted in white
arrow is the expression of pAAV-GFAP104-mCherry (AAV5) in the neurons (stained with

NeuN), confirming that the viral expression was not limited to astrocytes only.

Therefore, I am not reporting this experiment in its entirety, although the full methods

and results can be found in Appendix G. Nevertheless, there was one result of interest.

DREADDs - CNO

Figure 4.28: Representative image showing expression of pAAV-GFAP104-mCherry

(AAV5) that received Vehicle injections in the dorsal hippocampus area. Image on the
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bottom - DAPI (blue), GFAP for astrocytes (green), NeuN for neurons (cyan), mCherry -
DREADDs (red). Merged images (zoomed in from the image on the top) with orthogonal
views (small panel on the right and bottom) showing co-localization of astrocytes and
DREADDs. Image on the top was captured at a 10x magnification (Scalebar: 250um). All

other images were captured at a 40x magnification (Scalebar: 50um).

This is shown in Figure 4.29, and comprised partial evidence that excitation of neurons
and astrocytes in the dorsal hippocampus accelerated goal-directed action control
because, when averaged across mice of each sex, there was a significant simple effect of
devaluation (Valued > Devalued) for the hM3Dq group that received CNO (i.e. the group
in which astrocytes/neurons were excited), (F1,61) = 4.369, p = 0.041), but not for either
the mCherry+CNO or hM3Dq+Vehicle controls, both Fs < 1, indicating that these animals
pressed each lever equally (Valued = Devalued). The reason why this evidence is only
partial, is because there was no main effect of group, F < 1, no main effect of devaluation,
(Fa,6n = 3.533, p = 0.072), and no significant group x devaluation interaction, (F(1,61) =
1.665, p = 0.202), suggesting that there was no basis upon which follow-up simple effects
should have been assessed. No differences in magazine entries was observed (F(2,59) =

0.7266, p = 0.4878).
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Figure 4.29: Lever press rates for all animals during day 4 devaluation test (A). Magazine
entries made by mice during Day 4 devaluation test (B) (mCherry-CNO - 23, DREADDs-

VEH - 20, DREADDs-CNO - 19; p<0.05; All values represent the Mean + SEM).

Similar to all previous observations, however, these partial differences disappeared after
4 more days of additional lever press training, as shown in Figure 4.30, when devaluation
was intact (Valued > Devalued) for all groups, regardless of neuronal/astrocytic
excitation. This was supported by a main effect of devaluation (F(1,118=8.110, p = 0.0052),
no main effect of group and no group x devaluation (F2,118) = 0.1894, p = 0.8277)
interaction. Again, no differences in magazine entries was observed (F=0.2346,

p=0.7916).
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A. Day 8-Devaluation test B. Day 8-Magazine entries
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Figure 4.30: Lever press rates for all animals during day 8 devaluation test (A). Magazine
entries made by mice during Day 8 devaluation test (B) (mCherry-CNO - 23, DREADDs-

VEH - 20, DREADDs-CNO - 19; p<0.05; All values represent the Mean + SEM).

Together, these results suggest that hippocampal neuroinflammation accelerates goal-
directed action in female mice and facilitates Pavlovian approach in male mice. There is
partial evidence that the acceleration of goal-directed action resulted from the excitation
of astrocytes/neurons that occurred as a result of the neuroinflammatory response.

These results are discussed in more detail below and in the general discussion.

4.3.3) General Discussion:

The experiments reported in this chapter aimed to investigate the behavioural
consequences of the environmental factor that produced alterations in both
neuroinflammation and dendritic spine density from Chapter 3: LPS injections into dorsal
hippocampus. Specifically, because such injections have already been demonstrated to
produce deficits in spatial memory (Hou et al.,, 2014), I decided to concentrate on the
more complex, goal-directed actions which have recently been shown to be impaired in a
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mouse model of AD (Dhungana et al., 2023). Overall, however, the results reported in this
Chapter were not as anticipated. First, hippocampal neuroinflammation in female mice
accelerated rather than impaired goal-directed action control. Second, hippocampal
neuroinflammation in male mice did not affect goal-directed action but did facilitate
Pavlovian approach behaviour (i.e. increased entries into the food magazine). Finally, I
uncovered partial evidence that the acceleration in goal-directed control was a result of
astrocytic and neuronal activation in the dorsal hippocampus across both male and
female mice, as well as increased neuronal activity in the dentate gyrus. No differences in
locomotor activity or anxiolytic responses were observed in either experiment, because
LPS and Sham animals travelled equal distance and spent equal time in the centre zone of
the chamber in the open field tests. This suggests that the observed behavioural changes
were therefore not a result of alterations to motor ability but were specific to goal-
directed action control (Experiment 5) and Pavlovian approach behaviour (Experiment

6).

As mentioned, LPS treated female animals from Experiment 5 displayed an acceleration
of goal-directed learning that differed from (Dhungana et al., 2023)’s observation of
impaired initial goal-directed activity in J20 animals. There are several potential reasons
for these contrasting results. The LPS treated females in Experiment 5 showed
significantly higher hippocampal neuroinflammation than shams, which positively
correlated with devaluation performance (Figure 4.12). This suggests that, rather than
impairing goal-directed action control as expected, higher rates of neuroinflammation
were associated with better goal-directed action control. This is surprising, given that J20
animals also experience higher levels of neuroinflammation than wildtypes. However,
there exists a stark contrast between the inflammation profile of J20 animals and our LPS

treated animals. In J20 animals, inflammation is visible at the very early stage of 2 months
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old (A. L. Wright et al., 2013). Therefore, by the time Dhungana et al., tested for goal-
directed action deficits in these animals (at 9 months age), animals had experienced at
least 7 months of neuroinflammation which would have induced long term changes to the
glial cells and neurons. This was supported by Wright et al.’s (2013) study showing
neuronal death in 9-month-old (starting as early as 12 weeks) ]20 animals. Another study
reported neuronal loss in 5 months old J20 animals (Beauquis et al., 2014). This contrasts
with the current study in which animals experienced behavioural testing approximately
one month after LPS injection and therefore had experienced only one month of
hippocampal neuroinflammation, and I did not notice any neuronal death in the current
study (unaltered NeuN population, Figure 4.13, 4.24). Rather, I uncovered evidence that
there was an excitation of neurons (seen in Figures 4.14, 4.25) probably resulting from
changes to glial cell expression patterns. Over prolonged periods of neuronal excitation
the cells can become overexcited and eventually die (Van Epps, 2006), suggesting that
neuroinflammation could still be the underlying cause of behavioural changes in each

study, in opposite directions.

Evidence from the literature suggest that short term acute neuroinflammation can be
beneficial to neurons in different ways (Yong et al.,, 2019; Yong & Rivest, 2009). For
instance, limited amounts of secreted IFN-y in the brain has been shown to enhance
neurogenesis in the DG region of the hippocampus of Alzheimer’s disease mouse models
(Baron et al., 2008). Another study of spinal cord injury in rats employed low doses of LPS
stimulation and observed axonal regeneration in the corticospinal tract (Torres-Espin et
al., 2018). Stimulating immune cells with TLR ligands has been shown to increase the
recruitment of oligodendritic precursor cells to the lesion sites to facilitate remyelination

of the neurons (Glezer et al., 2006; Setzu et al., 2006).
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There is also evidence that acute/mild neuroinflammation can act partially beneficial for
certain behaviours at least on novel object recognition (NOR) paradigm in wildtype mice.
This study employed a lower dosage of LPS (0.3 mg/kg), which stimulated the immune
system and led to a hyperexcitability of parvalbumin expressing interneurons in the
medial prefrontal cortex. This excitability resulted in the recruitment of a higher
proportion of PV interneurons into the neural circuitry crucial for novel object
recognition specifically as shown by Feng et al, (2021). The object recognition
performance remained intact in these animals highlighting the beneficial effects of acute
inflammation in mediating recruitment of PV neurons to maintain functional integrity of
the NOR circuit. It is possible that similar beneficial effects could underlie behavioural
enhancement in our animals treated with LPS: an excitation of neurons resulting in better

performance of animals on the devaluation task.

On the other hand, sustained neuroinflammation/chronic neuroinflammation for a
prolonged period has been shown to be deleterious to neurons. The intrahippocampal
neuroinflammation in this study can be considered sustained as the glial cell activation is
observed roughly more than a month after LPS surgeries. As discussed in the
‘neuroinflammation’ section in Chapter 1, AB induced toxicity, ROS production,
mitochondrial failure, neurotoxic cytokine production, impaired neurogenesis, and
compromised synaptic connections are all consequences of chronic neuroinflammation
on neurons (Sochocka et al,, 2017). In particular, extended neuroinflammation in the
brain has been associated with increase in inflammatory cytokines such as IL1-$ and TNF-
a, which triggers abnormal synaptic signalling (Pickering et al., 2005). Elevated levels of
TNF-a is known to result in increased calcium release in primary neuronal cell cultures
(Park et al., 2008) and as much as calcium is crucial for normal synaptic transmission, its

dysregulation at the synapses, such as excessive calcium influx/storage has been shown
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to be detrimental to dendritic spines (Higley & Sabatini, 2012). At the synapses, increased
calcineurin in astrocytes induces calcium dysregulation and calcineurin activity within
neurons leading to synaptic dysregulation (Sama & Norris, 2013). In a 2019 study, Jafari
Metal, (2019) observed that excessive calcium accumulation at the spines acts as a signal
for removal of these spines by microglial cells. Loss of synapses eventually leads to loss of
neuronal connectivity, resulting in cognitive dysfunction (Sama & Norris, 2013). Should
neuroinflammation persist over many months or even years, than the 4-6 weeks it was
experienced here, it is possible that it would lead to synapse loss, neuronal atrophy, and
impaired rather than enhanced goal-directed action control. Together, these studies
suggest that hippocampal neuroinflammation in the short term might improve goal-
directed action control, but when sustained over long periods it might lead to neuronal

death which would impair GD control.

The LPS treated male animals from Experiment 6 showed intact goal-directed action, but
a facilitation of Pavlovian approach. Such a difference is consistent with literature reports
of inherent behavioural differences between male and female mice, such as in learning
and memory processing (Dalla & Shors, 2009). Moreover, another study has shown that
female rats were more inclined towards a Pavlovian approach behaviour, as calculated by
the number of food trough entries that were increased in females compared to males
(Hammerslag & Gulley, 2014). It seems less likely that LPS might have altered the
metabolism to result in an increased consumption of food by these animals. As far as the
literature reports, LPS causes hypometabolism in C57BL6/] mice, which is opposite to
what we would be expecting with food consumption (Piirsalu et al., 2020). Additionally,
our animals received a local LPS injection (intra-hippocampal) which is comparatively
less likely to affect the overall metabolism as much as the peripheral LPS injections

(which was performed in the above cited paper). Although it is not valid to statistically
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compare between experiments, from observations of the data it appears that sham female
mice in the current study were also more prone to perform magazine entries than male
mice, as shown in Figure 4.31. This suggests that performance of magazine entries may
have already been at ceiling in the females in Experiment 5, as there is a physical
limitation on how many actions a mouse can perform per minute, leaving little room to

detect any further increase over and above these levels in LPS-treated mice.
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Figure 4.31: Magazine entries made by Sham females and males on the 4-Day test (A). 8-

Day test (B). (All values represent the Mean+SEM).

With regards to changes in the inflammatory markers, it is of particular interest that
microglial and astrocyte expression correlated very specifically with the devaluation
scores from the 4-Day test and not the 8-Day test in female mice in Experiment 5, which
is the only test from either experiment in which a significant difference in devaluation
performance between shams and LPS-treated animals was observed. This suggests,
therefore, that it could have been the reactivity of these glial cells that led to the
acceleration of goal-directed action, and the fact that c-Fos/NeuN expression was also

significantly increased in these mice suggests that glial activation achieved this
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acceleration by causing excitation in neurons. This idea is partially supported by the
results of the chemogenetic activations reported in the discussion for Experiment 6, as
only the group that experienced neuronal/astrocytic excitation showed some evidence of
intact goal-directed control on the 4-day test. Although it may have again been surprising
that the control animals for this experiment did not show intact devaluation (particularly
the males, given the results of Experiment 6), this could be due to the fact that all animals
received i.p. injections each day before lever press training, which likely caused an
increase in stress and reduced learning in these animals. Given these data, it will be of
particular interest for future studies to determine whether there is a causal relationship
between the reactivity of microglia, astrocytes, and neurons, and the acceleration of goal-

directed action control.

Taken together, results of this chapter indicate that more work is needed to establish a
Sporadic model of AD with better behavioural translatability. Specifically, these
experiments suggest that, in mice at least, hippocampal neuroinflammation that persists
for at least one month prior to behavioural testing produces an acceleration in goal-
directed action control in females and a facilitation of Pavlovian approach behaviour in
males. The sex differences in these cohorts are notable, however, given the fact that
females are at a higher risk of developing Alzheimer’s compared to the males. It is well
known that women live longer than men (Baum et al, 2021) and therefore it might
appear as if women are only prone to diseases like AD as they live long enough to reach
the age where biological functions start to derail. However, age is not the sole factor that
can account for this difference. For one thing, women typically only live 2-3 years longer
than men, which is not sufficient for differential rates of degeneration to become
apparent (which only becomes apparent after around 5 years or more (Mosconi et al.,

2018)). Moreover, a recent study has shown that there are several other factors that place

221



women at a higher risk (Udeh-Momoh & Watermeyer, 2021). For instance, as noted by
Fleisher et al., (2005), in female ApoE4 carriers with MCI, hippocampal volume loss is
higher compared males. This is despite the similar prevalence of ApoE4 in females and
males (Sundermann et al., 2018). It has also been shown that females over 60 years of
age, who were a carrier of one ApoE4 allele, are four times more likely to be diagnosed
with AD compared to heterozygous males (Farrer et al., 1997) although it is not entirely
clear why this is the case. Next to female sex, menopausal status was the strongest
correlated factor of the observed biomarker differences in AD (Rahman et al,, 2020). For
example, in a longitudinal study that looked for cognitive differences the peri and post-
menopausal females showed poor cognitive performance and decreased hippocampal
volume compared with age matched males. This was due to the following reasons i)
neurodegenerative changes happening at an earlier time point(age) in females compared
to males, ii) AB deposition being widespread (affecting more brain regions) in females
compared to males and iii) certain brain regions like frontal cortex being metabolically
vulnerable to aging in females during perimenopause to menopause transition compared

to males(Mosconi et al., 2018).

These results could suggest that goal-directed action control in female mice could be
particularly sensitive to hippocampal neuroinflammation, and whether or not it is
accelerated or impaired depends on the length of time neuroinflammation is experienced.
This conclusion is purely speculative, of course, and requires future studies to address it

in detail.
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(Chapters 5)
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5. Discussion:

The overall aim of this thesis was to provide a better preclinical model of Alzheimer’s
disease, with a specific focus on replicating the sporadic Alzheimer’s phenotype. There

were two specific aims:

(i) To combine two major risk factors (genetic and non-genetic) to generate a
sporadic mouse model of Alzheimer’s disease.
(ii)  To investigate whether the identified sporadic Alzheimer’s disease model

might alter goal-directed action with a view to improve translatability.

Chapter 3 corresponded to the first aim. Experiment 1 demonstrated the validity of my
behavioural and molecular techniques using a well-known familial AD model - J20. That
is, I successfully replicated the increase in locomotor activity in the open field test and
impaired spatial memory (Barnes Maze performance), as well as the increases in glial cell
activation (microglia [Ibal] and astrocytes [GFAP]) and decreased spine density that has
been observed previously in ]J20 animals (Cheng et al., 2007; Pozueta et al., 2013). These
results suggested that the techniques [ employed were suitable to go forward and test the
novel sporadic models in my remaining studies. Experiment 2 employed two separate
transgenic models, the ApoE4-KI and hAB-KI models, in conjunction with
neuroinflammation (systemic LPS injection) to check for behaviour and pathological
changes resembling sporadic AD phenotype. Although I detected reduced locomotor
activity in both ‘ApoE4-KI + LPS’ and ‘hAB-KI + LPS’ models (but not in these models
without LPS), there were no spatial memory deficits in any model, and no alterations in
glial cell expression. There was a slight decrease in the dendritic spine density of ‘ApoE4-

KI + LPS’ mice relative to controls, but this alone was not sufficient to capture the broad
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spectrum of deficits observed in patients with AD at a preclinical level. No differences in
spine density were detected for the hAB-KI model, with or without neuroinflammation.
Because the results of Experiment 2 were not particularly promising, for my next
experiment I focused on enhancing the neuroinflammation factor. Experiment 3
employed intraperitoneal LPS injections to induce neuroinflammation, but this time I
increased the dosage and frequency of LPS. Although the results did show an increase in
glial cell activation this time, the increase in neuroinflammation did not seem to affect
spine density. Because I was ideally looking for a model that affected both glial activation
and spine density, I further modified this sporadic factor into a more potent form. Hence,
Experiment 4 involved LPS injection directly into the target dorsal hippocampal region.
With this manipulation, I observed the cellular changes [ was looking for, 7 but not 3days
after LPS injections took place: increased levels of astrocyte expression (GFAP) and

microglial expression (Ibal), as well as a decrease in spine density.

Moving forward, rather than test these animals for changes to spatial memory, deficits in
which have already been reported using this model (Hou et al.,, 2014), I decided to test
whether hippocampal neuroinflammation impaired goal-directed action to determine
whether they might replicate the deficits in goal-directed control observed in individuals
with AD (see Chapter 2 section 2.3.2 for review). Accordingly, Chapter 4 of this thesis
focused on the behavioural translatability aspect, with neuroinflammation as the key
sporadic AD factor. The first experiment in this chapter, Experiment 5, investigated
changes to goal-directed action control in female wildtype mice that had local
neuroinflammation in the dorsal hippocampus (with intra-hippocampal LPS injections).
Contrary to expectations, however, rather than impairing goal-directed action control in
these animals, dorsal hippocampal neuroinflammation accelerated it. Specifically, when

tested on the gold standard test of goal-directed action - outcome devaluation - after 4
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days of lever press training, performance was not yet intact for Sham controls (i.e. Valued
= Devalued) but was for LPS-injected animals (Valued > Devalued). These differences
disappeared after 4 more days of lever press training, when performance was intact for
both groups on the 8-Day Devaluation Test. Pavlovian approach behaviour, measured as
the number of entries made into the food magazine, was not altered by hippocampal
neuroinflammation in female mice. I next proceeded to repeat the experiment in male
wildtype mice, to test for the generality of the results, in Experiment 6. This time, however,
goal-directed action was unaffected by hippocampal neuroinflammation, possibly
because the Shams were already showing a small devaluation effect on the 4-Day test,
indicating the possibility of a ceiling effect. LPS animals did, however, make more entries
into the food magazine relative to Shams throughout training and testing of this
experiment (with the exception of a non-significant effect on the 4-Day test), suggesting
that, in males, hippocampal neuroinflammation facilitated Pavlovian approach.
Importantly, hippocampal neuroinflammation did not alter locomotor activity or anxiety-
like behaviours in male or female mice in either experiment. Together, these surprising
results revealed that hippocampal neuroinflammation produces different behavioural
profiles in male and female mice, and potential reasons for these sex differences are

discussed below.

Post-mortem analyses of dorsal hippocampal tissue did provide some insight into the
potential mechanisms of these behavioural alterations. Specifically, all animals were
culled following the 8-Day test, and increased reactivity of microglia and astrocytes in
LPS-injected animals was detected for both males and females. In females (Experiment
5), these increases correlated with a ‘devaluation score’ taken from the 4-Day test but not
a similar score taken from the 8-Day test, indicating that higher glial activation was

associated with better initial goal-directed control. In male mice (Experiment 6),
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microglial and astrocytic expression did not correlate with any behavioural measure.

Moreover, in female mice but not male mice there was increased in c-Fos expression in

neurons in the dentate gyrus (and a trend towards a similar increase in the CA1 region).

Together, these results suggest that neuroinflammation increased the reactivity of both

microglia and astrocytes in the dorsal hippocampus, and in female mice this caused

increased neuronal excitation in dentate gyrus, in a manner that was linked to better goal-

directed action control.

Overall, these results lead to the following conclusions:

(1

(i)

(iii)

(iv)

Combining a genetic and non-genetic factor to create a novel sporadic AD
model successfully replicated the spine density changes (only in the ApoE4-KI
+ LPS model) observed in individuals with AD, but none of the other
behavioural or cellular changes associated with Alzheimer’s.
Neuroinflammation localized to the dorsal hippocampus produced the
expected increase in microglial and astrocytic markers, as well as the decrease
in dendritic spine density,

Dorsal hippocampal neuroinflammation accelerated goal-directed action
control and neuronal excitation in female mice in a manner that was associated
with increased glial activation, and

Hippocampal neuroinflammation facilitated Pavlovian approach in male mice
but does not alter neuronal excitation, and in a manner that was not associated

with glial expression,

In the following sections, I will be discussing the results as two separate parts. The first

half will discuss the theoretical and clinical implications, limitations, and future directions

of Chapter 3 of this thesis, followed by the second half of the section which will discuss
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the same for the empirical Chapter 4 of this thesis. This will be followed by a brief

conclusion section summarizing the overall findings of the thesis.

5.1) Theoretical and clinical implications of combining the major
genetic risk factors along with the non-genetic risk factor to create a

novel model of sporadic AD:

5.1.1) Locomotor activity of the proposed sporadic AD mouse models:

The abnormal increase in locomotor activity observed in J20 animals in Experiment 1 is
consistent with what has been commonly reported for J20 animals of the same age (6
months). In particular, a study by Wright et al., showed that 6 month old J20 males were
hyperactive compared to WT males of the same age (2013). Two other studies (Flores et
al., 2018; Harris et al., 2010) also reported hyperactivity in the open field test in J20
animals of the same age group relative to controls. Although, as mentioned, these findings
were useful to the current study in validating the sensitivity of this measure to detect
established changes, the consistent increase in hyperactivity in J20 animals does raise
general questions about the translatability of the J20 model. That is, although
hyperactivity has been reported in AD patients in some studies (Keszycki et al., 2019), it
is not generally considered a core feature of the disease. Moreover, a significant subset of
patients present with what might be considered the opposite of hyperactivity: apathy and
fatigue (Daumas et al., 2021). Together with anxiety (a major neuropsychiatric symptom
of AD), these symptoms are reported to be the early clinical manifestations of AD
(Johansson et al,, 2020). Here, however, the J20 animals were not anxious, as seen from
the equal amount of time spent by these animals compared to wildtypes in the centre

zone of the open field chamber. This result is in line with studies reporting reduced (Zussy
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etal, 2022) or no anxiety in J20 animals (A. L. Wright et al., 2013). Therefore, this specific
result does bring into question how closely the familial J20 model is recapitulating AD at
a preclinical level, and further highlights the need for better preclinical models of sporadic

forms of AD.

In Experiment 2, the WT animals that received systemic injections of LPS did not show
any abnormality in their locomotor activity and anxiety. This is inconsistent with a
number of studies that reported locomotor activity decrease after LPS injections in mice
(Biesmans et al., 2013; Engeland et al., 2001; Hasriadi et al., 2021; Sulakhiya et al., 2016;
Zhao etal., 2019). The major reason for this discrepancy in the results could be the dosage
of LPS administered in these studies. For instance, Zhao et al, (2019) used LPS at a dosage
of 0.75mg/kg for 7 consecutive days intraperitoneally to observe differences in
locomotion. Likewise, Engeland et al., employed 3mg/kg LPS to witness a locomotor
deficit. These deficits may not have been a result of neuroinflammation per se, but rather
could have been the result of LPS induced sickness behaviours (Biesmans et al., 2013;
Engeland et al,, 2001; Hasriadi et al., 2021), because it has been shown that a single
intraperitoneal injection of 1mg/kg was sufficient to induce sickness behaviour in mice
that persisted for several hours according to the murine sickness score (Savage et al,,
2019). Moreover, these animals, with an already existing sickness behaviour, when
introduced into a novel environment were hesitant to explore the environment, thereby
resulting in reduced locomotor activity (Savage et al.,, 2019). The behaviour of LPS-
injected animals in the current study is unlikely to have been affected by sickness
behaviour because of the low dose (0.2mg/kg) used, and because I did not observe any

behavioural evidence of such abnormalities in my twice-weekly monitoring.
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However, because this low dose was also insufficient to cause a significant increase in
either microglia or astrocyte activation in post-mortem assessment, it is possible that it
did not induce sufficient neuroinflammation in the wildtype animals, or that the induced
inflammation was so mild that it did not translate into locomotor deficit or anxious
behaviour. Another possibility is that the repeated LPS injections resulted in tolerance,
which was observed by White et al.,, (2017) in their study on C57BL/6] mice. In that study,
LPS injections of 0.25 mg/kg were intraperitoneally administered for seven consecutive
days, pre-exposing the animals to LPS induced effects. These animals were exposed to LPS
for the second time after another 14 days, and this time expressed decreased levels of
inflammatory cytokines and A relative to animals that are not pre-exposed to LPS,
suggesting that the prior exposure encouraged tolerance (White et al., 2017). If animals
in the current study also developed tolerance across the course of injections, this could

be a reason why no decrease in locomotor activity was observed.

Literature reports for locomotor activity and anxiety in ApoE4 (with no LPS injections)
mice predominantly support the lack of effect on either that I also observed in Experiment
2. For instance, Zhang et al., (2019) reported no difference in the locomotor activity of
ApoE4 animals, and neither did Fang et al,, (2021), even at 8 months old. Crucially, a
Jackson laboratory report published specifically for the strain of mice used in the current
study showed no alterations to locomotor activity of ApoE4-KI mice, even at 12 months
of age (consortium, 2018). All of these results do contrast with one study, by Siegel et al.,
(2012), who showed that ApoE4 animals, irrespective of their age (young - 6-8 months
old, old - 14-22 months old) were showing decreased locomotor activity in open field
test. This could be because Siegel et al., employed only female animals, whereas the
current study and other reported studies, used a combination of male and female mice. I

did observe a decrease in locomotor activity, however, when I combined the ApoE4-KI
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model with LPS, although this manipulation still did not produce any effects on anxiety.
This partly reflects what is observed in Alzheimer’s patients in terms of apathy and
fatigue due to low energy levels, and therefore suggests some potential utility of the novel

sporadic AD model ApoE4-KI + LPS.

There has only been one published study that I am aware of conducted on hAB-KI mice
(mostly likely due to its novelty in the field of Alzheimer’s research) and it did not assess
locomotor activity changes (Baglietto-Vargas et al., 2021). Therefore, it is possible that the
current study could be the first to assess locomotor activity in these mice. Much like the
APO4-KI model, the hAB-KI alone did not differ from controls in either locomotor activity
or anxiety, but the addition of neuroinflammation in these animals (i.e., the hAB-KI + LPS)
did significantly reduce locomotor activity. It is notable that this is the direct opposite of
what is typically observed with the traditional familial models of AD, which are usually
hyperactive relative to controls (Baeta-Corral & Giménez-Llort, 2015; Wang et al., 2022).
However, the excessive accumulation of AB plaques, which hAB-KI do not express in
abundance could be one of the major driving factors for the observed hyperactivity;

although why this would be the case is not entirely clear.

Nevertheless, it should also be noted that in a study involving a familial AD model
(Tg2576), i.p. injections of 0.33 mg/kg LPS resulted in hypoactivity in open field test as a
result of depressive-like behaviour (Knopp et al., 2022). This leaves us with two possible
explanations for the hypoactivity observed in our hAB-KI+LPS animals. First, LPS induced
neuroinflammation could have opposite effects to that of endogenous neuroinflammation
observed as a result of multiple pathological pathways in the case of familial AD mice.
Second, the formation of amyloid beta plaques follow a slow seeding/nucleation

mechanism which involves oligomeric seeds formation before maturing as A plaques
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(Soto et al., 2006). Baglietto-Vargas et al., (2021) only checked for levels of A 40 and 42
plaques in these mice, while there exists a possibility of oligomeric A formation already
in these 6 months old hAB-KI mice, which was not checked. It could be possible that these
animals slowly started accumulation of oligomeric A at this stage, which combined with
an external LPS injection, resulted in hypoactivity in these animals, similar to the pattern
observed in Tg2576 animals that received external LPS injections. The above results
suggest that the ApoE4 or hAf changes alone are not sufficient to produce deficits.
Additionally, wildtype animals that received LPS also did not show altered locomotor
activity. Together, these results indicate that the genetic risk factors paired with
neuroinflammation to produce a more potent alteration in behaviour relative to any of
these factors alone. This suggests that the ApoE4 and hAf factors might predispose or
create a particular vulnerability in these animals to the LPS induced changes. If
translatable, it suggests that people with either of these genetic changes might be
particularly vulnerable to behavioural changes when they experience
neuroinflammation. This notion is supported by a study conducted in 2022 reported
inflammation and ApoE4 risk factors were related to apathy in individuals with
Alzheimer’s (Azocar et al., 2022). Despite these changes, it remains unclear as to why |
did not also observe changes to anxiety-like behaviour in these animals. Future studies
may wish to employ different behavioural paradigms that test for anxiety-like behaviour,
such as elevated plus maze test (Komada et al., 2008) or zero maze (Kulkarni et al., 2007)
which may have a higher probability of capturing small changes in the behaviour of these

animals.

In Experiments 5 and 6 of Chapter 4 I applied the open field test to animals who had
received LPS injections in their dorsal hippocampus. I did not observe any alterations to

performance in either experiment, which allowed me to rule out whether changes to
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locomotor activity or anxiety at baseline could account for the differences in goal-directed
action (Experiment 5) and Pavlovian approach (Experiment 6). This is discussed in the

sections referring to Chapter 4 below.

5.1.2) Alterations in spatial memory of the proposed sporadic AD mouse models:

Once again, I first validated that the Barnes Maze protocol was sufficiently sensitive to
detect such deficits using J20 mice. In particular, and in line with the literature reports
(Flores et al., 2018; Larson et al., 2012), J20 animals in the current study (Experiment 1)
were impaired in Barnes Maze spatial memory test as they spent equal time exploring all
zone on the test day, indicating they did not remember the target zone (where escape box

was placed).

LPS injections in wildtype animals in Experiment 2 did not result in a spatial memory
deficit. This is largely inconsistent with previous reports (Khulud Abdullah Bahaidrah et
al, 2022; X. Feng et al,, 2021; Luo et al., 2020; Zhao et al., 2019) in which both
intraperitoneal and intracerebroventricular LPS injections in WT mice were found to
significantly impair working and spatial memory. In a recent 2022 study, intraperitoneal
injections of 0.25 mg/kg, 0.50 mg/kg and 0.75 mg/kg each day for 7 days LPS to swiss
mice and observed a severe impairment of short term and long term spatial memory
deficits in both Y-maze and water maze paradigms (Khulud Abdullah Bahaidrah et al,,
2022). A higher dosage of LPS 5mg/kg was given to C57BL/6] mice, which showed an
obvious decrease in fear memory in both contextual and cued- fear conditioning test (Luo
etal, 2020). In a study by Feng et al.,, (2021) single i.c.v injection of 50pg/10ul LPS in rats
were seen to impair learning and memory in Y-maze and water maze tests. This
inconsistency could be a result of the higher dosage (Luo et al., used 5mg/kg) and/or the

different mode of LPS injections used in these previous studies. Although Bahaidrah et al,,
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(2022) used a lower dosage of i.p. LPS (0.25 mg/kg), this was administered daily
compared to weekly (for 17 weeks) in the current study. It is therefore possible that the
schedule employed by Bahaidrah et al,, produced a more intense inflammatory response,
leading to deficits in spatial memory that were not observed in the current study (Khulud

Abdullah Bahaidrah et al., 2022).

None of the proposed sporadic AD models in the same experiment (‘ApoE4-KI’, ‘ApoE4-KI
+ LPS’ ‘hAB-KI, or ‘hAB-KI + LPS’) demonstrated any difference in performance from
respective controls on the Barnes Maze either. Because Experiment 1 had confirmed that
our protocol was sufficiently sensitive to observe such deficits, this result implied that
neither the individual risk factors nor the combination of risk factors resulted in spatial
memory impairments in these animals. The lack of effect in ApoE4-KI mice was somewhat
surprising, given several reports of spatial memory deficits in these mice. For instance,
Rodriguez et al.,, used the same Barnes maze test and observed spatial memory deficits in
ApoE4 mice as early as 3 months (2013). Several other studies found spatial memory
deficits in ApoE4 animals in a Morris water maze paradigm (Boehm-Cagan & Michaelson,
2014; Salomon-Zimri et al., 2014; Yin et al., 2011). It is possible that this inconsistency is
a result of differences in the precise mouse strain used (explained in detail in the
limitations section), and indeed a recent publication on the specific mouse strain
employed here failed to find any deficit in spatial memory at 6 months of age (Sepulveda

et al., 2022).

Again, the hAB-KI mice have not been assessed for spatial memory deficits in any study
that [ am aware of, so it is not possible to compare the current results with any previous
findings. However, one study did report that hAB-KI animals were found to have no

impairment in contextual fear memory when tested at 6 months old but were found to
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exhibit a significant decrease at 10 months’ time (Baglietto-Vargas et al, 2021).
Specifically, hAB-KI animals were found to exhibit significantly less freezing than wildtype
controls when tested 24 hours after receiving a foot shock in the same context, which
suggests that these animals failed to remember the context from the previous day.
Although not a direct measure of spatial memory, contextual memory is closely linked
(Bird & Burgess, 2008; Broadbent et al.,, 2004) and is also heavily dependent on
hippocampus. Therefore, the lack of impairment observed in hAB-KI mice at 6 months is
consistent with the lack of spatial deficit we observed in the same mice at 6 months of
age. If I were to extrapolate further, these results could imply that we might expect to see

a deficit in spatial memory in hAB-KI mice around 10 months age.

The current study is the first, to my knowledge, to test spatial memory using the
combination of ApoE4-KI and hAB-KI models with LPS, and I did not uncover any
evidence here for impaired spatial memory in these models. In considering this result, it
is worth briefly revisiting the open field results. This is because Barnes maze performance
relies on a degree of locomotor activity, as the mouse must move towards the escape box
during learning and on test, such that one might expect any change in locomotor activity
to also affect Barnes maze performance. Despite both ApoE4-KI + LPS and hAB-KI + LPS
causing hypoactivity, however, this did not appear to affect the Barnes maze. Taking a
closer look at the learning curve of these animals on the Barnes maze test (refer Appendix
B) reveals that the ApoE4-KI + LPS and hAB-KI + LPS animals were slower in learning the
task (as indicated by decreased path length and increased latency to locate the escape
box) on the first two days, but that this difference disappeared on the final day of
acquisition training. The fact that any differences did not persist on test provides a clear
indication that these models specifically affected locomotor activity but that their spatial

memory was intact. Based on these results, it is possible that the ApoE4 and hAB-KI
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combined with LPS are not risk factors for spatial memory deficits. There are other
possibilities for these results, however, including that the LPS administration regime was
not sufficiently intensive to produce a deficit, or that the age of the animals (6 months)
was too young. It would be interesting to revisit these models at an older age to determine
whether spatial memory was still intact. Further speculations along this line are

discussed in the limitations and future directions section below.

5.1.3) Dendritic spine density decreased in J20 mice, APOE-KI + LPS mice, and mice

with intra-hippocampal LPS:

Consistent with previous reports (Pozueta et al., 2013), [ identified a significant decrease
in spine density in the dorsal hippocampus of J20 animals at 6 months of age compared
to age-matched controls (Experiment 1). In Experiment 2, however, there were no
changes in spine density in the LPS treated wildtype animals compared to the sham
controls, which again differs from published evidence. Similar to the failure to observe
behavioural changes with this manipulation, the lack of effect on spine density could be a
result of comparatively higher dosages of LPS used in these studies (Huifeng et al., 2020;
Y. Wang et al.,, 2020). LPS injections of 2.5 mg/kg i.p. for two days resulted in a significant
reduction in spine density, which was rescued by astragalus (anti-inflammatory drug)
injections in mice (Huifeng et al, 2020). Similarly, seven continuous days of i.p. LPS
injections of 0.75 mg/kg in C57BL6/] mice resulted in a marked decrease in spine density
in the pyramidal neurons of CA1 region of the dorsal hippocampus (Tyrtyshnaia et al.,
2020). There is one instance in which a lower dose of LPS (0.10 mg/kg) reducing spine
density in hippocampal neurons, but only when induced in young mice - at P10 as
observed by Wu et al, (2022). As mentioned with regards to LPS-induced memory

deficits, each of these studies either employed a higher single dosage of LPS or daily
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administrations of a lower dosage of LPS than the current study. Either of this could
account for the fact that a low, weekly dose of LPS in the current study did not lead to
dendritic spine loss. It is also worth considering the possibility that there are unpublished
studies that may have failed to find an effect of systemic LPS on dendritic spines. Indeed,
such an explanation could also apply to any of the inconsistencies between current results
and published studies where 1 have failed to reject the null hypotheses. As there is
beginning to be more of a push towards publishing null effects moving forward (and
indeed, I will shortly be publishing the null effects contained in the current thesis),
hopefully this situation will be rectified and the effects reported in the literature will be
more reflective of the actual underlying effects of certain manipulations, whether they be

positive or null.

Despite the failure to observe any effect of systemic LPS alone, I did find a significant
reduction in the number of apical (but not basal) spines in the CA1 region of hippocampus
in the ApoE4-KI cohort that received LPS, although mice with either risk factor alone
showed no differences. This was of particular interest because apical dendrites are a part
of the ‘tri-synaptic input’ (refer to Chapter 1 section 1.8.2) which is crucial to learning and
memory in the hippocampal region. If translatable, the vulnerability of these apical
dendritic spines to APOE4 + LPS could suggest that this combination might have
particularly been detrimental for hippocampal-dependent learning memory (although
perhaps excepting spatial memory, which was found to be intact here). Indeed, the most
recent studies on AD patients show an association between ApoE4 and synapse loss in

these patients (Forner et al., 2021).

However, how this result integrates with prior findings is unclear because literature

reports for the spine density changes in only the ‘ApoE4-KI’ mice remain inconsistent.
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While Dumanis et al., did not observe a reduction in hippocampal spines in their ApoE4-
KI mice (2009), several other studies have reported reduced dendritic arborization and
spine density in ApoE4 based mouse models (Jain etal,, 2013; Taxier et al., 2022). Another
study by Jain et.al., reported spine density differences in 19-21 months old mice in the
basal dendrites of the CA1 region of the hippocampus (2013). Again, it is possible that
these discrepancies could be arising from differences in the particular strain of model
used in these studies as well as the differences in age. Regarding the lack of dendritic spine
loss in hAB-KI mice, it is possible that once again age could have been a factor here. A
study by Baglietto et al., (2021) showed synaptic changes (i.e. changes in the presynaptic
marker synapsin, and the postsynaptic marker post-synaptic density-95 [PSD-95] in hA{-
KI mice in the absence of LPS injections at around 18 months of age. Therefore, it is
possible that at 6 months of age, the mice in the current study were simply too young to

observe spine loss.

Although I did not observe any spine loss in Experiment 3, despite the increase in
systemic LPS dose, I did observe a significant reduction in spine density in Experiment 4,
7 days after animals had received intrahippocampal injections of LPS. This result aligns
well with previous studies in which intracerebroventricular (Ano et al., 2019; Milatovic et
al., 2003) injections of LPS were shown to significantly decrease dendritic spine density
irrespective of the age of animals used. This pronounced effect could result from the spike
of pro-inflammatory cytokines that occurs immediately following LPS injections to the
brain, as assessed by (Zhao et al, 2019), and highlights the robustness of directly

targeting the region of interest.
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5.1.4) Glial cell activation profile in our proposed sporadic AD animals:

The increase in the number of astrocytes in ]20 animals in Experiment 1 is consistent with
reports that these animal models express neuroinflammation in the hippocampus which
starts becoming apparent around 6 months of age (Dekens et al., 2018; A. L. Wright et al.,
2013). The failure to find any increase in microglia was more surprising, given the fact
that prior studies have found increases in this model (Hong et al., 2016). One reason for
this discrepancy could be that the marker we stained for (Ibal) is a more generalized
marker of microglial/macrophages, whereas previous studies have used markers such as
CD68 that are more specific for activated microglia (Hong et al., 2016; A. Wright et al,,

2013).

LPS injections in mice have previously shown to activate microglia and astrocytes
irrespective of the mode of injection. A 5mg/kg LPS injection in mice has shown to shift
the microglia from surveillant stage to ameboid stage (activated stage) (Jin et al,, 2014).
Two continuous days of LPS injections of 5mg/kg i.p. was shown to shift GFAP and Ibal
interactions, which peaked at 4 days after injection and declined after 8 days of LPS
injection, indicating a wave pattern of glial cell activation induced by LPS injections (Xingi
etal.,, 2023). Continuous injections of low dosage LPS (0.25mg/kg i.p.) for seven days have
shown to increase both microglial and astrocytic cell numbers significantly compared to
saline counterparts (Ifuku et al., 2012). Two days of 0.5 mg/kg LPS i.p. injection in
C57BL/6] mice showed a significant increase in microglia 3 days post injection, although
this did not persist when assessed 4-8 days post injection (Jung et al., 2023). Once again,
therefore, the different dosages and rates of administration could account for the
differences between the current and previous studies in the abilities to detect

neuroinflammation.
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Aside from these factors, there are two other possible reasons why we did not observe an
increase in glial cells in Experiment 2. First, as observed by Xingi et al,, (2023) and Jung
et al,, (2023) glial cells follow a pattern of expression/activation that peaks at 2-4 days
after injection and returns to their normal/surveillant stage in the following days. In
Experiment 2, the tissue was collected about one week following the last injection, which
could have meant that any increased activation was missed (as elaborated in the
limitations section). Second, as observed by White et al., (2017) there could be a
possibility that these animals developed tolerance, with repeated LPS injections in our

study, which resulted in a failure to observe an obvious reactivity of glial cells.

In Experiment 2, neither of the ApoE4-KI or hAB-KI models produced an increase in glial
cell numbers relative to age-matched wildtype controls, either alone or when combined
with LPS injections. The finding that 6-month-old hAB-KI animals did not show
neuroinflammation in the absence of LPS is consistent with previous reports, because
Baglietto-Vargas et al.,, (2021) also reported no evidence of neuroinflammation in hAB-KI
who were less than 18 months of age. Additionally, LPS did not by itself induce
neuroinflammation in wildtype controls. This suggests that these manipulations may not
have been sufficient to produce a neuroinflammatory response, or that there was a
response but that it was highly variable and/or below the threshold for detection. Again,
this was possibly due to the low dose of LPS used, a conclusion that is supported by the
fact that increasing the dose in Experiments 3 and 4 was sufficient to produce evidence

of dorsal hippocampal neuroinflammation.

The fact that the ApoE4 + LPS group did not experience a neuroinflammatory response,
raises a challenge in determining why this group might have experienced a loss of

dendritic spines. Because mice carrying just the ‘ApoE4’ factor did not show any
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differences in spine density, it appears that the addition of LPS was important for
dendritic spine loss, yet the addition of LPS did not significantly induce
neuroinflammation in the dorsal hippocampus. One possibility is that, due to the systemic
nature of LPS injections in this experiment, mice may have experienced
neuroinflammation in other brain regions connected to hippocampus, and the reduction
in these connections affected the number of spines. One candidate region for this could
be the entorhinal cortex, which serves as a primary interface between hippocampus and

other brain regions (Garcia & Buffalo, 2020; Witter et al., 2017).

Nevertheless, this null effect is surprising, because there is evidence for glial cell
activation following LPS injections in ApoE4 animals. For instance, a single i.c.v injection
of 1000ng LPS in ApoE4 animals was shown to increase microglia and astrocyte
expression 72 hours post injection compared to ApoE3 and ApoE2 animals (Zhu et al,,
2012). A single i.p. injection of 5 mg/kg LPS in ApoE4 animals was shown to increase
microglial expression pattern, with a specific gene cluster increase in metabolic pathways
related to oxidation-phosphorylation and glycolysis (Lee et al., 2023). A tail vein injection
of 40 pg/kg was also seen to result in an increase of inflammatory cytokines in ApoE4
mice compared to ApoE3 mice, an effect which lasted 3 hours post injection (Lynch et al.,
2003). Although current results are surprising in light of these studies, there are obvious
differences with the dosage and mode of injections which could be the reason for not

witnessing similar effects in our ApoE4-KI animals.

5.1.5) Null effects could be reflective of population effects:

In the sections above, I have given several reasons why I may have observed null effects
in several of my experiments, and I give more below. These generally relate to differences

in the features of the mice studied, and experimental parameters that could be altered.
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There is another consideration, however, which is that the null effects I observed here are
in fact reflective of the broader effects one might see in the population. For instance,
‘ApoE4’ is just one of the many risk factors of Alzheimer’s. Just being the biggest risk factor
of AD alone cannot guarantee a development of disease phenotype in rodent models, as
human sporadic AD individuals harbour more than just one risk factor. Furthermore, not
all the individuals who carry ApoE4 allele develop sporadic AD; only 65% of people
develop sporadic Alzheimer’s which leaves 35% of people unaffected. This could be the
very reason for not witnessing profound changes with just the ApoE4 mice in our
experiments; perhaps the majority animals in my study by chance might have fallen into
the 35% of those not developing the disease. Likewise, the phenotype of the hAB-KI model
is broadly unknown due to very few studies on it. Moreover, it is a model of humans who
sporadically develop amyloid plaques, and little is known about their phenotype as well,
particularly in the absence of any other risk factors. Indeed, there are multiple reports of
individuals who express amyloid plaques in their brain but appear cognitively normal
(Mormino & Papp, 2018). Therefore, it is just as possible that humans and mice who
sporadically develop plaques in the absence of multiple other risk factors do not express

any of the behavioural or cellular changes I was looking for.

To account for these discrepancies, a study by Neuner et al,, have described a new and
reproducible set of AD mouse models: the AD-BXD models with a focus on reproducing
the genetic diversity observed in human AD cases. These models were shown to display
high levels of overlap with human AD at genetic, phenotypic and transcriptional levels.
Future studies could consider using AD-BXD model to explore different aspects of
cognitive-behavioural alterations in human AD cases along with potential drug
treatments (Neuner et al., 2019). This, combined with a cellular level understanding of

genetic factors i.e., cellular dissection of polygenicity (CDiP), as described in this 2023
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paper (Kondo et al., 2023), would enable gaining better understanding of the disease

phenotype and provide potential treatment platforms for future AD research.

5.1.6) Limitations and future directions of Chapter 3:

Overall, the results from the Chapter 3 of this thesis suggested that neither of the genetic
factors (ApoE4 or hAB) were sufficient - either alone or in conjunction with systemic
injections of LPS - to reproduce a meaningful model of sporadic AD. With regards to the
behaviour experiments, the fact that the animals underwent more than one behaviour
test and the order of the test might be a concern. This was discussed in a recent study
which compared animals that underwent a series of behaviour experiments and animals
which were naive (not tested in such a series). There were only minor effects of tested
animals compared to naive animals; for example in rotarod and hot-plate behaviours,
tested animals were less active than the naive animals (Mcllwain et al., 2001). On the
other hand, spatial memory test like Morris water maze performance remained
unchanged between these two groups. In the same study, they looked for whether the
series in which the animals were tested affected their performance and observed that the
order of the behavioural experiments had minimal effect on the animal’s performance on
different behaviours. Additionally, this study also suggested that if the animals are to be
used for such continuous behaviour experiments, it is better to start with the least
invasive tests followed by invasive test later (example of an invasive test, foot

shock)(Mcllwain et al., 2001).

In our study, we performed Open field test first before Barnes maze test. Although it
might be possible that animals might have carried over some anxiety from open field test
to Barnes maze, this remained the same for all groups, thereby ruling out this factor on

the results we observed. Moreover, the mice were given 5 days of acquisition training for
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Barnes maze test during which time, any differences that the animals started with were
faded by the end of the training days as shown in the respective Barnes maze results in
Experiment 1 and 2. Since the above mentioned study clearly reported that doing a series
of experiments do not affect the spatial memory performance of mice (which is similar to
what we checked in our study) and our study did not have any invasive behaviour tests,
it is unlikely that our animals would have been affect by either the ‘variety of behaviour’

factor or the ‘order in which animals were tested’ factor.

As noted in the sections above, the low dosage of LPS injections used here relative to
previous studies, as well as the relatively younger age of the animals (6 months here
versus 9-18 months in prior studies) could well account for many of these differences. In
addition to these factors, however, there are other potential limitations of the current
study that could be addressed in future studies to comprehensively determine the risk of
each of these factors - individually and together - which I will detail in the following

sections.

5.1.6a) Age factor and differences in the strain of ApoE4 animals used:

It is well known that the sporadic form of Alzheimer’s disease has a late onset of 60 years
and after (Rabinovici, 2019). However, since preclinical AD research administers familial
AD models, these models are engineered to show robust phenotype within a short period
of time to be able to study them effectively. For instance, the J20 animals start showing
memory deficits as early as 3 months age (Flores et al., 2018; A. L. Wright et al,, 2013) and
a popular familial AD model, the 3xtg-AD shows memory impairments around 6 months
of age (Roda et al., 2020). Even the most familiar non-sporadic AD model, SAMP8
(Senescence Accelerated Mouse), is developed with aging as a prominent factor and

shows early memory deficits (Morley et al., 2012). In most of these models, there are
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genetic manipulations specifically performed to overproduce certain proteins that are
associated with Alzheimer’s disease, therefore resulting in an obvious phenotype.
Although our experiments displayed how (relatively) young animals with these
combinations would perform, it would be ideal to look for memory deficits in these

animals at a comparatively later age to see if they start showing AD like symptoms.

Another reason why the current study may have differed from prior studies in its ability
to detect changes between APOE4-KI mice and wildtype controls could be due to the
particular strain of APOE4-KI mice used. The majority of studies in the literature have
been carried out with ApoE4-Targeted Replacement mice obtained from Taconic,
developed in the year 1999 (Leung et al., 2012), whereas the ApoE4-KI mice we used in
our study were obtained from Jackson Laboratory and are relatively new (generated in
2018) (consortium, 2018). Although these two mouse strains have almost identical
modifications to the ApoE gene, there are some subtle differences in the developmental
process which could have resulted in the differential effects we see in our results. This
raises the question as to the reliability of these results and brings to light one of the
biggest challenges with translatability of AD preclinical mouse models. That is, if two
almost identical strains of mice are found to have different behavioural and cellular
changes, then it is difficult to see how well any findings from these strains might translate
to humans. One way in which this could be addressed in future research is by including a
screening step with more than one (and preferably several) of the best preclinical models

of AD used to test potential drugs before proceeding to clinical trials.

5.1.6b) ApoE3-KI mice as controls:

Previous studies conducted on ApoE4 animals have predominantly employed ApoE3

animals as controls rather than WT animals. In the current study, because I used both
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ApoE4-KI and hAB-KI mice in the same experiment, I used a wildtype control which was
the background for generating these mice strains so that it could serve as a common
control for both these mouse models. This could have hindered my ability to observe
significant differences. For example, in the study by Rodriguez et.al., (2013) young ApoE4
mice (6 months) were compared against ApoE3 animals to reveal a significant reduction
in spatial learning, but another study reported that young ApoE4 mice showed intact
spatial memory when compared against wildtype animals, (Yin et al,, 2011). This contrast
could arise from the similarities that have been reported in the literature with regards to
endogenous murine ApoE in the wildtype mice and humanized ApoE4 in the targeted
replacement/knock-in mice. It can be seen from the literature that the lipid binding
properties of murine ApoE are more similar to human ApoE4 than ApoE3 (Nguyen et al.,
2014; Rajavashisth et al., 1985) and that mouse ApoE is more amyloidogenic than ApoE3
or E2 (Liao et al.,, 2015). Additionally, animals carrying murine ApoE performed similar
to that of human ApoE4 transgenic mice in Y-maze active avoidance task (Bour et al,,
2008). One other reason why future studies may wish to compare ApoE4 mice with
ApoE3 and/or ApoE2 mice is that this is more reflective of human cases. Although mice
do not carry different isoforms of APOE, humans carry three isoforms in which ApoE?2 is
considered protective, E3 to be neutral and E4 to be disease causing. Therefore,
comparison of mice expressing these alleles should give us better insights on the actual

mechanisms happening in AD.

5.1.6c¢) Quantification of inflammatory markers:

Although it would be straightforward to conclude that the LPS did not induce
neuroinflammation in animals in Experiment 2, I cannot rule out the fact that LPS induced

neuroinflammation was in the initial stages and required more powerful quantification
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techniques to bring out changes. For example, in addition to counting the total cell
numbers, adapting a more detailed method of quantification including morphological
analysis like dendritic branching, measuring cell soma intensity could have made it
possible to reveal any subtle changes occurring at the cellular level. Insights for this could
be taken from Baglietto et al.’s (2021) study where they found no alterations in the
number of astrocytes at 22 months old hAB-KI mice, but did observe morphological

changes in these astrocytes at the same time point.

There are other possible reasons for the absence in glial cell activation in Experiment 2
upon LPS treatment. For instance, the interval between our last LPS administration and
tissue collection in our study is comparatively longer (approximately two weeks) than
other studies in the literature. Moreover, it is possible that I would have observed
differences in other measures that were not tested here. For instance, many studies
measure neuroinflammation in LPS treated animals by quantifying the serum and brain
cytokine levels (Liu et al., 2017; Zhao et al,, 2019). It is possible that these measures are
more sensitive and would have shown changes in the current study where

immunohistochemical staining for glial cell expression did not.

5.1.6d) Combining additional risk factors of sporadic AD:

As mentioned in the introduction of Chapter 3 of this thesis, there are multiple risk factors
associated with AD, most of which fall under the category of lifestyle risk factors. For
example high cholesterol levels in the mid-life and late life has been linked to the risk of
developing AD (Popp et al,, 2013). A more recent study states the link between diabetes
and AD and the role of Amyloid beta in this scenario (Stanciu et al., 2020). In addition to
these, heavy metal exposures like exposure to lead, manganese and cadmium has been

exclusively linked to AD pathologies (K. M. Bakulski et al., 2020). Therefore, it would be
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ideal to start thinking about combining several such factors in preclinical animal models

to produce better sporadic AD like phenotypes.

5.2) Theoretical and clinical implications of altered goal-directed
action control in female mice and altered Pavlovian approach

behaviour in male mice with hippocampal neuroinflammation

The results of Chapter 3 demonstrated that out of all the potential sporadic models tested
(systemic LPS injection, ApoE4-KI transgenic mice, hAB-KI transgenic mice, ApoE4-KI +
LPS, hAB-KI + LPS, and intra-hippocampal LPS), intrahippocampal LPS was most
successful in producing both i) a neuroinflammatory response, as demonstrated by the
increase in markers for both astrocytes (GFAP) and microglia (IBA1), and ii) a reduction
in dendritic spines in the dorsal hippocampus. On this basis, I then next decided to
investigate the consequences of intrahippocampal LPS on behaviour. In particular, I
investigated whether intrahippocampal LPS would alter goal-directed action control
which, as discussed in Chapter 2, is a core feature of Alzheimer diagnosis that has been
overlooked in preclinical models. I also once again investigated whether this
manipulation altered locomotor activity and/or anxiety in open field tests, but did not
repeat the Barnes maze tests, as spatial memory deficits using this manipulation have
been well-established (Hou et al., 2014). The results of this investigation are reported in
Chapter 4. In contrast to the results reported in Chapter 3, in which the performance and
neuropathological features assessed did not differ between males and females, when
assessing goal-directed action there were clear sex differences. I therefore assessed the
consequences of hippocampal neuroinflammation in female and male mice separately in

Experiments 5 and 6 respectively.
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5.2.1) Hippocampal neuroinflammation accelerated goal-directed action control in

female mice:

The first major result reported in Chapter 4 was the finding that, in female wildtype mice,
hippocampal neuroinflammation accelerated goal-directed action control. That is,
devaluation performance was intact for LPS-injected mice but not Shams after 4 days of
lever press training, but after 8 days these differences disappeared. This specific pattern
of results: an initial facilitation in performance that did not persist, is the reason why I
have characterized hippocampal neuroinflammation as accelerating rather than
facilitating goal-directed action control in these mice. In other words, although the shams
were eventually able to demonstrate evidence of goal-directed action control, the LPS-
injected mice were simply able to do so sooner. Importantly, these differences were not a
result of hippocampal neuroinflammation simply increasing the locomotor activity or
altering anxiety-like behaviours, because neither was affected in these mice when they

were tested for open field performance.

This was not the expected result because of two major reasons. First, Marquez et al.,
showed LPS injected into a different brain region, the substantia nigra (SN), impaired
rather than accelerated goal-directed actions in rats (2020). Second, as mentioned in
previous chapters, Dhungana et al,, (2023) reported initial impairments in goal-directed
actions in a J20 familial AD model who experienced neuroinflammation in their dorsal
hippocampus. Moreover, this neuroinflammation appeared to be related to the initial
impairment in goal-directed action, because microglial reactivity (Ibal) in the

hippocampus was negatively correlated with devaluation performance.

There are several differences between the current study and these previous studies that

could underlie these differences in results. For example, the current study differed from
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Marquez et al.’s (2020) in the region of interest, and neuroinflammation in the substantia
nigra can have a very distinct profile compared to inflammation in hippocampus, as well
as exhibiting differences in its broader neural circuitry. For instance, the posterior
dorsomedial striatum (pDMS) which has a central role in goal-directed actions, send
direct outputs to SN (Agster & Burwell, 2013; Peak et al., 2019), but dorsal hippocampus
does not, suggesting that neuroinflammation in pDMS and its efferents might impair

rather than accelerate goal-directed action.

The most important difference between the current study and that of Dhungana et al., was
the age and strain of animals used. Dhungana et al.’s study featured J20 mice who were
36 and 52 weeks old, whereas I used mice that were 10 to 12 weeks old. It is well known
that animals of different age express different cellular and cognitive profiles (detailed
discussion in the previous sections) such that neuroinflammation in differently aged mice
is likely to have different consequences for behaviour. Future studies should test this
directly. Another factor to consider is that the neuropathological features expressed by
J20 mice, including neuroinflammation, are not confined to the hippocampus but extend
to other brain regions (Shibly et al., 2022) which could have also impacted behaviour in a
different manner. A similar situation is observed in AD patients, where although the
hippocampus is one of the first regions that becomes susceptible to neuropathological
changes (Planche et al,, 2022), it later spreads to other regions as the disease progresses,
suggesting that damage to these other regions might underlie alterations in goal-directed

activities of daily living.

One important difference between the current study and that of Dhungana et al is that]20
animals experience neuroinflammation that persists from 2 months of age (Wright et al.,

2013) whereas neuroinflammation was induced in the current study only one week
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before the start of behavioural training. Thus, at the time of testing, even the youngest 9-
month-old animals in the J20 study would have experienced neuroinflammation for many
months whereas animals in the current study would have experienced it for less than one
month. This is critical because sustained neuroinflammation in J20 models can induce
permanent changes in the brain such as neuronal death, which we did not observe in our

model (refer to figures 4.13, 4.24).

The implications of this result are interesting. In one sense, hippocampal
neuroinflammation could be interpreted as being beneficial in the short term, something
that leads to an immediate improvement in goal-directed action control. If translatable,
this could function such that if an individual has experienced any of the common causes
of hippocampal neuroinflammation, such as stress, injury, or disease, it might be useful
for them to be able to exert goal-directed control sooner, in order to seek out a method by
which they can alleviate the adverse condition. By contrast, sustained hippocampal
neuroinflammation becomes detrimental and impairs the ability to exert goal-directed
control. Another way in which to interpret these findings is that the ‘acceleration’ I
observed is in fact abnormal, not beneficial, as increased goal-directed activity can prove
to be harmful in certain conditions. For instance, excessive goal-directed activity has been
identified in bipolar disorders during ‘mania’, when patients seem to be extremely
agitated, show sleep disturbances, set high ambitious standards and are self-critical in
trying to achieve what is considered a far-fetched goal. This is usually followed by a phase
of harsh self-judgement when such goals are not achieved (Dailey & Saadabadi, 2023;

Dempsey et al., 2022).

Overall, relevance of the accelerated goal-directed action control to Alzheimer’s remains

hazy at this point. Future studies may wish to induce neuroinflammation for a much
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longer period than that achieved here, potentially leading to neuronal death, to be

relevant to AD.

5.2.2) Hippocampal neuroinflammation facilitated Pavlovian approach behaviour

in male mice.

In Experiment 6, male mice with LPS-induced neuroinflammation in the hippocampus
showed intact goal-directed action control, on both the 4-Day test and the 8-Day tests.
Hippocampal neuroinflammation was not without a behavioural effect in these mice,
however, because Pavlovian approach behaviour (i.e. entries into the food magazine) was
facilitated in LPS-injected mice. Unlike the alteration in goal-directed action control
observed in female mice in Experiment 5, the effect on Pavlovian approach persisted
throughout the experiment as it was observed throughout the training days 1-4 and 5-8
and was present on the 8-Day test. Similar to the females, however, this change in
behaviour was not a result of changes in locomotor activity or anxiety, because I detected

no such differences between LPS animals and Shams on the open field test.

Nevertheless, the facilitation in magazine entries was not predicted for these animals,
who were expected to show an impairment in initial goal-directed action control in line
with the results reported by Dhungana et al., (2023). Again, the reason for this difference
could be the same as that mentioned above for the females; differences in the age of mice
used and alterations in the neuroinflammation profile in these animals. One reason why
the male mice may not have showed an acceleration of goal-directed action similar to the
female mice in Experiment 5 could be because of a ceiling effect. That is, sham females in
Experiment 5 did not yet show an intact devaluation effect on the 4-Day test, whereas
Sham males in Experiment 6 did which may have left little room to detect any

improvement by LPS induced hippocampal neuroinflammation over and above the
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control effect. The fact that the devaluation effect does appear to improve further by the
8-Day test for both groups however, (i.e. the difference in lever pressing on the valued
relative to the devalued lever is larger on the 8-Day relative to the 4-Day test for both

groups), suggests that there was room for improvement and a ceiling effect is unlikely.

Although it was not the target behaviour in the current study, the observed facilitation of
Pavlovian approach by hippocampal neuroinflammation in male mice is interesting and
deserves more exploration. This kind of behaviour was described by (Harris et al., 2013)
albeit using a slightly different paradigm. Specifically, they tested rats on a conditioned
magazine approach (Pavlovian approach) paradigm where the rats were presented with
a Conditioned Stimulus (CS, such as a tone), which was followed by an Unconditioned
Stimuli (US, which was food). By altering certain parameters of this paradigm, they
confirmed that rats approaching the magazine during the presence of CS is performing
this action in the expectation of receiving a food soon after. Thus, it can be assumed that
the LPS mice in Experiment 6 were also making more entries to the magazine to check for
the delivery of food, particularly on test when food outcomes were not delivered so that
these mice could only rely on their memory of food being delivered there, and not on the
sight or smell of the food itself. Although interesting, why exactly hippocampal
inflammation might induce a facilitation in Pavlovian approach behaviour, and why

specifically in males, is unclear at this point.

Just as the acceleration of goal-directed control in female mice could be construed as
abnormal and disadvantageous, so could the facilitation of Pavlovian approach behaviour
in male mice be viewed as an impairment. This is because increased sensitivity to
Pavlovian cues (here the cues are the sight/smell of the food magazine) have been shown

to promote unhealthy behaviours in populations that experience hippocampal
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neuroinflammation. For example, an early study by Monti and colleagues found that
college students who are heavy drinkers, when exposed to an alcohol cue, were more
inclined to choose an alcoholic drink (when given a choice) (Monti et al., 1987). Another
study that compared males and females reported that alcohol consumption was higher in
individuals who were shown pictures of drinking compared to controls and, consistent
with current findings, this effect was specific to males, not the females (Koordeman et al.,,

2011).

Once again, how this relates to AD is unclear. However, one study has found that
Alzheimer’s patients are actually benefited by cues that would trigger the associated
memory, and enable them to perform in a goal-directed manner (Davis & Weisbeck,
2016), suggesting that an enhancement in this ability could potentially compensate for
goal-directed deficits. Nevertheless, it would be useful for future studies to induce
neuroinflammation for a longer period than that studied here and assess goal-directed
action/Pavlovian approach at an older age for the employed methodologies to have more

relevance to AD.

5.2.3) Significant changes in glial and neuronal cell activation patterns:

In both Experiments 5 and 6, there was a significant reactivity of microglial and astrocyte
cells, as seen from the increase in number Ibal positive cells and an increased intensity
of GFAP positive cells. Neither experiment found any difference in the number of neurons,
suggesting that any behavioural differences were unlikely to be a result of neuronal death

(or altered neurogenesis).

In females, both the Ibal counts and intensity and the GFAP intensity (Figure 4.9, 4.11)
positively correlated with the devaluation score that was calculated based on
performance on the 4-Day devaluation test. There were no significant correlations on the
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8-Day test for females and no significant correlations with any behavioural measures on
either test in male mice. Therefore, increased microglia and astrocyte cell
number/intensity was specifically associated with better goal-directed action control on
the one test in which hippocampal neuroinflammation altered performance: the 4-Day
test in female mice in Experiment 5. This suggests that it is possible that the reactivity of

microglia and astrocytes in this region caused the animals to have better action control.

This conclusion was partially supported by the attempt to replicate the result by
chemogenetically activating astrocytes in the dorsal hippocampus. Results from the 4-Day
test of this experiments showed that only the animals which had astrocytes activated in
the dorsal hippocampus showed intact goal-directed action, like what was observed in
the female animals. However, these results should be treated with caution because firstly,
the DREADDs expression in these animals were not limited to astrocytes only (Figure
4.26), as I did find some expression in the neurons. Second, the animals did not show a
sex specific effect as observed in my LPS experiments, therefore I combined results from
males and females to be reported in this thesis. Third, the statistical support for this
observation was only partial, because there was no group x devaluation interaction,
indicating that the differential pressing on levers was not different between groups.
Therefore, the result of this experiment still leaves a big question unanswered - how does
hippocampal neuroinflammation differentially affect males and females with respect to

goal-directed actions.

[ further checked for c-Fos activation and its co-localization with neurons in the dorsal
hippocampus. This was important because, although the proliferation of microglia and
astrocytes appeared to be related to the acceleration of goal-directed action control (in

females), these glial cells exhibit only local processes and cannot influence neurons in the
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broader circuit of goal-directed action control. Moreover, the dorsal hippocampus cannot
achieve goal-directed action control in isolation and must contact the broader neuronal
circuit associated with this behaviour. The only way it can do so is through neuronal
connections, suggesting that the reactivity of glia must have altered the activity of neurons
to accelerate goal-directed action control. Indeed, there is evidence that glia can modulate
neuronal activity as measured by c-Fos. For instance, a study by Liu et al., showed that
selective inhibition of astrocytes reduced c-Fos activity in the CA1 region of hippocampus
(Adi et al,, 2019; S. Liu et al., 2022). Glial modulation also appears to have increased
neuronal activity in the current study because there was a significant increase in c-

Fos/NeuN signals in the DG region of dorsal hippocampus in LPS treated females.

The data from male mice in Experiment 6 was quite different from the female data
because rather than being increased, the % co-localization area of c-Fos with NeuN
showed a trend towards decrease in the LPS group. It is tempting to speculate that this
decrease might underlie the failure to accelerate goal-directed action control in LPS
treated males. The trend towards a decrease in neuronal activity as a result of
neuroinflammation in male mice aligns with results from a recent study (Gan et al., 2022)
that employed intraperitoneal LPS injections in male C57BL6/] mice that were 12 weeks
old. These mice were the same strain and close to the age of the mice [ used in Experiment
6. Gan et al,, also reported a marked decrease in neuronal activation measured by reduced
c-Fos expression in the dorsal hippocampus. In addition, they found no abnormal
locomotor activity or anxiety in open field test, which also reflects the results of
Experiment 6. Because the only behavioural change observed in male mice in the current
study was the facilitation of Pavlovian approach behaviour, it is further tempting to
speculate that the trend towards neuronal inhibition in these mice was what underpinned

this change.
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5.2.4) The broader neural circuit of goal-directed action:

As discussed in Chapter-2, unlike other brain structures such as orbitofrontal cortex,
posterior dorsomedial striatum, and basolateral amygdala, which have a sustained role in
goal-directed action control, the role of the dorsal hippocampus in goal-directed action is
temporally transient. This suggests that any alterations to goal-directed action control
that occur because of altered hippocampal function must be achieved through
connections between hippocampus and these other structures within the goal-directed
action control circuit. The question remains as to which connections have been affected

in Experiment 5 to produce the acceleration of goal-directed action control.

A detailed polysynaptic study by Wenquin et al,, (2021) gives several possibilities.
Specifically, they depicted a series of indirect connections from the dorsal and ventral
hippocampus to the dorsal striatum and nucleus accumbens core through mediatory
structures such as dorsal subiculum, lateral septum, entorhinal cortex and prefrontal
cortex. These connections are one way in which heightened neuronal activity in the dorsal
hippocampus could send messages to these structures to accelerate goal-directed

learning.

As mentioned in the discussion, another connection via which altered activity within the
hippocampus might affect goal-directed action control is through the orbitofrontal cortex.
The dorsal hippocampus is directly connected with the lateral OFC and indirectly with the
medial OFC, both of which have been reported to play a role in goal-directed action
selection (Bradfield et al., 2015; Parkes et al., 2020). Moreover, Wang et al, have shown
that the OFC and hippocampus interact to make inferences that are critical for goal-

directed action selection (2020). In the current study, therefore, as hippocampal
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neuroinflammation appeared to increase neuronal activity, this could have strengthened

the hippocampal-OFC connections to accelerate goal-directed action control.

5.2.5) Sex differences in behaviour: potential reasons and implications:

Experiments 5 and 6 identified clear differences in the ways in which male and female
mice responded to hippocampal neuroinflammation, both regarding their behaviour and
in the cellular changes identified. The behavioural differences in particular are consistent
with a number of other studies that have identified sex differences in operant and
Pavlovian conditioning. For instance, van Haaren et al., (1990) exposed rats to aversive
stimuli such as foot shock, and found that males took some time to react whereas females
reacted instantly to the same stimuli. In a different study, female rats were shown to be
more active than males in open field and running wheels tasks (Beatty & Fessler, 1976).
In humans, men and women have performed strikingly differently in the same tasks
involving same processing elements. For instance, men were showed to perform
considerably better in spatial memory related tests whereas women were better at tests
involving semantic memory (Andreano & Cahill, 2009; Koss & Frick, 2017). Therefore, the

identification of sex differences in the current study is not entirely surprising.

In addition, there are multiple studies demonstrating sex differences in hippocampally-
dependent tasks specifically. For example, a recent study by Le et al., (2022) described
how there is enhanced hippocampal LTP and hippocampally-dependent learning in
prepubescent female mice which are switched as the animals become adults. On the other
hand, the magnitude of LTP for male mice reached adult levels in roughly four weeks after
birth, even before attaining puberty (Baudry et al., 1981; Figurov et al., 1996; Muller et
al.,, 1989). The authors therefore suggested that fluctuations in the level of oestrogen

during the transition phase to puberty made female animals less effective in learning
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hippocampal associated tasks compared to males. Evidence for this can further be
obtained from another study (W. Wang et al., 2018) which demonstrated the particular
requirement of high oestrogen levels to successfully achieve LTP in hippocampus of the
female rodents. With regards the current study, if hippocampal LTP underlies goal-
directed action selection, then this could explain why our female sham animals at 4-Day
devaluation tests were slower in acquiring the task than the male shams, as the age of
females in Experiment 5 (which was approx. 12 weeks at the time of testing) was similar
to that used in the study by Wang et al., (2-4 months old). These studies provide little
insight, however, into why hippocampal neuroinflammation in male mice led to a
facilitation in Pavlovian approach behaviour, although, as noted in the discussion for
Chapter 4, this may not be a sex-specific effect and relatively higher levels of magazine
entries in Sham females may have masked any potential increase as a result of

hippocampal neuroinflammation.

5.2.6) Influence of sex hormones in the hippocampus:

Next, it is worth considering what might have caused the sex differences in behaviour and
cellular expression. One key candidate is differential expression of hormones. It is now
well known that both sexes carry androgen and oestrogen and the differential expression
of these two hormones seem to contribute to the control of various signalling cascades
within the brain (Knouff et al., 1999). Oestrogen is produced by both neurons and
astrocytes in the brain and the level of oestrogen in female brain increases during puberty,
fluctuates throughout menstrual cycle, and sharply decreases after menopause. As
implied in the previous section, these fluctuations may well have contributed to the sex
differences in the current study. In addition to this, the levels of oestrogen are reported to

increase following an inflammation process, to facilitate brain repair (Gillies & McArthur,
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2010; Jing et al., 2020). Therefore, if neuroinflammation generally reduces neuronal
activity, which I observed some evidence for in male mice, it is possible that higher levels
of oestrogen in female mice compensated and prevented this decrease. Nevertheless, this

does not account for why neuronal activity was increased in females.

Oestrogen also plays an important role in increasing dendritic spine density and synaptic
plasticity especially in the hippocampus. By performing hippocampal slice
electrophysiology, Wang et al.,, (2018) showed that, in females, oestrogen receptors are
highly expressed in the synapses and requires excessive oestrogen to activate these
receptors to facilitate LTP formation. On the other hand, MacLusky et al., (2006) have
shown that androgens mediate hippocampal synaptic plasticity, via a mechanism that is
oestrogen independent. A very recent study (Chen et al, 2022) examined the
synaptosome fraction for PSD-95, and found that there was an increased expression of
PSD-95 mRNA after treatment with androgen, proving the neuroprotective effect of
androgens on the synaptic plasticity. Moreover, stress has been shown to alter spine
formation in this hippocampus in sex-dependent manner. For instance, the acute stress of
intermittent tail shocks was shown to inhibit oestrogen dependent spine formation in the
CA1 region of the hippocampus of female animals while showing the opposite effect

enhancing spine formation in males (Shors et al., 2001).

Thus, it is possible in the current experiments (Experiments 5 and 6) that spine density
was also differentially altered by LPS injection and that this underscored the behavioural
differences. Unfortunately, because I could not process the tissue for both glial/neuronal
cell markers and dendritic spine density (due to these techniques requiring different
tissue processing methods) I cannot provide a definitive answer to this question. In

addition, although I did detect a reduction in dendritic spine density with
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intrahippocampal LPS injections in Experiment 4, the sample size in this experiment was

too small to permit comparison between mice of different sexes.

5.2.8) Sex differences in Alzheimer’s disease:

One clear result from the current study is that hippocampal neuroinflammation has
different consequences for both behaviour and cellular changes in female and male mice.
If translatable, this would imply that in humans, hippocampal neuroinflammation also
has differential effects on behaviour and cellular mechanisms. The fact that Alzheimer’s
disease affects more females than males could support the notion that females are
somehow particularly susceptible to neuroinflammation among other risk factors.
Indeed, it is well-known that two-thirds of the people who develop AD are women, and
disease progression in women has been twice as fast as men once diagnosed with MCI
(Sohn et al.,, 2018). Notably, other conditions involving hippocampal neuroinflammation,

such as major depressive disorder, are also twice as prevalent in females as in males

(Albert, 2015).

As seen in the previous section, there are numerous evidence suggesting cellular level
changes in male and female hippocampus with respect to sex hormones. These changes
might translate into bigger behavioural differences when it comes to neurological
diseases. Interestingly, there has been a term ‘oestrogen hypothesis’ which argues that
the risk of AD in women is highly correlated with the decrease in oestrogen levels post
menopause (since AD is predominantly late onset) (Rahman et al., 2019). Since oestrogen
has prominent positive neuroprotective effects, a sharp decrease in brain after
menopause is speculated to make the brain prone damage (Kadlecova et al., 2023; Zarate

etal., 2017).
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There have been some detailed studies conducted with microglia from males and females
in terms of structure and expression of genes and developmental processes. It has been
reported that during aging, where sex hormone levels are markedly decreased, female
microglia shows more expression of inflammatory-related genes compared to males
(Mangold et al, 2017). Similarly, ovariectomized rats showed increased pro-
inflammatory cytokine profiles (Sarvari et al., 2012). In contrast binding of oestrogens to
microglia through oestrogen receptors have been shown to be neuroprotective (Loiola et
al,, 2019) in cell-culture experiments. With respect to amyloid-beta, in AD patients, more
amyloid plaque burden was observed in female AD patients compared to the males
(Kadlecova et al., 2023). In line with this, ovariectomized female AD mice were shown to
accelerate the number of activated microglia, which worsens the pathology but does not
effectively clear AP plaques and this was reversed by oestrogen treatment in these
animals (Vegeto et al., 2006). Collectively, these studies highlight the importance of
oestrogen and why a decrease in its levels can be a reason behind the observed disease

severity in females.

Therefore, given the sex differences detected in the current study together with those
found in prior studies, as well as the fact that AD is more prevalent in females, highlights
not only the necessity of including female animals in preclinical AD studies, but suggests

that perhaps such preclinical studies should investigate males and females separately.

5.2.7) Limitations and future directions:

5.2.7a) Potential alterations to the inflammation paradigm:

As discussed in previous sections, although neuroinflammation in Experiment 4 did
reflect AD pathology in the sense that it caused an increase in glial cell activation as well
as a decrease in dendritic spine density, it is possible that the injections in Experiments
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4-6 induced acute rather than chronic neuroinflammation. (Parra et al.) categorizes
chronic neuroinflammation as something that lasts for months. Other studies have
induced chronic neuroinflammation through continuous LPS injections for 10 weeks
(Ostos etal., 2002) or slow release pellets of LPS (Droke et al., 2007). In the current study,
however, my attempt to replicate chronic neuroinflammation by giving LPS over 17 weeks
in Experiment 2 and 4-6 weeks in Experiment 3 was not successful in inducing glial cell
activation (Experiment 2) or dendritic spine loss (Experiments 2-3). With the
intrahippocampal LPS injections given in Experiments 5 and 6, glial activation was still
present even when tissue was assessed approximately 1 month after a single injection,
which could potentially be considered a chronic neuroinflammation paradigm. However,
behavioural experiments started 1 week after LPS surgery, which according to Parra et
al., would be considered the late stage of acute or early stage of sub-acute phase of
neuroinflammation. Therefore, future studies may wish to leave animals for a month or
two after intrahippocampal LPS injections before performing behavioural experiments.

This could help translate the observed results to real-world disease conditions.

Another consideration for future studies might be to induce neuroinflammation in more
than just one region of the brain. For instance, LPS injections can still be made to
hippocampus, but along with another region of the brain that is already known to play a
prominent role in goal-directed action pathway like medial prefrontal cortex, and
posterior dorsomedial striatum. This would serve two purposes i) to understand how
neuroinflammation in the hippocampus plays a role in conjunction with other regions to
influence goal-directed action, and ii) to mimic real-life pathological conditions where

neuroinflammation is not restricted to just the hippocampus.
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5.2.7b) A deeper insight into the cellular mechanisms:

In the discussion of Chapter 4 I discussed a partially successful experiment in which I
chemogenetically activated astrocytes (and neurons) in the dorsal hippocampus to
accelerate goal-directed action control. One reasons why this experiment may only have
been partially successful, is because the analysis of glial cell expression revealed that both
astrocyte and microglial reactivity was positively associated with goal-directed action,
specifically in females, specifically for the test on which goal-directed actions were
accelerated. Therefore, the observed acceleration may have required the reactivity of both
astrocytes and microglia, which was not captured in the chemogenetic experiment. It
might be useful for future studies to chemogenetically (or otherwise) activate both
astrocytes and microglia in the same animal to determine if this can successfully replicate

the results of Experiment 5.

Another technique that future studies may wish to use in order to gain further insights
into the roles of microglia and astrocytes in the dorsal hippocampus in goal-directed
action control (and potentially Pavlovian approach) is that of fibre photometry. Unlike
neurons, microglia and astrocytes do not communicate using electrical signals, but they
do express calcium transients. Fibre photometry records calcium signalling, and AAVs
with the correct promoter (e.g. Ibal or GFAP or something similar) could be used to
specifically record the calcium signals of microglia and astrocytes during behaviour in

real time.

Finally, given the role of oestrogen and androgen in learning and memory behaviour,
future studies may wish to explore this further. One way in which they could do so would

be by selecting specific sets of animals according to their menopause time, and each group

264



given LPS injections to understand how neuroinflammation interacts with sex hormones

at different stages of menopause to bring about changes in goal-directed action.

5.2.8) Conclusion:

Overall, the experiments reported in the current thesis did not produce a singular model
that was a comprehensive preclinical recapitulation of the sporadic form of Alzheimer’s.
The first half of this study aimed to create such a model by combining genetic risk factors
with neuroinflammation. However, whether investigated individually or separately, none
of these models completely replicated the sporadic Alzheimer’s phenotype.
Intrahippocampal LPS injections were more successful in producing evidence of
neuroinflammation and dendritic spine loss such that, in the second half of the thesis, I
investigated the consequences of such injections for goal-directed action with a view to
improving behavioural translatability. Although these experiments revealed interesting
behavioural differences, with hippocampal neuroinflammation accelerating goal-directed
action control in female mice and facilitating Pavlovian approach in male mice, these
differences are not reflective of the cognitive-behavioural deficits observed in individuals

with AD. Potential reasons why I observed this pattern of results are discussed above.

Despite the fact that the observed results were not as expected, they did produce a
number of important insights. For example, to my knowledge, the current study is the first
to observe sex differences as a result of hippocampal neuroinflammation. This is
noteworthy, because a number of conditions and diseases, including AD, differentially
affect males and females. Current results suggest that these differences in prevalence
rates might be a result of hippocampal neuroinflammation affecting males and females
differently, and that females might express a particular vulnerability to neurological

changes as a result. Another important implication of the results from this thesis is that
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creating a sporadic model of AD should take into account the multifactorial aetiology of
Alzheimer’s and should focus on bringing out most (if not all) of the behavioural and
pathological changes together in a model. Such studies can advance our research one step
closer to understanding the dysfunctional mechanisms of AD. Only if we continue to
improve our preclinical models will we be able to achieve an advanced understanding of

these mechanisms and potentially use them to discover new and improved treatments.
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7. Appendices:

Appendix A: Experiment 1: Validating the sensitivity of our experimental

procedures using the hAPP-J20 model:

Open field test:

Total distance travelled

WT J20
2400411 2510.994
1409.095 3287.752

946.692 3436.839
1663.268 1578.682
1272.716 1961.779
2023.617 2710.709

255765
1441 575
1734.783

Total distance travelled

B Unpaired t test
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4 |vs.

5 | ColumnA
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9 P value summary

10 Significantly different (P < 0.05)?
1 One- or two-tailed P value?

12 1, df

14 How big is the difference?
15 Mean of column A

16 Mean of column B

17 Difference between means (B - A} + SEM

18 95% confidence intarval

19 R squared (eta squared)

21 Ftest to compare variances
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24 P value summary

25 Significantly different (P < 0.05)?
26

27 | Data analyzed
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2976 0.2

411.35 344 1

39425 479.85
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2358  333.55

31045
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3198

OFT Distance Travelled
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Vs,
WT
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Two-tailed
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ns
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Unpaired t test

Table Analyzed
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Unpaired t test
P walue
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Barnes maze test:
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ANOVA resulis <

] 2way ANOVA

ANOWA results
4

1  Table Analyzed

2

3 Two-way ANOVA

4 Alpha

5

6  Source of Variation

7 Interaction

8 Zones

9 Genotype

10

11 ANOVA table

12 Interaction

13 Zones

14 Genotype
15 Residual

Multiple comparisons x|

Probe-data-redone

Ordinary
0.05

% of total variation
10.21

59.19

0.003775

$S (Type Ill)
843.9

4594

0.3121

3075

17 Difference between column means

18 Predicted (LS) mean of WT
19 Predicted (LS) mean of J20

20 Difference between predicted means

21 SE of difference
22 95% CI of difference

24 Data summary

25 MNumber of columns (Genotype)

26 Mumber of rows (Zones)
27 Number of values
28

ANOVAresults < | [=] Multiple comparisons > |

2way ANDVA
bhulticle comparisons

Compare each cell mean with the other cell mean in that row

Number of families
Number of comparisons per family
Alpha
Bonferroni's multiple comparisons test
WT - J20
Target zone
Zone 1
Zone 2
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Test details
WT-J20
Target zone
Zone 1
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Zone 3

Dendritic spines:

Apical dendrites
WT J20
10.74316 13.54332
12.67597 13.88249
11.85151 12.00269

19.77
19.62
0.1472
2027
-3.919t0 4.214

60

1
4
0.05

Predicted (LS) mean diff. 95.00% CI of diff.

1227 1784 t0 2276
-3.028 -1352t0 7 460
-8.644 191310 1843

0011 -10.50 to 10 48

Predicted (LS) mean 1 Predicted (LS) mean 2

4165 2938
14 88 1791
8.733 17.38
13.80 13.81

Basal dendrites
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P value P value summary
0.0053 =

=0.0001 b

0.9424 ns

DF Ms

3 281.3

3 1631
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Below threshold? Summary
Yes

No ns

No ns

No ns
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Significant?
Yes
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F (DFn, DFd)
F (3. 52) = 4.756
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F (1. 52) = 0.005277

Adjusted P Value
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>0.9999

01507

=0.9999

N1 N2
[ 9
6 9
6 9
6 9

P value

P=0.0053
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12.17444
13.02748
16.42239
13.13958
14.02662

13.7274
14.48297
16.59956
15.47685
13.73224
16.56325
14.40297
18.12843
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12.288
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15.22595
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Apical dendrites
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1 Table Analyzed

2

3 ColumnB

4 |vs.

5 ColumnA

6

7 Unpaired t test

8 P value

9 P value summary

10 Significantly different (P < 0.05)7

1 One- or two-tailed P value?

12 t, df

13

14 How big is the difference?

15 Mean of column A

16 Mean of calumn B

17 Difference between means (B - A) £ SEM

18 95% confidence interval

19 R squared (eta squared)

20

21 F test to compare variances

22 F., DFn, Dfd

23 P value

24 P value summary

25 Significantly different (P < 0.05)?

27 Data analyzed
28 Sample size, column A
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30
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Microglia

WT J20
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B Unpaired t test
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Apical spines 2
3 Column B
J20 4 |vs.
vs. 5 ColumnA
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7 Unpaired t test
8 P value
0.0028 9 P value summary
- 10 Significantly different (P < 0.05)7
Yes 11 Cne- or two-tailed P value?
Two-tailed 12 tdf
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14  How big is the difference?
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ns 24 P value summary
Mo 25 Significantly different (P < 0.056)7?
26
27 Data analyzed
16 28 Sample size, column A
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L
Apparatus
WT J20
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32790.22 39147.21

Basal spines

J20
vs.
WT
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ns

Mo

Two-tailed
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P value

P value summary
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F test to compare variances
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P value summary
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Data analyze
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5736171 17 Difference between means (B - A) = SEM 14404 + 3078
4620 to 3373 18 95% confidence interval 7306 to 21502
0.01385 19 R squared (eta squared) 0.7324

20

21  F test to compare variances
2.040, 4.4 22 F.DFn,Did 1.956, 4, 4
0.5068 23 Palue 05317
ns 24 P value summary ns
Mo 25 Significantly different (P < 0.05)? No

26

27 Data analyzed
5 28 Sample size. column A 5
5 29 Sample size, column B 5

30

Appendix B: Experiment 2 - Combining major genetic and non-genetic risk factors

to create a sporadic model of AD:

Open Field test:

Total distance travelled:

saline
Lps

saline
Lps

saline
Lps

2852.741 190076
1048.985 1564.276

1248.967 174168
1842.604 1893.806

1656142 2481.96
9122974 2100.601

1506.854
1425.449

2627.298
1002.853

3884.748
2107.868

1722.351
1826.863

1885.56
1229.28

1814.718
2459.992

1474.026
1332.442

3011.263
179.701

1621.502
1302.02

1769.198 2916.707
1358.136 1701474

1869.902 3056.384
2103447 2021.189

1465.868 1120.651
1835.956  842.905

1272.267
1763.985

2666.574
2191571

2655.316
TAT 0549

wt

1591.667
1533.337

1287.291
1378.79

1156.974
1266.105

1661.012 2026.875
2055.728 1479.563

1833.501 2301.997
1481.707 1451.863

2003.253 2172.325
837.3471 5203773

1989.461
1166.782

2387.462
1091.445

1527.487
627.9649

2447 587
1812.267

E4
1899.996
1037.135

hAPP

1158.258

2290.055
1743.944

1944.015
166361

1833.576

2414.002
2137.049

1411.764
1815.438

1893.621

1210.245
1700.232

1776.636

1063.713

1911272 1551.41

114466 1643.305 2095764 23391 1686.832 1894.838 1744.895 1188.472

1148333 1411.945 8206126 1106.777  968.75

1198.37 926.8652 1076.968 1233.043
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ANOVAresulis Multiple comparisons % |
= 2wap ANOVA
ANDYA results
4
1 Table Analyzed Open Field Test Distance
2
3 Two-way ANOVA Qrdinary
4 | Alpha 0.08
5
& Source of Variation % of total variation P value P value  Significant
7 Interaction 1783 02925 | ns No
8 Treatment 17.85 <0.0001 | **** Yes
9 | Genotype 2807 0.1461 | ns Mo
10
11 | ANOVA table SS (Type Ill) DF Ms F (DFn, DF P value
12 Interaction 630252 2 316126 |F (2, 104)= P=02925
13 Treatment 6311295 1 6311295 | F (1, 104) = P<0.0001
14 Genotype 992537 2 496269 |F (2, 104) = P=0.1461
15 Residual 26343934 104 253307
16
17 | Difference between row means
18 Predicted (LS) mean of Saline 1992
19 Predicted (LS) mean of LPS 1497
20 Difference between predicted means 4952
21 SE of difference 99.21
22 95% Cl of difference 298.5 10 692.0
23
24 Data summary
25 | Number of columns (Genotype) 3
26 Number of rows (Treatment) 2
27 Number of values 110
ANOVA resulis  x Multiple comparisons x | -
] 2way ANOVA
Muliple comparisons
4
1 Compare each cell mean with the other cell mean in that column
2
3 Number of families 1
4 Number of comparisons per family 3
5 Alpha 0.05
6
7  Bonferroni's multiple comparisons test Predicted (LS) mean diff. 95.00% CI of diff. Below threshold?
8
9 Saline - LPS
10 WT 323.0 -97.8110 743.8 No
1 E4 4554 5228 to 858 5 Yes
12 hARPP 7073 277 2to 1137 Yes
13
14
15 Test details (LS) mean 1 (LS)mean 2 | Predicted (LS) mean diff.
16
17 Saline - LPS
18 WT 1940 1618 3230
19 E4 2072 1616 4554
20 hAPP 1963 1256 7073
21
Time spent in centre:
wt
saline 33666 3211 3152 43076 3434 3758 30495 3627 27645 377.05 3295 38185 2359 35035 39365  468.35
LPS 316 45195 41635 4039 1759 34315 26405 36265 36555 396.25 3591 4405 3877 26495 3774 40445
APOE4KI
saline 2563 3256 3223 2196 36385 3508 388.35 3832 2341 4028 3815 37895 3325 46535 45135
Lps 3613 43965 26685 46195 4946 44975 41756 38205 47785 42676 34035 3109 46985 3824 3321 3604
hABKI
Saline 35015 452.6 382 35385 29915 471.9 50745 4184 27295 43605 34515 4144
Lps 379.06 41645 39265 42745 27056  437.2 44465 48905 4155 2048 19015  B405 27205 44125 3373 2648

Summary

SE of diff.

1729
165.7
176.8

3296

250.35

361.36

Adjusted P Value
0.1939
0.0212
0.0004
N1 N2 t DF
16 18 1.868 104.0
15 24 2749 104.0
12 25 4.002 104.0
3681
2021 3455 3639 3734 3617 40805 49155
46035 18195 3722 421 30216 4275 46335

390
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]

4

1
2
4
5

19

25
26
27
28

2way ANOVA

Table Analyzed

Two-way ANOVA
Alpha

Source of Variation
Interaction
Treatment
Genotype

ANOVA table
Interaction
Treatment
Genotype
Residual

Difference between row means
Predicted (LS) mean of Saline
Predicted (LS) mean of LPS
Difference between predicted means
SE of difference
95% Cl of difference

Data summary
MNumber of columns (Genotype)
Mumber of rows (Treatment)
Number of values

Open Field Test Time in Centre

Ordinary
0.05

% of total variation
3639

0.006606

1.024

S5 (Type Il
24112

43.76

6786

631768

364.0
365.3
-1.304
1536
-31.77 0 29.16

3

10

Barnes Maze learning curve:

P value
0.1426
0.9325
0.5738

DF
2
1
2
104

P value summary
ns
ns
ns

MS
12056
43.76
3393
6075

Significant?
No
No
Mo

F (DFn, DFd)
F (2, 104) = 1.985

F (1, 104) = 0.007204
F (2, 104) = 0 5585

Acquisition Primary Latency Averaged

100

1 2

T
3

Trial Day

P value

P=0.1426
P=0.9325
P=0.5738

WT Saline

-= WT LPS
E4 Saline
-+ E4LPS
hAPP Saline
-o- hAPP LPS

322



Acquisition Primary Path Length Averaged

WT Saline
4 -= WTLPS
E 3 & E4 Saline
§ -+ E4LPS
227 - hAPP Saline
a SS==F"—1 e hAPPLPS
1_ \.‘\‘
0 | | | | I
1 2 3 4 5
Trial Day
Acquisition Primary Average Speed Averaged
0.15- .
WT Saline
= WT LPS
g 0.10- E4 Saline
é’ —~ E4LPS
ug)_ 0.05 hAPP Saline
-»- hAPP LPS
0.00 T T T T 1
1 2 3 4 5
Trial Day
Acquisition Primary Errors Averaged
15
WT Saline
-= WTLPS
° 10— E4 Saline
S -~ E4LPS
W hAPP Saline
-o- hAPP LPS
0 I | | 1 1
1 2 3 4 5
Trial Day
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LPS

Saline

WT & LPS

WT & Saline

(s) owny

1M

Proximity to goal zone

Proximity to goal zone

FRE
EL L2
P
FAARE
FAXHE
REE
FRRY
AR

L
PET Y
R
XXEE
REXKE
HAAH
AR
KRR
P
R

APOE4-KI & LPS

2

~

(@]

(s) swny

FreE
AN
XAEY
RFHE
PR
FAKH
AR
F¥¥

APOE4-Kl & Saline

IM-¥30dV

Proximity to goal zone

Proximity to goal zone

hAB-KI & LPS

hAB-KI & Saline

Proximity to goal zone

Proximity to goal zone

Spine densi

Apical dendrites
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3

Apod
hAB-KI

fwr
|apoea
[hag-xi

ANOVAresults

t

A

16.42736 9.219472 8.739054
1179159 1105355 10 845
11.10225 10.76865 10.68731

1093407 1201346 14 20022
8.146347 10.07763 13.59472
1210313 1137843 1123124

10.89129
11.94867
8.933391

10.03116
8.97388
10 44608

2way ANDVA

ANDVE result

1 Table Analyzed

[FRNN]

LS

Two-way ANOVA

Alpha

Source of Variation

Interaction
Genotype
Treatment

11 | ANOVA table

Interaction
Genotype

Treatment
Residual

s

8.639904
14 38887
1053564

1285112
9.13274
12 06354

Multiple comparisons %

17 | Difference between column means
Predicted (LS) mean of Sham
Predicted (LS) mean of LPS

Difference between predicted means

SE of difference
95% Cl of difference

Data summary

Mumber of columns (Treatment)

Number of rows (Genotype)

Number of values

Basal dendrites:

ApoEd
hAB-KI

ApoEd
hAB-KI

6.829434 8.964413 5938077
7.668153 9.635052 7.025415
921959 5254352 8096128

9.639901 6.491997 10.08721
6.630967 8.542314 11.36048
7.368599 1174853 9803771

11.2126
7.106957
1194859

7782934
8.789155
11.39655

7.296349
12.04563
5669285

11.43827
8.196955
946958

13.65483 10.77797
1445397 1387173
10.33767  12.4606

1006057 118983
14.97841 11.42262
1227399 1244175

11.91673
12 61561
8.204705

10 28046
1063117
12 52619

11.21828
9196936
12.23853

9.640009
6.867027
1324524

ApoE4 and hAPP-apical

Ordinary
0.05

% of total val
4.858
3.607
3.384

SS (Type Il
3161
2347
2202
563.4

11.39

10.56

0.8340
0.3789
0.08416 to 1.

2

130

8.601097 9.450496
10.04156  10.50921
1019738 10 05891

10.72132 9.568956
8.534676 7.549714
9.606735 6777492

riation

584

8.67372
12.40263
10.31815

7370772
10.52177
9916583

9640683
6.535391
10 39226

9.096412
7.971505
8.883616

10.43052
1393109
11.04618

4 652406

Sham
12.63849 12.44238 10.36245
1314924 12 11133 7292781
11.34568 13.78222 16.17122

LPS
117521 117521 7911544

8.304883 7.066987 6.945706 11.19857

9826846

P value
0.0339
0.0796
0.0296

DF
2

2

1
124

10.07979
10.65503
7.919394

5.891845
6.397246
9.300338

1055316 12.40821 10 48466

P value summary

ns

MS

15.80
1.74
22.02
4.544

Sham
8.56601 §.021216 7.344098
11.50194 10.34054 3.801482
8470044 6911112 1263169

LPS
8523256 8.608536 7.736179
6.716751 6.634015 7.766978
8276765 5881553 9430195

10.89863
7.816665
10.77381

8672082
9.835904
1389843

Yes
No
Yes

13.13161
8714287
10.89958

4848064
7.26222
13 92652

14.60487
1257248
10.68439

9.808365
9.299603
12 0669

Significant?

F (DFn, DFd)
F (2, 124)=3478
F (2, 124) = 2.583
F(1,124)= 4846

8.995838
8.480624
10.40505

8.585226
6.767913
1036113

10.49973
8.675871
7288309

5.436356
8.493419
1219862

10.98534
8.220864
8342911

58.632393
7.135201
1553504

9.066137
11.93922
11.73136

9.598576
1351916
120615

8.858182
8.060999

8.139208
9.715272

P value

P=0.0339
P=0.0796
P=0.0296

9640559
9.331459
7.323084

7.859676
9.464956
913423

8.93242
10.82009
1168311

5.955637
10.29184
1110372

12.35992
7348486

1132281
8.22507

7815638
6.63668
1233135

7638592
5.835488
1213475

9.949783
8.710073

1076025
10.01359

10.97576
T7.488842
10 39692

7.68591
9.116547
7946261

15.63034
1501416

8776516
8.231506

9.703697
9.427946
10.84968

9.016136
£.701247
854504

1214211
1214197

1180333
9.23256

8.209335
10.98564
887255

3.950949
8.009512

13.01111
1545324

1092339
9.065212

11.93421
9.136127
1077484

7.939425
7.400468

8.203682
9727215

7.167288
11.96586

3.288039
11.24229

6.41671
9.745529
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A

1
2
3
4
5

25
26
27
28

ANOVAresults Multiple comparisons X

2way ANOVA
ANOVA results

Table Analyzed

Two-way ANOVA
Alpha

Source of Variation
Interaction
Genotype
Treatment

ANOVA table
Interaction
Genotype
Treatment
Residual

Difference between column means
Predicted (LS) mean of Sham
Predicted (LS) mean of LPS
Difference between predicted means
SE of difference
95% CI of difference

Data summary
Number of columns (Treatment)
Number of rows (Genotype)
Number of values

Microglial cells:

ApoE4 and hAPP-basal

Ordinary

0.05

‘% of total variation P value
249 0.1615
5.876 0.0146
1.275 0.1712
SS (Type Ill) DF
12.89 2
30.40 2
6.597 1
4672 134
9.109

8.674

0.4347

0.3160

-0.1903 to 1.060

140

P value summary
ns

ns

MS

6.443
15.20
6537
3.486

Sham

WT 9939494 1204566
ApoEd 9393.014 1174482
hAB-KI 11437.06 10537.72
WT 9298.344 11549.06
ApoE4 11870.67 9549.268
hAR-KI 2163915 150191

10962.71
4586.519
19327.99

11003.35
10153.72
18656.57

10833.63

13702.84

18472.14

9441.934

1052401

11076.12 1228587
1215495 11891.33
13673.1

LRSS
14481.6 122801
12788.75 1208542
6289.783 4427419

Significant?
No

Yes

No

F (DFn, DFd)

F (2, 134) = 1.848
F (2, 134} = 4.360
F(1,134) = 1,892

1293211

7744684
11384.52
1124487

P value
P=0.1615
P=0.0146
P=0.1712

11305.59
9316.07

326



16

ANOVA resulis x

Zway ANDVA
ANOYA results

Table Analyzed

Two-way ANOVA
Alpha

Source of Variation
Interaction
Genotype
Treatment

ANOVA table
Interaction
Genaotype
Treatment

Residual

Difference between column means
Predicted (LS) mean of Sham
Predicted (LS) mean of LPS
Difference between predicted means
SE of difference
95% Cl of difference

Data summary
Number of columns (Treatment)
Number of rows {Genotype)

Number of values

Astrocyte cells:

Multiple comparisons

ApoE4 and hAPP-lba1

Qrdinary
0.05

% of total variation
1.856
12.10
1.323

$S (Type IIl)
8660939
56560260
6165658
403200579

12265

11470

795.3

1101

-1443 to 3033

28676.6

30149.82

WT 26991.58 24698.57 23125.02
ApoE4 22763.42  30985.5
hAR-KI 29454 72 22516.59 37431.29
WT 21796.65 24084.33 27740.89
ApoE4 26912.77 26311.51
hAR-KI 31916.12 29891.18 29513.44

P value P value summary
0.6962 ns

0.1073 ns

0.4751 ns

DF MS

2 4340470

2 28290130

1 6185658

3 11858841

Sham
22316.55
23026 28740.44
30365.67 26925.78

LPS
28409.79 24348.91
23536.93 19590.92
20256.98 22161.64

Significant?

No

No

No

F (DFn, DFd) P value
F(2,34)=03660 |P=0.6962
F (2, 34) = 2.386 P=0.1073
F(1,34)=05216 | P=04751

22532.35 27870.09 30026.31
18420.83 23654.17

2215597 2453479
19430.75 24761.62
23811.85 25120.21
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19
20
21
22
24
25

26

28

ANOVA results Multiple comparisons % | «

2way ANDVA
ANOVA results

Table Analyzed

Two-way ANOVA
Alpha

Source of Variation
Interaction

genotype
Treatment

ANOVA table
Interaction
genotype
Treatment
Residual

7 Difference between column means

Predicted (LS) mean of Sham
Predicted (LS) mean of LPS
Difference between predicted means
SE of difference

95% Cl of difference

Data summary
MNumber of columns (Treatment)
Mumber of rows (genotype)

Number of values

ApoE4 and hAPP-GFAP

Ordinary
0.05

% of total variation
2109
10.45
3.840

SS (Type )
13167364
65195172
23963092
535295135

26629
25068
1560
1265
-1010 to 4130

P value
0.6618
0.1417
0.2258

P value summary

MS
6578682
32597586
23963092
15743975

Significant?
Mo
No
No

F (DFn, DFd)
F (2. 34) = 04179
F (2, 34) = 2.070
F(1,34)=1522

P value

P=0.6618
P=0.1417
P=0.2258

Appendix C: Experiment 3 - LPS induced neuroinflammation as a sporadic model

for AD:

4 weeks - Spine density - Apical:

Saline LPS
11.46132 12.48109
13.16443 12.4012

13.6722 8.315223

13.06373 13.70768
8.716496 10.38175
12.05826 11.41726
15.80236  9.90364
11.71676 7.325262
13.68907 9.222406
14.32507  6.60066
8.814887 10.22495
10.39298 9.626274
16.97752 13.61128
9.844322 11.34578
11.20845 15.07607
10.06416 11.32168
11.97227 9.118541
15.30432 12.98157
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14.76015
10.6052
13.83227
10.49331
14.10915
13.32353
15.15581
12.15749
10.1728
15.94486
10.87903
11.97687
9.388646
13.08305
12.47254
14.19538
10.54438
11.09862
9.806556
9.092264
9.738453
8.715672
8.509604
9.696646
10.78462
6.931391
9.440324
9.897018
4.673405
3.106997
13.27067
8.798544
10.34942
9.156977
12.26277
10.07962
1.729344
2.06335
11.55647
11.43647
13.55014
10.47814
10.28668
11.91615
11.8116
11.067
12.54299
11.40018

8.818342
12.96296
14.07324

9.39775

12.7081
12.89134
11.37656
7.210318
13.54982
12.33703
12.06244
11.60957
14.73022
15.55761
16.88297

17.4305
11.99066
13.88318
12.55055
15.84835
10.53505
11.71132
11.22591
11.33866
8.920607
11.46268
6.299213
13.99365
9.757585
12.12121
13.82875
11.16695
10.11416
10.85374
10.84689
11.92966
14.98724
9.663503
10.81666
10.47766
11.78514

13.0968
6.835161
7.291327
11.11267
8.167162
9.560043
8.014155
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10.92462  10.3855
11.39538 13.01494
13.37458 8.614272
10.07912 15.31079

9.

479156 9.259259

11.36204 11.08116

A EEEEEEE
b [

10
1
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Unpaired t test

Table Analyzed

Column B
VS,
Column A

Unpaired t test
P value
P value summary
Significantly different (P < 0.05)?
One- or two-tailed P value?
t, df

How big is the difference?
Mean of column A
Mean of column B
Difference between means (B - A) + SEM
95% confidence interval
R squared (eta squared)

F test to compare variances
F, DFn, Did
P value
P value summary
Significantly different (P < 0.05)?

Data analyzed
Sample size, column A
Sample size, column B

Males&Females

LPS
Vs,
Saline

0.5057

ns

No

Two-tailed
t=0.6673, df=142

11.07

11.37

0.2959 + 0.4435
-0.58081t0 1.173
0.003126

1.330, 71, 71
02317

ns

No

72
72

4 weeks spine density — Basal

9.

Saline LPS
856533 9.997437

12.60433 10.67812
13.57354  12.2997
14.01654 13.36796

7

.338158  13.6021

10.32613 10.68577

9

8
9
9

.677865 8.603521
13.0246 10.59118
.733019 9.755617
930092 11.12724
904836 10.48951

14.04543 10.26666
10.69561 9.921551
10.68134 11.37599
12.44317 9.822155
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12.1575
8.882521
11.17679
11.33001
11.58301
11.21466
9.837178

9.80893
9.110933
11.49425
11.40413
13.78275
10.67777
11.50592
11.08838
13.35726
6.764943
10.03344
10.71895
8.629738
9.255688
7.319486
4.012841
4.760458
7.508879
9.418808
9.455614
8.012018
8.384734
8.917714
8.476629
3.679592

3.562952
8.971872
12.12838
8.973905

9.66417
10.76994
7.027747
3.761393

4.97476
9.975984
10.94643
6.953668
9.774609
7.199273
8.919418
8.735181

10.65762
9.130226
7.698608
8.460788
10.15228
9.825778
4.448681
9.948686
9.485095
13.70051
8.414963
11.82526
11.11981
7.224257
7.045434
9.534884
8.972058
12.16759
16.83393
10.48057
10.56277
9.913259
8.914305
7.995297
12.66187
8.429206
9.140768
11.37563
8.407994
5.45405
8.305137
4.697942
7.8125
9.576555
10.57692
11.01686
8.874054
9.895547
8.775857
12.67553
8.224425
9.530428
5.655616
11.91827
10.07651
6.071362
11.15521
10.86342
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5.961521 8.904302
6.365327 5.557722
8.473579 6.750617
10.96684 7.788415
5.976722 6.824829
8.015717 8.336565
8.308605 10.04111

9.3224  9.82047

9.392167 9.331539

|:| Unpaired t test
4

1  Table Analyzed

2

2  ColumnB

4 vs.

5 ColumnA

6

7  Unpaired t test

8 P value

9 P value summary

10 Significantly different (P < 0.05)7
11 One- or two-tailed P value?

12 t, df

13

14  How big is the difference?

15 Mean of column A

16 Mean of column B

17 Difference between means (B - A) £ SEM
18 95% confidence interval

19 R squared (eta squared)
20
21  F test to compare variances
22 F, DFn, Dfd
23 P value
24 P value summary
25 Significantly different (P < 0.05)7
26
27 Data analyzed
28 Sample size, column A

Sample size, column B

29

4 weeks — microglia:

Males&Females-Basa

LPS
Vs,
Saline

0.5708

ns

Mo

Two-tailed
t=0.5682, df=142

9.385

9.606

0.2211 £0.3892
-0.5483 to 0.9906
0.002268

1.300, 71, 71
02709

ns

Mo

72
72

Ibal cell counts

Ibal intensity

Saline LPS Saline LPS
121 137.2 10841.07 19774.35
115.4 137.6 17180.71 14374
113.8 129.2 14822.74 13993.22
115.8 152.1 12855.69 18417.48
127.8 136.8 14310.63 17042.76
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28
29
30

Unpaired t test

Table Analyzed

Column B
Vs,
ColumnA

Unpaired t test
P value
P value summary
Significantly different (P < 0.05)?
One- or two-tailed P value?
t, df

How big is the difference?
IMean of column A
Mean of column B
Difference between means (B - A) £ SEM
95% confidence interval
R squared (eta squared)

F test to compare variances
F, DFn, Dfd
P value
P value summary
Significantly different (P < 0.05)?

Data analyzed
Sample size, column A
Sample size, column B

4 weeks - astrocytes:

Saline LPS
219.2 282.4
239.6 257.9
256.8 187
194.3 251.8
235.6 257.4

Iba1-cell counts

[F-BE--RENRN- RN R U CRPY
L

LPS
Séline
0.0023
Yes 10
Two-tailed 11
t=4.387, df=8 12
13
118.8 1:
138.6 16
19.82 £+ 4518 17
9.402to 30.24 18
0.7064 19
20
2107, 4,4 z;
0.4882
ns 23
No 24
25
26
5 27
5 28
29
Saline LPS
6525.274  16929.1
10250.71 14344 .49
12734.86 19195.26
10513.82 16567.31
10111.05 16403.29

Unpaired t test

Table Analyzed

Column B
Vs,
Column A

Unpaired t test
P value
P value summary
Significantly different (P < 0.05)?
One- or two-tailed P value?
t, df

How big is the difference?
Mean of column A
Mean of column B
Difference between means (B - A} + SEM
95% confidence interval
R squared (eta squared)

F test to compare variances
F, DFn, Dfd
P value
P value summary
Significantly different (P < 0.05)?

Data analyzed
Sample size, column A
Sample size, column B

Iba1-Intensity

LPS
V5.
Saline

0.1156

ns

Mo
Two-talled
t=1.765, df=8

14002

16720

2718 + 1540
-833.1 to 6269
0.2803

1.139,4, 4
0.9029

ns

Mo
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28
29

an

Unpaired t test

Table Analyzed GFAP-cell counts
Column B LPS

Vs vs.

Column A Saline

Unpaired t test

P value 0.3696

P value summary ns
Significantly different (P < 0.05)? No

One- or two-tailed P value? Two-tailed

t, df t=0.9506, df=8

How big is the difference?

Mean of columnA 2281

Mean of column B 247.3
Difference between means (B - A) + SEM 18.20+£19.15
95% confidence interval -25951t0 62.35
R squared (eta squared) 0.1015

F test to compare variances

F, DFn, Dfd 22894 4
P value 0.4421

P value summary ns
Significantly different (P < 0.05)7 No

Data analyzed
Sample size, column A 5
Sample size, column B 5

6 weeks - spine density:

Apical dendrites:

Saline LPS

9.786918  10.6445
14.56497 14.27328
9.749671 11.75619
9.119497  11.7935
11.89163 12.78453
11.22525 9.206318
12.14698 10.28529
9.982083  11.0018
12.81041  13.7595
13.42883 13.63257
10.96224 12.11417
10.24053 10.33344
13.08576 7.273226
11.75666 13.08315
12.61511 9.815951
13.08467 12.03353
12.59869 13.79513
10.57968 12.56163
12.36591 13.96648

(=R RENRE RS RS N O
b

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Unpaired t test

Table Analyzed

Column B
vs.
Column A

Unpaired t test
P value
P value summary
Significantly different (P < 0.05)?
One- or two-tailed P value?
t, df

How big is the difference?
Mean of column A
IMean of column B
Difference between means (B - A) + SEM
95% confidence interval
R squared (eta squared)

F test to compare variances
F, DFn, Dfd
P value
P value summary
Significantly different (P = 0.05)?

Data analyzed
Sample size, column A
Sample size, column B

GFAP-Intensity

LPS
vs.
Saline

0.0007

Yes
Two-tailed
t=5.281, df=8

10027
16688
6661 £ 1261
3752 to 9568
07771

1667, 4,4
0.6328

ns

No
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12.4489
9.609326
11.02318
12.00403
11.19701
8.634868
10.09483
11.77024

10.1365
9.180709
9.065436
8.898237
11.21742
9.708738

6.74747
10.02848
9.412756
8.095311
9.995404
10.32195
11.51719

9.0151
10.80466
12.57709
15.14429
14.36163
12.04819
9.697733
12.96853
8.458739
9.955202
7.702393
7.443082

10.0821
9.644789
12.80113
12.34999
8.251676
8.280849
11.562436
10.08843
10.77122
9.422368
12.63597
10.63032
8.752155
10.75569
11.84629

7.158315
10.67487
15.23841
12.30371
11.01462
12.65119
9.325916

10.8202

10.7177
14.30323

9.23494
7.934055
11.64852
12.72094
10.70916

11.2582
9.919878
8.364035
10.16727
8.961681
15.10679
10.77795
9.982384
11.57824
7.118704

8.84454
10.13368
12.55821

11.0327
10.99565
12.63212
10.09931
8.5612708
14.86794
10.29336
8.726366
10.57896
11.28494
11.69176
11.21915
9.268795
11.55446
9.774183
13.62984
11.85932
11.58078
13.77832
9.785933
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12.84625
7172572
10.05025
11.33546
9.785846

Column B
VS,
ColumnA

10.69372

11.195
10.60633
9.754738
9.928211

Unpaired t test

Unpaired t test

i

F|

1  Table Analyzed
2

3

4

5

6

7

8 P value
9

P value sum

10 Significantly different (P < 0.05)?

mary

11 One- or two-tailed P value?

12| tdf

14 | How big is the difference?

15 Mean of colu
16 Mean of colu

17 Difference between means (B - A) + SEM

18 95% confide

mnA
mn B

nce interval

19 R squared (eta squared)

21  F test to compare variances

22 F, DFn, Dfd
23 P value
24 P value sum

25 Significantly different (P < 0.05)?

26
27 Data analyzed
28 Sample size

29 Sample size

6 weeks - basal dendrites:

Saline

8.98511
9.824199
9.022261
9.425878
9.343094
7.577193
8.509064
10.90023
7.703191
8.473168
7.290833
8.124577
11.55975
11.47896
9.405729

mary

, column A
, column B

LPS
8.393595
12.5937
8.886027
9.902971
11.627
6.206756
6.719226
11.01833
10.72223
10.77383
9.7423
9.244724
11.05599
10.91728
9.736466

Males&Females_dendrites

LPS
Vs
Saline

0.2007

ns

No

Two-tailed
t=1.286, df=142

10.73

11.12

0.3941 £ 0.3086
-0.2119 to 1.000
0.01151

1.086, 71, 71
0.7013

ns

No

72
72
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8.947545
9.704455
11.00939
13.01669
12.94252
11.21606
11.01015
8.679871
12.48581
7.742935
8.642973
8.622017
6.425703
8.662175
9.069256
7.441059
11.0244
7.876271
7.216495
9.763618
6.383287
8.792406
9.305105
11.31313
10.39004
10.38175
8.622699
13.1257
9.621048
7.163324
9.971671
11.58301
11.23268
9.085403
8.750384
8.879418
6.5979
6.16277
7.376599
5.030656
12.41296
8.62069
6.758881
6.425143
10.13628
7.640879
8.886133
7.769337

8.996089
7.425743
9.341429
8.501201
10.79806
8.357839
7.673789
9.291052
7.403581
7.873311
9.368836
9.310788
11.46132
8.697642
7.010058
7.57251
11.565357
8.911212
9.276621
8.491947
9.555607
7.555673
6.73788
3.828409
6.381282
7.652338
7.572526
9.693053
10.37133
11.9248
8.023409
10.70429
9.238139
12.86618
12.65432
12.32128
13.02143
10.72468
13.13659
13.555
12.48571
9.495604
12.93373
9.152381
9.377143
8.654496
4.599816
11.53443
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7.883879 7.791972
9.847311 8.468777
7.084614 7.048936
11.47192 7.098765
11.74436 4.278787
9.606373 9.967475
12.24162  5.41257
10.17087 8.233533
7.402032 5.865103

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

29
an

i
F
1 Table Analyzed
2

3

4

5

6

7

8

9

Unpaired t test

Column B
Vs,
Column A

Unpaired t test
P value
P value summary
Significantly different (P <= 0.05)?
One- or two-tailed P value?
t, df

How big is the difference?

Males&Females-Basa

LPS
VS,
Saline

0.9896

ns

Mo

Two-tailed
t=0.01311, di=142

Mean of column A 9236
Mean of column B 9.232
Difference between means (B - A) + SEM -0.004450 + 0.3395
95% confidence interval -0.6755 to 0.6666
R squared {eta squared) 1.210e-006
F test to compare variances
F, DFn, Dfd 1.423, 71,71
P value 0.1393
P value summary ns
Significantly different (P < 0.05)? No
Data analyzed
Sample size, column A 72
Sample size, column B 72

6 weeks - Ibal:

Ibal cell counts
Saline LPS

117.8 123.7

Ibal intensity
Saline LPS
13902.8 13918.44
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119.75 157.9

110.2 139.7
124.3 124.2
114.9 156.5
GFAP cell counts
Saline LPS
209.1 257.3
219.5 216.9
249.5 1711
224 .4 251.9
215.8 223.7

28
29

Unpaired t test

Table Analyzed

Column B
V5.
ColumnA

Unpaired t test
P value
P value summary
Significantly different (P < 0.05)?
One- or two-tailed P value?
t, df

How big is the difference?
Wean of column A
Mean of column B
Difference between means (B - A) + SEM
95% confidence interval
R squared (eta squared)

F test to compare variances
F, DFn, Dfd
P value
P value summary
Significantly different (P < 0.05)?

Data analyzed
Sample size, column A
Sample size, column B

12904.88  13407.2
11334.58 16752.41
13014.36 14727.46
15782.55 19107.66
GFAP intensity
Saline LPS
10861.18 15664.47
10323.14 13523.95
8556.184 15937.21
9319.727 15696.93
9651.281  17971.7
s Unpaired t test
|

Iba1-Cell counts

LPS
V5.
Saline

Two-taled
1=2.948, df=8

17.4

140.4

23.01 £7.806
5.009 to 41.01
05206

9.941, 4,4
0.0471

*

Yes

1 Table Analyzed
2

3  ColumnB
4 s

5 ColumnA
6

7

8

Unpaired t test

P value
9 P value summary
10 Significantly different (P < 0.05)7
11 One- or two-tailed P value?
12 t, df
13
14  How big is the difference?
15 Mean of column A

16 Mean of column B

17 Difference between means (B - A) £ SEM
18 95% confidence interval

19 R squared (eta squared)

20

21 F test to compare variances

22 F, DFn, Dfd

23 P value

24 P value summary

25 Significantly different (P < 0.05)?
26

27 Data analyzed

28 Sample size, column A

29 Sample size, column B

Iba1-Intensity

LPS
Vs,
Saline

0.1240

ns

Mo
Two-tailed
t=1.719, df=8

13388

15583

21956 £ 1277
-750.0 to 5140
0.2697

2.080, 4,4
0.4955

ns

Mo
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ﬂ Unpaired t test
|

1 | TableAnalyzed

2

3 Column B

4 vs.

5  ColumnA

6

7 Unpaired t test

8 P value

9 P value summary
10 Significantly different (P < 0.05)7
11 One- or two-tailed P value?
12 t, df
13
14  How big is the difference?
15 Wean of column A
16 Mean of column B
17 Difference between means (B - A) + SEM
18 95% confidence interval
19 R squared (eta squared)
20
21 | F test to compare variances
22 F, DFn, Dfd
23 P value
24 P value summary
25 Significantly different (P < 0.05)7?
26
27 Data analyzed

28 Sample size, column A
29 Sample size, column B

GFAP-Cell counts

LPS
vs.
Saline

0.9762

ns

MNo

Two-talled
t=0.03081, df=8

2237

2242

0.5200 + 16.88
-38.39to 38.43
0.0001187

4937, 4, 4
0.1511

ns

Mo

OmmumthMALD

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Unpaired ttest

Table Analyzed

Column B
vs.
Column A

Unpaired t test
P value
P value summary
Significantly different (P < 0.05)?
One- or two-talled P value?
t, df

How big is the difference?
Mean of column A
lean of column B
Difference between means (B - A) + SEM
95% confidence interval
R squared (eta squared)

F test to compare variances
F, DFn, Dfd
P value
P value summary
Significantly different (P < 0.05)7?

Data analyzed
Sample size, column A
Sample size, column B

GFAP-Intensity

LPS
vs.
Saline

<0.0001

e

Yes
Twao-talled
t=7.429, df=8

9742

156759

6017 +809.9
414910 7884
0.8734

3122, 4,4
0.2961

ns

No

Appendix D: Experiment 4 - Intrahippocampal lipopolysaccharide injection:

Glial cell activation

Ibal cell counts

Saline LPS
146.625 204.125
159 169.5
126.25 198.3333

158 285.5714

GFAP cell counts
Saline LPS
248.875 292.25

261.4 254.125
251.125 276.6667
280.4286 287.5714

Ibal intensity

Saline LPS

10446.4 11366.58
9009.138 11920.69
10549.58 11361.28
9948459 13633.4
GFAP intensity

Saline LPS
26991.24 18582.36
33702.33 26468.51
35288.71 65669.89
35486.16 40042.92
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el
4

1
2
3
4
5
6
7
8

9
10
11
12
13
14
15
16
17
ul 18
19
20
21
22
23
24
25
26
27
28

b [

1
2
3
4
5
6
7
8

9

10
1
12

Tabularresulis

Unpaired t test
Tabular results

Table Analyzed

Column B

VS,

ColumnA

Unpaired t test

P value

P value summary

Significantly different (P < 0.05)?
One- or two-tailed P value?

t, df

How big is the difference?
Mean of columnA
Mean of column B
Difference between means (B - A) + SEM
95% confidence interval
R squared (eta squared)

F test to compare variances
F, DFn, Did
P value
P value summary
Significantly different (P < 0.05)?

Data analyzed
Sample size, column A

Tabular resulis

Unpaired t test
Tabular results
Table Analyzed
Column B
Vs
Column A

Unpaired t test
P value
P value summary
Significantly different (P < 0.05)?
One- or two-tailed P value?
t, df

How big is the difference?
Mean of column A
Mean of column B
Difference between means (B - A) + SEM
95% confidence interval
R squared (eta squared)

F test to compare variances
F, DFn, Did
P value
P value summary
Significantly different (P < 0.05)?

Data analyzed
Sample size, column A

3 days-Microglia-counts

LPS
vs.
Saline

Two-tailed
t=2.569, df=6

1475

214.4

66.91 +26.04
3.185t0 130.6
05238

1072,3,3
0.0826
ns

3 days-Astrocytes-counts

LPS
vs.
Saline

0.1733

ns

No
Two-tailed
t=1.545, df=6

260.5

2717
17201113
-10.04 to 44.43
0.2846

1395 3 3
0.7912

ns

No

3 days dendritic spine density:

Apical dendrites

Saline
16.88482
11.10499
12.10955

LPS
12.94688
12.78881

19.68

]

4
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

i
4

1
2
3
4
5
6
7
8

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Basal dendrites

Saline

8.047945
11.21398
15.41782

Tabular resulis

Unpaired t test
Tabular results

Table Analyzed

Column B
VS,
Column A

Unpaired t test
P value
P value summary
Significantly different (P < 0.05)?
One- or two-tailed P value?
1, df

How big is the difference?
Mean of column A
IMean of column B
Difference between means (B - A) + SEM
95% confidence interval
R squared (eta squared)

F test to compare variances
F, DFn, Dfd
P value
P value summary
Significantly different (P < 0.05)?

Data analyzed
Sample size, column A

Tabularresulis

Unpaired t test
Tahbular results

Table Analyzed

Column B
vs.
Column A

Unpaired t test
P value
P value summary
Significantly different (P < 0.05)?
One- or two-tailed P value?
t, df

How big is the difference?
Mean of column A
Mean of column B
Difference between means (B - A) + SEM
95% confidence interval
R squared (eta squared)

F test to compare variances
F, DFn, Dfd
P value
P value summary
Significantly different (P < 0.05)?

Data analyzed
Sample size, column A

LPS
19.80594
16.3375
14.94444

3 days-Microglia-intensity

LPS
VS,
Saline

Two-tailed
t=3.242, df=6

9988

12070

2082 £642.2
510.7 to 3653
0.6366

2332,3,3
0.5049

ns

Mo

3 days-Astrocytes-intensity

LPS
vs.
Saline

0.6626

ns

No

Two-tailed
t=0.4587, df=6

32867

37691

4824 + 10617
-20911 to 30559
0.03387
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14.63184
10.58022
8.563229
9.695291
13.04959
13.39829
8.78697
11.96449
12.62789
15.88967
11.43947
10.51193
11.24379
13.7225
18.50236
13.72213
11.22295
14.1759
16.47435
12.65277
11.76471
16.79919
15.75543
11.314
15.8881
17.09402
11.66748
12.7957
13.51075
12.97114
12.37196
15.55716
12.07082
13.93779
5.326442
14.73214
6.873306
8.784773
12.13219
12.77432
15.44349
17.47212
14.78133
11.65252
18.22135
10.2297
11.30881
9.795045

17.90965
14.98744
16.85998
15.4321
17.30808
15.51429
13.84311
14.40623
8.865871
10.15792
9.637244
13.52182
11.4207
10.61732
12.38031
12.27554
12.62992
11.93154
11.47748
12.78232
13.382
15.59089
14.25774
15.91876
15.30945
13.1161
10.4547
18.81804
16.00366
16.99614
14.15195
14.10313
12.83385

12.2905
10.08493
7.424261
9.5631928
6.959861
11.01296
7.664437
11.17568
8.680883
10.11789
13.78751
11.83093
12.44536
13.47936
14.02743
13.53503
8.062891
14.81606
17.00872
12.81431
12.04642
16.05868
13.47987
12.09098
13.77783
12.42642
12.01814
11.47186
12.77778
15.55158
12.49802
13.34512
9.692473
10.60369

6.60385
10.18213
13.64208
8.132285
11.75189
15.30376
12.69991
12.76876

13.0528
12.98152
13.66799
12.27089
9.058824
8.194405

14.78076
14.83235
15.20717
10.08455
14.55889
16.37427
9.595404
7.205453
10.31357
12.32366
13.95973
7.666099
14.13374
14.23027
14.02806
11.4573
11.39102
11.24598
12.39276
11.84551
13.60612
15.23589
12.28899
11.91264
16.15115
13.04284
10.40541
11.57626
16.51755
15.806
12.30738
10.68501
8.263243
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9.563125

14.84047
12.63248
16.09303
15.70317
15.58029
15.62187
13.03328
ﬂ Unpaired ttest
F
1 | Table Analyzed
2
3 ColumnB
4 s
5 ColumnA
6
7 | Unpaired t test
8 P value
9 P value summary
10 Significantly different (P < 0.05)?
11 One- or two-tailed P value?
12 t, df
13
14  Heow big is the difference?
15 Mean of column A
16 Mean of column B
17 Difference between means (B - A) + SEM
18 95% confidence interval
19 R squared (eta squared)
20
21  F test to compare variances
22 F, DFn, Dfd
23 P value
24 P value summary
25 Significantly different (P < 0.05)?
26
27 Data analyzed
28 Sample size, column A
29 Sample size, column B
30
7 days glial cells:

Ibal cell counts

Saline LPS
155.5 386.25
123.375 268.6
118.875 235.5
123
GFAP cell counts
Saline LPS
251.5 365
257.125 315.7
265.25 346.3
259.875

6.260729
13.43922
12.23278
11.88033
12.06581
9.708738

16.3876

10.1468

|:| Unpaired ttest
3 days-Apical dendrites 4
=r 1 | Table Analyzed
LPS 2
3  ColumnB
VS,
4 vs
Saline
5  ColumnA
6
01345 7 Unpaired ttest
8 P value
ns
No 9 P value summary
Two-tailed 10 Significantly different (P < 2.05)?
121510, df=63 11 One- or two-tailed P value?
12 t, df
13
13.03 14 How big is the difference?
13.90 15 Mean of column A
08656 + 0 5733 16 Mean of column B
09728 t0 2.004 17 D\fjerence between means (B - A) £ SEM
0.02393 18 95% confidence interval
19 R squared (eta squared)
H 20
1.176, 58, 35 21 Ftestto compare variances
06150 22 F, DFn, Dfd
ns 23 P value
Mo 24 P value summary
25 Significantly different (P < 0.05)?
26
59 27 Data analyzed
16 28 Sample size, column A
29 Sample size, column B
Ibal intensity
Saline LPS
16605.78 21261.47
11730.08 31343.54
12887.76  18700.1
13591.52
GFAP intensity
Saline LPS
26831.5 38135.75
18058.07 20703.58
20130.72 32083.33
18792.07

3 days-Basal dendrites

LPS
vs.
Saline

0.0283

Yes
Two-tailed
t=2.228, df=93

11.72

12.96
1.235+0.5543
0.1341 to 2.336
0.05066

1.174, 35, 58
0.5781

ns

No

59
36
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Tabularresulis

\:‘ Unpaired ttest
Tabularresults
4

Table Analyzed

1

2

3 ColumnB
4 vs.

5  ColumnA
6

7 Unpaired t test

8 P value

9 P value summary

10 Significantly different (P < 0.05)?
11 COne- or two-tailed P value?

12 t, df

13

14 How big is the difference?

15 Mean of column A

16 Mean of column B

17 Difference between means (B - A) + SEM

n 18 95% confidence interval
19 R squared (eta squared)
20
21 F test to compare variances
22 F,DFn, Dfd
23 P value
24 P value summary
25 Significantly different (P < 0.05)?
26
27 Data analyzed
28 Sample size, column A

Tabularresulis

Unpaired t test
Tabular results

Table Analyzed

Column B
Vs,
ColumnA

Unpaired t test
P value
P value summary
Significantly different (P < 0.05)?
One- or two-tailed P value?
12 t, df

Aomm-dmmb-wM—ALD

14  How big is the difference?
15 Mean of column A
16 Mean of column B

17 Difference between means (B - A) + SEM

18 95% confidence interval
19 R squared (eta squared)

21 Ftestto compare variances

22 F, DFn, Dfd

23 P value

24 P value summary

25 Significantly different (P < 0.05)?

27 Data analyzed
28 Sample size, column A

7 days spine density:

Apical dendrites
Saline LPS
13.00236 14.40253
14.52037 8.445946
12.04013 13.52637

Tabularresulis

|:‘ Unpaired ttest
Tabularresults
4
7 days-Microglia-counts 1 | Table Analyzed
2
LPS 3 Column B
Vs, 4 vs.
Saline 5 ColumnA
6
7  Unpaired ttest
0.0084 8 P value
L 9 P value summary
Yes 10 Significantly different (P < 0.05)?
Two-tailed 11 One- or two-tailed P value?
t=4.210, df=5 12 tdf
13
14 How big is the difference?
1302 15 Mean of column A
206.8 16 Mean of column B
166.6 + 39.57 17 Difference between means (B - A) + SEM
64.88 10 268.3 18 95% confidence interval
0.7800 19 R squared (eta squared)
20
21 F test to compare variances
9173.2.3 22 F,DFn, Dfd
0.0328 23 P value
* 24 P value summary
Yes 25 Significantly different (P = 0.05)?
26
27 Data analyzed
4 28 Sample size, column A

7 days-Astrocytes-counts

=
A
1 | Table Analyzed
2

3

4

5

6

7

8

9

Tabularresulis

Unpaired t test
Tahular results

LPS Column B
vs. Vs,
Saline Column A
Unpaired t test
0.0011 P value
- P value summary
Yes 10 Significantly different (P < 0.05)?
Two-tailed 11 One- or two-tailed P value?
t=6 717, df=5 12| tdf
13
14 How big is the difference?
258.4 15 Mean of column A
3423 16 WMean of column B
83.90 + 12.49 17 Difference between means (B - A) + SEM
51.79t0 116.0 18 95% confidence interval
0.9002 19 R squared (eta squared)
20
21  F test to compare variances
1890, 2,3 22 F, DFn, Dfd
0.0399 23 P value
= 24 P value summary
Yes 25 Significantly different (P < 0.05)?
26
27  Data analyzed
4 28 Sample size, column A

Basal dendrites
Saline LPS
14.3494 10.48011

12.36197  9.19908

13.89103 12.26405

7 days-Microglia-intensity

LPS
Vs,
Saline

0.0333

Yes
Two-tailed
t=2.913, df=5

13704
23768
10085 + 3456
1182 to 18947
0.6292

10.31,2,3
0.0905

ns

Mo

7 days-Astrocytes-intensity

LPS
vs.
Saline

0.1139

ns

No
Two-tailed
1=1.913, di=5

20953

30308

9354 £ 4890
-321610 21924
0.4226

4867,2,3
0.2287
ns
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11.28801

5.29435
12.86633
16.57892
12.59227
12.76813
13.66999
11.58966

13.1548
14.49753
9.151481
13.33864
14.46305
13.03049
13.17973
17.37772
11.52687
10.09096
11.21002

12.9644
12.65512
13.29056
19.28883
13.81827
14.00707
12.03758
15.16684
15.78245
13.38306
11.96172
14.31745
12.36343
15.06339
12.87341
14.13541
12.44407
13.29629

13.0039

11.2582
8.841259
13.53725
10.70464
11.54401
11.75999
9.852217

9.759073
13.20215
10.25172
13.52539
12.45512
15.64496
9.415882
11.98312
11.17925
12.78042
14.18359
12.99293
8.942944
15.97374
15.09637
12.66262
12.87193
8.705975
10.04108
12.15412
9.363606
8.673321
8.279376
8.848037
9.370315
9.822647
7.616279

8.80345
9.863878
10.02147
8.469125
6.932788
9.818412
8.805297
12.68843
12.16844
11.92619
10.99628
9.225092
14.40434
10.52632
11.26874
10.49501
11.44781
9.662751

10.16176
8.728092
9.440813
12.68743
10.15351
9.864527
12.81738
12.43846

12.4067
14.66037
8.778173
12.62323
18.27635
17.37181
6.715229
10.48314
13.47056
11.67846
9.320175
11.24744
11.16784
13.10375
18.44293
13.80858
12.32864

12.0398
14.60896
13.62338
12.65626
13.71186
13.37409
16.36249
11.45194
12.76117
9.885764
11.99587
10.50539
13.64024
11.33855
7.175014
13.08411
9.385314
9.395973
9.106639

10.5687

9.894459
12.38635
10.75616
11.98992
16.49537
9.451953
12.33368
8.165686
9.120521
9.004114
12.1915
10.53336
13.16431
9.700548
12.25678
11.25492
7.113985
9.880096
13.65876
12.77845
9.837678
8.005822
9.100364
9.676488
12.7508
9.156627
9.520426
11.83691
8.9468
9.870276
12.35251
8.884917
9.759358
11.93747
11.33144
11.21465
12.21374
12.66406
11.05821
11.75088
10.46711
11.4229
12.39472
11.42041
12.79613
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0~ oW R

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

Unpaired ttest

Table Analyzed

Column B
Vs,
Column A

Unpaired t test
P value
P value summary
Significantly different (P < 0.05)?
One- or two-tailed P value?
t, df

How big is the difference?
Mean of column A
Mean of column B
Difference between means (B - A) + SEM
95% confidence interval
R squared (eta squared)

F test to compare variances
F, DFn, Dfd
P value
P value summary
Significantly different (P < 0.05)?

Data analyzed
Sample size, column A
Sample size, column B

7 days-Apical dendrites

LPS
Vs,
Saline

Two-tailed
t=3.958, df=94

12.85

11.04

-1.810 £ 0.4573
-2.718 to -0.9022
0.1429

1.001, 47, 47
0.9984

ns

Mo

48
48

1|3 |5 |R|a|n|2a|e|e|~|o ol oin S l:l

29

Unpaired ttest

Table Analyzed

Column B
Vs,
Column A

Unpaired t test
P value
P value summary
Significantly different (P = 0.05)?
One- or two-tailed P value?
t, df

How big is the difference?
Mean of columnA
Mean of column B
Difference between means (B - A) + SEM
95% confidence interval
R squared (eta squared)

F test to compare variances
F, DFn, Dfd
P value
P value summary
Significantly different (P < 0.05)?

Data analyzed
Sample size, column A
Sample size, column B

7 days-Basal dendrites

LPS
Vs,
Saline

Two-tailed
t=2.565, df=94

12.07

10.93

-1.146 + 0.4468
-2.033 10 -0.2588
0.06540

2101, 47,47
0.0123

%

Yes

48
48

Appendix E: Experiment 5: Hippocampal neuroinflammation accelerated

devaluation performance in female mice:

Lever press - Acquisition

Fow Labi - | Average of Average LF Average of Average LP Average of Average LP Average of Average LP Average of Average LP Average of Average LP Average of Average LP Average of Average LP rate

=LPS 0.580555556 0.933045457
BE1 0.475 1025
683 0E5 0825
B34 0925 11
638 0525 035
703 1078 1322409116
720 0. 0375
729 025 085
730 03 0.875
™ 0875 1275

= Sal 0.34375 0.45
£S5 0. 03
BE0 0275 0275
[ 0178 0125
E36 08 108
7o 0.45 0575
72z 0325 0375
723 0z 0.3%
] 0575 055

Grand Tota 0.469117647 0.705729948

3.944444444
25

365

4.825

4975

3725

359

3825

4125

4.325
1.740625
1025

03

0.225

4.025

335

1475

01

3425
2.907352941

6.777777778
55

B.45

81

TE75

6.225

6.3

6925

5775

8
26125
1778
08
0.75
3.075
495
2025
0875
BES
4.817647059

5.914295758 10.45277778
5625 965

5.075 55
E.304075744 10575
6925 1375
7475837321 0,75
465 43
5526124197 1675
555 7.925
6047621564 12275
2295877301 58375
21 43
1202741514 7.35
1833281633 E3
2.45 41

3525 B5

305 a3

1 2475

32 5175
4.211510884 8.280882353

10.24059859
8675

0575
07681173
1425

10.65

4275
10.27604167
459
1097122834
6.73125
E.E5

6.975

25

5.45

6.875

825

5.25

53
8.58914043

11.28001486
12 08453757
6893305439

124145469
1446203013
4.44076858
9.95
10.43421112
038
10.43073394
7.865625
8.475

9.05

3.25

6.425

735

8.875

BES

B85
9.673243162
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ANOVA Tresults x

Zwap ANDVA
ANOVA results

4

1 | Table Analyzed

2

3 Two-way RM ANOVA

4 Assume sphericity?

5 Alpha

6

7  Source of Variation

8 Training days x Treatment

9 Training days

10 Treatment

11 Subject

12

13 ANOVA table

14 Training days x Treatment
15 Training days

16 Treatment

17 Subject

18 Residual

19

20  Difference between column means
21 Mean of Saline

22 Mean of LP3

23 Difference between means
24 SE of difference

25 95% Cl of difference

26

27  Data summary

28 Number of columns (Treatment)
29 Number of rows (Training days)
30 Number of subjects (Subject)
M Number of migsing values

ANOVA results  x

Multiple comparisons

Lever press rates Day1-4

WMatching: Stacked
No
0.05

% of total variation
1123
5398
14.21
9.436

S§

4207
2021
53.21
3533
2999

1.287

3.059

-1772

03729

-2.567 to -0 9775

Multiple comparisons x

P value

<0
=0

0001
0001

0.0003
0.0005

DF

D 2wap ANOVA
HMultiple comparisons
d
| | Compare each cell mean with the other ce
3
| Number of families 1
I | Number of comparisons per family 4
i | Alpha 0.05
§
" Bonferroni's multiple comparisons test ~ Mean Diff = 95.00% Cl of diff.
i
) Saline - LP3
0 Row 1 -0.2268 -0.6007 to 0.1271
1 Row 2 -0.4830 -0.8847 10 -0.08141
2 Row 3 -2.204 -4.11410 -0.2938
3 Row 4 -4.165 -6.720t0-1.611
4
5
6  Testdetails Mean 1 Mean 2
7
6 Saline-LPS
9 Row 1 0.3438 0.5806
0 Row 2 0.4500 09330
1 Row 3 1741 3.944
2 Row 4 2613 6.778

Magazine entries rate

Below threshold?

Yes
Yes
Yes

Mean Diff.

-0.2368
-0.4830
-2.204
-4.165

P value summary

MS
14.02
67.38
53.21
2.356
06665

Significant?
Yes
Yes
Yes
Yes

F (DFn, DFd)
F(3,45)=2104

F (1353,20.29)= 1011
F(1,15)= 2259
F(15,45)=3534

Summary Adjusted P Value

ns 0.3262
* 0.0155
* 0.0230
= 0.0025
SE of diff. | N1
0.1252 8
0.1415 8
0.6228 8
0.8304 8

N2

© W o ©

Geisser-Greenhouse's epsilon

04509

Pvalue

P<0.0001
P=0.0001
P=0.0003
P=0.0005

1.892
3414
3539
5016

DF

12.68
14.94
9574
9.445

347



Row Labels v |Average of Magrate  Average of Mag rate2

=LPS 10.65333333
661 7.4
683 9.48
684 6.7
635 10.76
637 12.14
638 10.16
709 10.36
719 10.78
720 12.18
729 13.24
730 15.22
731 8.92
=5al 10.274
655 9.74
656 5.58
660 6.12
632 10.44
636 10.76
710 7.22
722 10.44
723 14.18
724 13.38
728 14.88
Grand Total 10.48090909
ANOVA resulis
2way ANOVA
ANOVA results

U
4

8

[

10
11
12
13
14
15
16
17
18
19

20

Source of Variation

Training days x Treatment
Training days

Treatment

Subject

ANOVA table

Difference between column means

Training days x Treatment
Training days

Treatment

Subject

Residual

Mean of Saline

Mean of LPS

Difference between means
SE of difference

95% Cl of difference

Data summary

MNumber of columns (Treatment)
MNumber of rows (Training days)
Number of subjects (Subject)
MNumber of missing values

Average of Mag rate3
6.305 8.64
3.62 7.8
7.16 7.52
6.12 10.28
79 8.34
51 8.74
7.58 9.98
5.56 8.4
5.18 9.08
11.04 6.82
3.54 8.76
5.72 7.68
6.74 10.48
7.05 8.57
5.76 10.4
3.54 7.78
7.56 10.83
724 6.24
8.56 11.5
6.64 6.88
4.02 6.5
8.88 11.3
7.86 8.52
10.44 5.78
6.643636364 8.608181318

Multiple comparisons

* of total variation
0.8976

3342

01732

1358

L1
3779
140.7
0.7294
57.10
217.2

8373

8165

0.2075

0.4740
-0.802010 1.218

4-day Devaluation test

Average of

Row Labels Mag
64.94444444

LPS

661
683
684
688
709
720
729

Lev

515
41
42
68
79
45
60

46.

Average of Magrated  Average of Magrate5  Average of Mag rate6
7.503333333 7.053333333 7.083333333
9.28 6.93 6.14
5.7 5.7 6.58
7.22 7.16 7.88
9.18 8.1 73
84 8.96 8.12
6.46 7.96 7.52
7.18 5.42 6.42
7.68 7.48 7.92
5.48 6.16 6.12
8.56 5.68 5.88
6.22 7.3 5.48
8.68 7.74 9.64
6.7 5.354 6.904
71 3.96 5.9
4.94 6 5.5
6.34 4.22 7.58
834 4.5 10.66
8.8 9.7 10.5
7.56 4.58 4.22
6.02 8.66 8.2
54 4.16 7.34
6.42 4.68 2.82
6.08 2.68 4.32
7.138181818 6.280909091 7.001818182
P value P value summary Significant?
0.8531 ns No
0.0003 E Yes
0.6678 ns No
0.6827 ns No
DF MSs F {DFn, DFd)
3 1.260 F(3,45)=0.2610
3 46.90 F(2.299, 34.48)=9.719
1 0.7294 F(1,15)=01916
15 3.807 F (15, 45)=0.7888
45 4.826

Average of Dev

94444444
22

215

74.5

54

40.5

29

81.5

Average of Val

Lever

75.11111111

555
55.5
104
68.5
78.5
91
99

Average of Magrate7  Average of Mag rate8
6.45 5.886666667
5.84 7.5
5.06 4.98
6.76 7.2

10.56 6.56
6.68 6.26
5.88 5.56
7.64 7.3
6.64 4.72
5.58 4.72
4.72 5.66
542 5.3
6.62 4.88

5.888 6.146
3.88 4.7
6.44 5.88
5.62 712
6.28 6.26
8.22 7.68

3.4 3.76
5.74 5.36

10.54 13.46

4.66 3.8
4.1 3.44
6.. 6.1

Geisser-Greenhouse's epsilon

0.7663

P value

P=0.8531
P=0.0003
P=0.6678
P=0.6827
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730
731

Sal

Grand Total

1
2
5
4
5

655
660
682
686
710
722
723
728

ANOVA resulis

2way ANOVA
ANOVA results
Table Analyzed
Two-way ANOVA
Alpha

Source of Variation
Interaction
Treatment
Outcome values

ANOVA table
Interaction
Treatment
Outcome values
Residual

Difference between column means
Predicted (LS) mean of Devalued
Predicted (LS) mean of Valued
Difference between predicted means
SE of difference
95% Cl of difference

Difference between row means
Predicted (LS) mean of Saline
Predicted (LS) mean of LPS
Difference between predicted means
SE of difference
95% Cl of difference

Magazine entries:

88
110
68.5
28
60.5
55
107
42
111
120.5
24

66.61764706

Multiple comparisons

Day 4 devaluation

Ordinary
0.05

% of total variation
8.263
26.80
8715

§S (Type )
1636
5306
1725
10918

4138
55.65
-14.27
6.555
-27.66 t0-0.8843

36.00

61.03

-25.03

6.555
-38.41t0-11.64

35

64.5
35.8125
37

42.5
37.5

24

74

29

7

35.5
41.70588235

P value P value summary
0.0424 *

0.0008 i

0.0375 *

DF MSs

1 1636

1 5308

1 1725

30 3639

61

63
36.1875
20

37

25.5
515

53

37

16

49.5
56.79411765

Significant?

F (DFn, DFd) P value

F(1,30)=4.494 P=0.0424
F(1,30)=1458 P=0.0006
F(1,30)=4740 P=0.0375

349



16
17
18
19
20
21
22
23
24
25
26
27
28
29

Tabularresulis

Unpaired t test
Tabular results

Table Analyzed

Column B
V5.
Column A

Unpaired t test
Pvalue
Pvalue summary
Significantly different (P < 0.05)?
One- or two-tailed P value?
t, df

How big is the difference?
Mean of column A
Mean of column B
Difference between means (B - A) + SEM
95% confidence interval
R squared (eta squared)

-

test to compare variances
F,DFn, Did

P value

P value summary

Significantly different (P < 0.05)?

Data analyzed
Sample size, column A
Sample size, column B

Wagazine comparison Day4

Male Sal
Vs
Female Sal

0.0699

ns

Mo

Two-tailed
1=1.934, d=17

6.375

3773

-2.602 £ 1.346
-5.4411to 0 2366
01803

2.675,7,10
0.1542

ns

Mo

Day 5-8 Lever-press training:

-
7
8
9
10
1
12
13
14
15
16
17
18
19
20
21
22
23

wlw W
N2 8

ANOVA esults x

i 2way ANDVA
ANOYA resuits

P

5

Source of Variation
Training days x Treatment
Training days
Treatment
Subject

ANOVA table
Training days x Treatment
Training days
Treatment
Subject
Residual

Difference between column means
Mean of Saline
Mean of LPS
Difference between means
SE of difference
95% Cl of difference

Data summary
MNumber of columns (Treatment)
Mumber of rows (Training days)
MNumber of subjects (Subject)
Mumber of missing values

Multiple comparisons  x

% of total variation P value P value summary
0.5997 0.3469 ns
4431 <0.0001
37.02 <0.0001
9.939 0.0003
ss DF Ms
3940 3 1313
2912 3 97.05
2433 1 2433
65.30 15 4353
52.29 45 1162
5.683

9.472

-3.789

0.5069

-4.870t0-2.709

Day 5-8 magazine entries:

Significant?

F {DFn, DFd)
F(3,45)=1.130

F (2.045, 30.68) = 83.52
F(1,15)=55.88
F(15,45)=3.746

Geisser-Greenhouse's epsilon

0.6817

P value

P=03469
P<0.0001
P=0.0001
P=0.0003
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ANOVA resulis x

ﬂ 2way ANDVA
ANOVA results

4

7 | Source of Variation

Multiple comparisons

3
10
11
12
13
14
15
16
17
18
19
20
2
2
23
24
25
26
27
28
29

k3

% of total variation P value
Training days x Treatment 3765 0.2288
Training days 5512 0.1421
Treatment 0.02226 0.9379
Subject 5317 =0.0001
ANOVA table §S DF
Training days x Treatment 9728 3
Training days 1424 3
Treatment 0.05751 1
Subject 137.4 15
Residual 97.58 45
Difference between column means
Mean of Saline 6.286
Mean of LPS 6344
Difference between means -0.05826
SE of difference 07352
95% Cl of difference -1.62510 1.509
Data summary
Number of columns (Treatment) 2
Number of rows (Training days) 4
Number of subjects (Subject) 17
Number of missing values o

Day-8 devaluation test:

Row Labels
LPS

661
683
684
688
709
720
729
730
731

Sal

655
660
682
686
710
722
723
728

Grand Total

Average of Mag Entries
4.266666667
5

3.65

4

3.15

5

3.7

5.7

6.05

2.15

6.00625

3.9

1.5

6.75

10.65

3.1

5

14.55

2.6
5.085294118

P value summary Significant?
ns No
ns No
ns Mo

Yes
Ms F (DFn, DFd)
3243 F(3,45) = 1.495
4747 F (1592 2388)=2189
0.05751 F(1,15)=0.006280
9.158 F(15,45)=4.223
2168

Geisser-Greenhouse's epsilon

0.5306

P value

P=0.2285
P=0.1421
P=0.9379
P=0.0001

Average of Deval Lever
6.933333333

6.45
8.45
2.95
5.7
5.95
8.8
8.45
4.7

10.95
5.7625

8.8
3.15
5.4
4.75
7.9
3.9
5.65
6.55

6.382352941

Average of Val Lever

12.93333333
13.9

7

5.7

16.2

13.4

19.4

13.35

15.2

12.25
9.85625

13

4.2

7.85

9.15

12.45

13.45

7.7

11.05
11.48529412
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b

1
2
3
4
5
6
T
8

9
10
1
12
13
14
15
16
17
18
19
20
21
22
23

Y9
=

0w e W N "

10

12
13
14
15
16
17
18
1

ANOVATresulls x

2way ANOVA
ANOVA results

Table Analyzed

.

-way ANOVA
Alpha

Source of Variation
Interaction
Treatment
Devaluation factor

ANOVA table
Interaction
Treatment
Devaluation factor
Residual

Difference between column means
Predicted (LS) mean of Devalued
Predicted (LS) mean of Valued
Difference between predicted means
SE of difference
95% Cl of difference

Difference between row means
Predicted (LS) mean of Saline
Predicted (LS) mean of LPS
Difference between predicted means
SE of difference
95% Cl of difference

ANOVA results

Multiple comparisons ~ x

Day_8_devaluation_placements

Ordinary

0.05

% of total variation P value P value summary Significant?
1374 03816 ns No

6.824 00571 ns No

3853 =0.0001 e Yes

§§ (Type Il DF Ms F (DFn, DFd)
7.695 1 7.695 F(1,30)=0.7886
3821 1 3821 F(1,30)=3.916
2158 1 215.8 F(1,300=22.1
2927 30 9758

6.348

1138

-5.047

1.073
-7.23910-2.855

7.809
9933
-2124
1.073
-4.31610 0.08801

Multiple compansons

4
2

0.05

95.00% CI of diff.

Predicted (LS) mean diff. Below threshold?

4094
5,000

-7.77910-0.4084 Yes
-9.47510-2.525 Yes

Predicted (LS) mean 1

5763 9.856 -4094

2way ANDVA
Multiple: comparisons

Compare each cell mean with the other cell mean in that rov
MNumber of families
Number of comparisons per family
Alpha
Bonferroni's multiple comparisons test
Devalued - Valued

Saline

LPS
Test details

Devalued - Valued

Saline

LPS

6933 12.93 -6.000

Day 8 magazine entries:

Predicted (LS) mean Z | Predicted (LS) mean diff.

P value

P=0.2818
P=0.0571
P=<0.0001

Summary

SE of diff.

1.562
1473

Adjusted P Valu

0.0273

0.0006

N1 N2 t

8 8 2621
9 9 4075

DF

30.00
30.00
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Tabularresulis

Time spent in centre zone

\:‘ Unpaired t test
Tahular results

4

1  Table Analyzed Test day8 magazine entries
2

3 GolumnB LPS

4 vs. VS,

5 | ColumnA Sham

6

7  Unpaired t test

8 P value 0.2810

9 P value summary ns

10 Significantly different (P < 0.05)? No

11 One- or two-tailed P value? Two-tailed

12 t, df t=1.118, df=15
13

14  How big is the difference?

15 Mean of column A 6.006

16 Mean of column B 4.267

17 Difference between means (B - A) + SEM -1.740 £ 1.556
18 95% confidence interval -5.055t0 1.576
19 R squared (eta squared) 0.07696
20
21 | F test to compare variances
22 F, DFn,Dfd 12567,7,8
23 P value 0.0019
24 P value summary =
26 Significantly different (P < 0.05)? Yes
26
27 Data analyzed
28 Sample size, column A 8

Open Field test:
Total distance travelled
Saline LPS Saline
3152.129 4126.763 226

2952.68

2900.032

258.05

3158.486 3428.908 285.15

2859.452 3152.919 235.55

2545.797 3711.468 247.7

1722.172 3682.794 369.75

1723.558 2567.541 2419

2139.884 2026.721 233.9
2805.027

LPS

342
312.4
297.45
230.05
330.75
240.15
467.55
178.45
432.25

Saline
374
341.95
314.85
364.45
352.3
230.25
358.1
366.1

Time spentin
corner zone

LPS

258
287.6
302.55
369.95
269.25
359.85
132.45
421.55
167.75
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ﬂ Unpaired t test
4

1 | Table Analyzed
2

3 | ColumnB
4 | vs.

5

ColumnA

7 Unpaired t test

8 Pvalue
9 P value summary
10 Significantly different (P = 0.05)?

11 One- or two-tailed P value?
12 1, df

14 How big is the difference?
15 Mean of column A
16 Mean of column B

17 Difference between means (B - A) + SEM

18 95% confidence interval
19 R squared (eta squared)

N
-

test to compare variances

22 F, DFn, Dfd

23 Pvalue

24 P value summary

25 Significantly different (P = 0.05)?

27  Data analyzed
28 Sample size, column A
29 Sample size, column B

Time spentin corner zone

LPS
VE.
Saline

0.1740

ns

Mo

Two-tailed
t=1.427, di=15

2623

3146
52.31£36.65
-25 80101304
0.1196

3.925,8,7
0.0880

ns

No

Microglia cell counts and intensity:

Microglia cell counts

Saline
73.77778
65.5
69.625
63.875
64.375
67.75
65.125

LPS
119.375
117
106
113.375
115.8571
132.375
111.5714
104.8571

ﬂ Unpaired t test
4

1 | Table Analyzed
2

3 | ColumnB

4 |vs

5 | ColumnA

7 | Unpaired t test

8 Pvalue

] P value summary

10 Significantly different (P < 0.05)%
1 One- or two-tailed P value?

12 1, df

14 | How big is the difference?

15 Mean of column A

16 Mean of column B

17 Difference between means (B - A) + SEM
18 95% confidence interval

19 R squared (eta squared)
20
21 | F test to compare variances

22 F, DFn, Dfd

23 Pvalue

24 P value summary

25 Significantly different (P < 0.05)7

27 | Data analyzed
28 Sample size, column A
29 Sample size, column B

Microglia intensity

Saline

10213.49

11332
11811.94
11057.45
8075.152
9686.155
8706.926

LPS
13382.62
15981.02
15277.92
14398.17
14175.39
13754.56
10943.86
9516.894

Time spentin centre zone

LPS
Vs

Saline

0.1740

ns

Mo

Two-tailed
1=1.427, di=15

3378
2854
-52.31+ 3665
-130.410 25.80
0.1198

392587
0.0880
ns

Mo
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1
2
3
4
5

8 P value

9 P value summary

10 Significantly different (P < 0.05)7
11 One- or two-tailed P value?

12 t, df

13

14  How big is the difference?

15 Mean of column A

16 Mean of column B

17 Difference between means (B - A) = SEM
18 95% confidence interval

19 R squared (eta squared)

20

21  Ftestto compare variances

22 F, DFn, Dfd

23 P value

24 P value summary

25 Significantly different (P =< 0.05)7
26

27 | Data analyzed

28 Sample size, column A

29 Sample size, column B

Unpaired t test

Table Analyzed
Column B
V5.

Column A

Unpaired t test

Ibat-counts

LPS
V5.
Saline

=0.0001
o

Yes
Two-tailed
t=13.63, df=13

67.15

151

4790+ 3515
40.31t0 55.50
0.9345

5.936,7,6
0.0453

Yes

1
2
3
4
5

16

19

Unpaired t test

Table Analyzed

Column B
=3
ColumnA

Unpaired t test
P value
F value summary
Significantly different (P = 0.05)7
One- or two-tailed P value?
t, df

How big is the difference?
Mean of column A
Mean of column B

Difference between means (B - A) = SEM

95% confidence interval
R squared (eta squared)

-

test to compare variances

F, DFn, Dfd

Pvalue

Pvalue summary

Significantly different (P = 0.05)%

Data analyzed
Sample size, column A
Sample size, column B

Day-4 microglia and devaluation correlation:

Devaluation

IBA1 counts ratio
106 0.074024396
115.8571429 0.164461355
64.375 -0.002272861
65.125 0.09771614
111.5714286 0.131098269
104.8571429  -0.014340477
73.77777778  -0.085492037
65.5 -0.013948766
119.375 0.22371547
132.375 0.131726138
67.75 -0.012632146
69.625 -0.074016221
117 0.257969003
113.375 0.187636617
63.875 0.126854137

IBA1 Devaluation
intensity ratio

15277.92 0.074024396
14175.39 0.164461355
8075.152  -0.002272861
8706.926 0.09771614
13754.56 0.131098269
9516.894  -0.014340477
10213.49  -0.085492037

11332  -0.013948766
13382.62 0.22371547
10943.86 0.131726138
9686.155 -0.012632146
11811.94  -0.074016221
15981.02 0.257969003
14398.17 0.187636617
11057.45 0.126854137

Ibal-intensity

LPS
Vs,
Saline

0.0043

Yes
Two-tailed
t=3.445, df=13

10126
13429
3303+ 9586
123210 5374
0.4773

244378
0.2966
ns

Mo
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Tabularresults XY data %
Tabularresults x XY data %
A A

: Correlation IBA1 intensity ] Correlation IBAWV:ounls

- b=ty i Tebular resuls Devaluation ratio
Devaluation ratio

A 4

1 |Pearsonr 1 Pearsonr
2 r 0.6488 2 0.6770
3 95% confidence interval 0.2045 to 0.8714 3 95% confidence interval 0.2521 to 0.8830
4 Rsquared 0.4210 4 Rsquared 0.4583
5 5
6 P value 6 Pvalue
7 P (two-tailed) 0.0089 7 P (two-tailed) 0.0056
8 P value summary > 8 P value summary >
9 Significant? (alpha = 0.05) Yes 9 Significant? (alpha = 0.05) Yes
10 10
11 Number of XY Pairs 15 11 Number of XY Pairs 15

12

Day-4 Microglial and magazine entries correlation:

Magazine IBA1 Magazine
IBA1 counts entries intensity entries
106 68 15277.92 68
115.8571429 79 14175.39 79
64.375 42 8075.152 42
65.125 24 8706.926 24
111.5714286 60 13754.56 60
104.8571429 110 9516.894 110
73.77777778 28 10213.49 28
65.5 60.5 11332 60.5
119.375 51.5 13382.62 51.5
132.375 45 10943.86 45
67.75 120.5 9686.155 120.5
69.625 55 11811.94 55
117 41 15981.02 41
113.375 42 14398.17 42
63.875 107 11057.45 107
T _ - L. B Correlation IBA1 \:lenswty
B T:gl:::,l :::L::ts " IBA‘Ivv?u":s_ Tabular results Magazi‘:; entries
1‘ Pearson r ; P:arson ' -0.1021
2 | r -0.1085 3 95% confidence interval -0.5838 to 0.4328
3 95% confidence interval -0.5881 to 0.4275 4 Rsquared 0.01042
4 R squared 0.01178 5
; P value : PPV (a::lz-(ailed) 0.7174
7 P (two-tailed) 0.7002 3 P value summary ns
8 P value summary ns 9  Significant? (alpha = 0.05) No
9  Significant? (alpha = 0.05) No 10
::) T = 11 Number of XY Pairs 15

Day-8 Microglia and devaluation correlation:

IBA1 counts

106
115.8571429
64.375
65.125
111.5714286
104.8571429

Devaluation
ratio

0.223883477
0.177966756
0.18266778
0.12407055
0.159577627
0.182682398

Devaluation
IBA1 intensity ratio
15277.92 0.223883477
14175.39 0.177966756
8075.152 0.18266778
8706.926 0.12407055
13754.56 0.159577627
9516.894 0.182682398
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73.77777778 0.04402134 10213.49
65.5 0.071662479 11332
119.375 0.211204603 13382.62
132.375 0.156921853 10943.86
67.75 0.103608668 9686.155
69.625 0.052962999 11811.94
117 -0.035302945 15981.02
113.375 0.15141805 14398.17
63.875 0.182191092 11057.45
2 Tabor oot 'BMVE"”"'S 3 s o ﬁ'e"s“y
Devaluation ratio Devaluation ratio
; Prearson r — ; P:arson r —
Roes o ooses Romes oo
3 PPV?:\:E-tailed) 0.4018 3 PF:, ?:;Z-tailed) 0.8273
© St Gbaz005 e D Sonteams (=005 e
:? Number of XY Pairs 15 1? Number of XY Pairs 15
Day 8 - microglia and magazine entries correlation:
Magazine IBA1 Magazine
IBA1 counts entries intensity entries
106 34 15277.92 34
115.8571429 52.5 14175.39 52.5
64.375 33.5 8075.152 33.5
65.125 30 8706.926 30
111.5714286 57 13754.56 57
104.8571429 25.5 9516.894 255
73.77777778 43 10213.49 43
65.5 19.5 11332 19.5
119.375 51 13382.62 51
132.375 39 10943.86 39
67.75 151 9686.155 151
69.625 73 11811.94 73
117 39.5 15981.02 39.5
113.375 43 14398.17 43
63.875 110.5 11057.45 110.5
S gpwn e cmem v

4
Pearson r
r
95% confidence interval
R squared

P value
P (two-tailed)
P value summary
Significant? (alpha = 0.05)

© o(Nlo alsw N -

=)

Number of XY Pairs

Magazine entries

4

-0.3154
-0.7125 t0 0.2348
0.09948

0.2522
ns
No

© o(Nlo olswn -

=)

15

Pearson r
r
95% confidence interval
R squared

P value
P (two-tailed)
P value summary
Significant? (alpha = 0.05)

Number of XY Pairs

Magazine entries

-0.1204
-0.5959 to 0.4177
0.01448

0.6692
ns
No

15

0.04402134
0.071662479
0.211204603
0.156921853
0.103608668
0.052962999

-0.035302945

0.15141805

0.182191092

357



A, Day4 mag entries - Microglia
counts
150 r=-0.1085
p =0.7002
-4 L ]
@
T . .
£ 100
[}
@ L
£ °
N L) L]
© _ . .
5 80 o o o
= °®
0 I 1 1
0 50 100 150
IBA1 counts
C. Day8 mag entries - Microglia
counts
2004 r=-0.3154
p=0.2522
3
£ 150+ .
]
2 100+ *
g °
p See
g o T
L J
0 I 1 1
0 50 100 150
IBA1 counts

Astrocytes - cell counts and intensity:

Saline
112.3333
98.25
125.625
110.75
124.875
130.5
98.125

LPS Saline
119.625 17516.79
112 18681.99
138 17231.54
100.75 18970.27
126.2857 15583.54
130.5 17050.03
131.8571 15802.48
115

LPS
43704.11
74482.46
64677.89
54473.54
53345.92
33021.19
47586.31
22495.71

Magazine entries

Magazine entries

Day4 mag entries - Microglia

intensity
1509 r=-0.1021
p=07174
L ]
L ]
100 ¢
L]
L) L .
] h )
50 « .o
° L ]
0 1 I 1 1
0 5000 10000 15000 20000
IBA1 intensity
Day8 mag entries - Microglia
intensity
2004 r=-0.1204
p = 0.6692
150 - .
100 ¢
[ ]
50 3]
o ]
... L
0 I ) ) 1
0 5000 10000 15000 20000

IBA1 intensity
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|:| Unpaired t test
a

Table Analyzed

1
2
3 | ColumnB
4
5

GFAP-counts

LPs

Vs, VS,

ColumnA Saline
6
7 | Unpaired ttest
8 P value 0.2795
9 P wvalue summary ns
10 Significantly different (P = 0.05)? Mo
11 One- or two-tailed P value? Two-tailed
12 t, df t=1.128, df=13
13
14  How big is the difference?
15 Mean of column A 1144
16 Mean of column B 121.8
17 Difference between means (B - A) = SEM 7.401+5.559
18 95% confidence interval -6.768 to 21.57
19 R sguared (eta squared) 0.08921
20
21 | Ftestto compare variances
22 F, DFn, Dfd 1.184,86,7
23 P value 0.8445
24 P value summary ns
25 Significantly different (P = 0.05)? Mo
26
27  Data analyzed
28 Sample size, column A 7

g

29 Sample size, column B

Day 4 - astrocytes devaluation correlation:

GFAP counts
138
126.2857143
124.875
98.125
131.8571429
115
112.3333333
98.25
119.625
130.5
130.5
125.625
112
100.75
110.75

Devaluation
ratio

0.074024396
0.164461355
-0.002272861
0.09771614
0.131098269
-0.014340477
-0.085492037
-0.013948766
0.22371547
0.131726138
-0.012632146
-0.074016221
0.257969003
0.187636617
0.126854137

16

19

Unpaired t test

Table Analyzed

Column B
vs.
ColumnA

Unpaired t test
P value
P value summary

Significantly different (P < 0.05)?

One- ortwo-tailed P value?
t, df

How big is the difference?
Mean of column A
Mean of column B

Difference between means (B - A) + SEM

95% confidence interval
R squared (eta squared)

-

test to compare variances
F, DFn, Dfd

Fvalue

P value summary

Significantly different (P < 0.05)7

Data analyzed
Sample size, column A
Sample size, column B

GFAP intensity
64677.89
53345.92
15583.54
15802.48
47586.31
22495.71
17516.79
18681.99
43704.11
33021.19
17050.03
17231.54
74482.46
54473.54
18970.27

GFAP-intensity

LPS
Vs,
Saline

0.0002

Yes
Two-tailed
1=5.053, df=13

17262

49223

31961 £ 6325
18207 to 45625
06627

1657, 7,6
=0.0001
eee)

Yes

Devaluation
ratio

0.074024396
0.164461355
-0.002272861
0.09771614
0.131098269
-0.014340477
-0.085492037
-0.013948766
0.22371547
0.131726138
-0.012632146
-0.074016221
0.257969003
0.187636617
0.126854137
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Tabularresuls x XY data

&l Correlation
Tabular results

4
Pearson r
r
95% confidence interval
R squared

1
2
3
4
5
6 P value

7 P (two-tailed)

8 P value summary

9 Significant? (alpha = 0.05)
10
11 Number of XY Pairs

A B

GFAP counts

vs.
Devaluation ratio

-0.06555
-0.5590 to 0.4622
0.004296

0.8165
ns
No

15

Tabularresults XY data
A
Correlation GFAP intensity
& Tabular results Vs.
Devaluation ratio
4
1 Pearsonr
2 r 0.7441
3 95% confidence interval 0.3746 to 0.9096
4 R squared 0.5536
5
6 P value
7 P (two-tailed) 0.0015
8 P value summary >
9  Significant? (alpha = 0.05) Yes
10
11 Number of XY Pairs 15

Day 4 - Astrocytes - magazine entries correlation:

GFAP
counts

138
126.2857143
124.875
98.125
131.8571429
115
112.3333333
98.25
119.625
130.5

130.5
125.625

112

100.75
110.75

Tabularresults x XY data

Correlation
Tabular results

Pearson r
r
95% confidence interval
R squared

P value
P (two-tailed)
P value summary
Significant? (alpha = 0.05)

Number of XY Pairs

Magazine
entries

68
79
42
24
60
110
28
60.5
51.5
45
120.5
55
41
42
107

A E

GFAP intensity
vs.
Magazine entries

-0.1564
-0.6191 to 0.3869
0.02446

0.5778
ns
No

15

iz}

4

1
2
3
4
5
6
7
8
9

10
1

Day 8 Astrocytes - devaluation correlation:

GFAP
counts

138
126.2857143
124.875
98.125
131.8571429

Devaluation
ratio

0.223883477
0.177966756
0.18266778
0.12407055
0.159577627

GFAP Magazine
intensity entries
64677.89 68
53345.92 79
15583.54 42
15802.48 24
47586.31 60
22495.71 110
17516.79 28
18681.99 60.5
43704.11 51.5
33021.19 45
17050.03 120.5
17231.54 55
74482.46 41
54473.54 42
18970.27 107
Correlation GFAF'ACOUMS l
Tabularresuls Magazi‘:\se. entries

Pearson r

r 0.2857

95% confidence interval -0.2654 to 0.6961

R squared 0.08161

P value

P (two-tailed) 0.3020

P value summary ns

Significant? (alpha = 0.05) No

Number of XY Pairs 15

GFAP Devaluation

intensity ratio

64677.89 0.223883477
53345.92 0.177966756
15583.54 0.18266778
15802.48 0.12407055
47586.31 0.159577627
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115 0.182682398 22495.71 0.182682398
112.3333333 0.04402134 17516.79 0.04402134
98.25 0.071662479 18681.99 0.071662479
119.625 0.211204603 43704.11 0.211204603
130.5 0.156921853 33021.19 0.156921853
130.5 0.103608668 17050.03 0.103608668
125.625 0.052962999 17231.54 0.052962999
112 -0.035302945 74482.46 -0.035302945
100.75 0.15141805 54473.54 0.15141805
110.75 0.182191092 18970.27 0.182191092
ERRNCE R o, | e
;‘ Pearsonr e ; : Pearsonr e
j 9R5:<::a0rr;zdence interval -00121(;573 to 0.7275 i zS:/;uc;r;Zdence interval 6004090:;90:;05302
Z P value (55 P value
7 P (two-tailed) 0.2106 7 P (two-tailed) 0.9306
ST o

10
11 Number of XY Pairs

15

=

Number of XY Pairs

15

Day 8 Astrocytes - magazine entries correlation:

GFAP Magazine GFAP Magazine
counts entries intensity entries

138 34 64677.89 34
126.2857143 52.5 53345.92 52.5
124.875 33.5 15583.54 33.5
98.125 30 15802.48 30
131.8571429 57 47586.31 57
115 255 22495.71 255
112.3333333 43 17516.79 43
98.25 19.5 18681.99 19.5
119.625 51 43704.11 51
130.5 39 33021.19 39
130.5 151 17050.03 151
125.625 73 17231.54 73
112 39.5 74482.46 39.5
100.75 43 54473.54 43
110.75 110.5 18970.27 110.5



4
1
2
3
4
5
6
7
8
9
0
1

1
1

Tabularresuls x

Correlation
Tabular results vs.

Pearson r

XY data Tabularresults x

A E
GFAP counts Correlation
\ X Tabular results
Magazine entries

Pearson r

1
r 0.2925 2 | r
95% confidence interval -0.2585 to 0.6999 3 95% confidence interval
R squared 0.08557 4 R squared
)
P value 6 P value
P (two-tailed) 0.2901 7 P (two-tailed)
P value summary ns 8 P value summary
Significant? (alpha = 0.05) No 9 Significant? (alpha = 0.05)
10
Number of XY Pairs 15 11 Number of XY Pairs

A. Day4 mag entries - Astrocytes
counts
1504 r=0.2857
p =
E 0.3020 - .
£ 100+
@
@© L]
= 3
N [ ] L ]
o . ™ L]
= 50 . ™ ¢ ¢
= * .
0 T T T T 1
90 100 110 120 130 140
GFAP counts
C. Day8 mag entries - Astrocytes
counts
2004 r=02925
p
@ 0.2901
2 150 .
|-
2 100- ¢
5 .
S 50 e o °*
= hd L4 ]
: * L ] L]
0 T T T T 1
90 100 110 120 130 140

GFAP counts

c-Fos expression:

c-Fos counts CA1

Saline
76
72
104.25

90.16667

77.625
110.875
97.125

c-Fos intensity CA1

XY data

c-Fos counts DG

A B
GFAP intensity
vs.

Magazine entries

-0.2408
-0.6704 to 0.3096
0.05800

0.3872
ns
No

15

B. Day4 mag entries - Astrocytes
intensity
1509 r=-0.1564
p=05778
@ L
@
T L]
£ 100 .
@
@ L]
£ .
N : [ ]
o — L ]
> 50 o ° . .
= *
0 I 1 I 1
0 20000 40000 60000 80000

GFAP intensity

D. Day8 mag entries - Astrocytes
intensity
2004 r=-0.2408
p =0.3872
w
2 150 .
|5
L]
2 100+
a .
4 o
s % g « * % e *®
..
o T T T 1
0 20000 40000  G0OOOO  800OO

GFAP intensity

c-Fos intensity DG

LPS Saline LPS Saline LPS Saline LPS
92.625 13510.73 8766.192 50.875 104.75 10928.66 8589.288
119.8571 9222416  11756.7 57 96.14286 8672.692 8523.112
106 11719.76 9827.006 78.57143 77.42857 10557.48 12397.64
79 9780.342 9399.691 49 87.625 9072.278 7489.289
96 10327.78 7279.833 89.5 105.375 9163.037 7699.448
147.875 10467.57 9281.403 80.75 96.5 10206.95 9296.409
130.875 11930.51 10723.25 74.625 112.625 10169.81 11111.64
108.625 10722.2 107.75 10793.37
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Mann-Whitney test

4
1  Table Analyzed cFOS-counts CA1
2
3 ColumnB LPS
4 vs. vs.
5 ColumnA Saline
6
7 Mann Whitney test
8 P value 0.0721
9 Exact or approximate P value? Exact
10 P value summary ns
1 Significantly different (P < 0.05)? No
12 One- or two-tailed P value? Two-tailed
13 Sum of ranks in column A,B 40, 80
14 Mann-Whitney U 12
15
16 Difference between medians
17 Median of column A 90.17,
18 Median of column B 107.3, n=8
19 Difference: Actual 17.15
20 Difference: Hodges-Lehmann 19.23
i Mann-Whitney test
4
1 | Table Analyzed cFOS-counts DC
2
3 Column B LPS
4 vs. vs.
5 ColumnA Saline
6
7 Mann Whitney test
8 P value 0.0037
9 Exact or approximate P value? Exact
10 P value summary e
1 Significantly different (P < 0.05)? Yes
12 One- or two-tailed P value? Two-tailed
13 Sum of ranks in column A,B 32,88
14 Mann-Whitney U 4
15
16 Difference between medians
17 Median of column A 74.63, n=7
18 Median of column B 100.6, n=8
19 Difference: Actual 26.00
20 Difference: Hodges-Lehmann 28.80

A. cFOS cells CA1

200+
1507 .
3
o [ ]
F 1004 ¢
8 oo °
© 504

0

T T
Saline LPS

C. cFOS cells DG

150 *
1
$
2 100- LA
o % [
()
& 50 |e®
0

T T
Saline LPS

il Mann-Whitney test
4
1  Table Analyzed
2
3 Column B
4 vs.
5 Column A
6
7 Mann Whitney test
8 P value
9 Exact or approximate P value?
10 P value summary
11 Significantly different (P < 0.05)?
12 One- or two-tailed P value?
13 Sum of ranks in column A,B
14 Mann-Whitney U
15
16 Difference between medians
17 Median of column A
18 Median of column B
19 Difference: Actual
20 Difference: Hodges-Lehmann
il Mann-Whitney test
4
1 Table Analyzed
2
3 ColumnB
4 vs.
5  ColumnA
6
7 Mann Whitney test
8 P value
9 Exact or approximate P value?
10 P value summary
1 Significantly different (P < 0.05)?
12 One- or two-tailed P value?
13 Sum of ranks in column A,B
14 Mann-Whitney U
15
16 Difference between medians
17 Median of column A
18 Median of column B
19 Difference: Actual
20 Difference: Hodges-Lehmann

cFOS-intensity CA1

LPS
vs.
Saline

0.2319
Exact

ns

No
Two-tailed
67,53

17

10468, n=7
9613, n=8
-854.2
-1057

cFOS-intensity DG

LPS
vs.
Saline

0.6126

Exact

ns

No

Two-tailed
1,59

23

10170, n=7
8943, n=8
-1227
-561.5

B. cFOS intensity CA1

20000+

15000

10000

n
o

2
®
c
]
£
o 5000

T T
Saline LPS

D. cFOS intensity DG

15000
a 10000 & _¢o
g °°°
£
S
2 5000
[¢]
0

I 1
Saline LPS
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NeuN expression:

NeuN intensity CA1
Saline LPS

25174.97 21210.79
22093.46 26749.68
30738.89 28712.52
29849.09 16395.63
18339.97 15464.68
24788.56 30480.58
25585.09 20280.02

22684.57
i Mann-Whitney test

Table Analyzed

1

2

3 Column B

4 vs.

5 ColumnA

6

7 Mann Whitney test
8 P value

9 Exact or approximate P value?

10 P value summary

1 Significantly different (P < 0.05)?
12 One- or two-tailed P value?
13 Sum of ranks in column A,B

14 Mann-Whitney U

16 Difference between medians
17 Median of column A

18 Median of column
19 Difference: Actual

B

H 20 Difference: Hodges-Lehmann

NeuN-intensity CA1

LPS
vs.
Saline

0.3969
Exact

ns

No
Two-tailed
64 , 56

20

25175, n=7
21948, n=8
-3227
-2683

c-Fos/NeuN co-localisation:

c-Fos/NeuN CA1

Saline
0.027401
0.025586
0.021871

0.03305
0.041161
0.033491
0.032793

LPS
0.036562
0.038164
0.023369

0.03189
0.039124
0.049775
0.038005
0.033375

NeuN intensity DG

Saline
46541.18
38478.05
55150.66
60506.92
38962.87
45662.91
39075.87

LPS

37921.31

48907.3
57396.76
22379.86
20697.72
41883.35
43944.51
38341.71

Mann-Whitney test

Table Analyzed

Column B
vs.

Mann Whitney test

1
2
3
4
5 ColumnA
6
7
8

P value

9 Exact or approximate P value?

10 P value summary

11 Significantly different (P < 0.05)?

12 One- or two-tailed P value?
13 Sum of ranks in column A,B
14 Mann-Whitney U

16 Difference between medians
17 Median of column A
18 Median of column B

19 Difference: Actual
20 Difference: Hodges-Lehmann

c-Fos/NeuN DG

Saline
0.025518
0.027117
0.018372
0.023664
0.025942
0.026741
0.025573

LPS
0.028898
0.036765
0.036821
0.019644
0.056029
0.060645
0.040836
0.038635

NeuN intensity DG

LPS
Vs,
Saline

0.2319
Exact

ns

No
Two-tailed
67,53

17

45663, n=7
40113, n=8
-5550
-5451
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11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

Unpaired t test

Table Analyzed

Column B
VS
ColumnA

Unpaired t test
P value
P value summary
Significantly different (P < 0.05)?
One- or two-tailed P value?
t, df

How big is the difference?
Mean of column A
Mean of column B
Difference between means (B - A) + SEM
95% confidence interval
R squared (efa squared)

F test to compare variances
F, DFn, Dfd
P value
P value summary
Significantly different (P < 0.05)?

Data analyzed
Sample size, columnA
Sample size, column B

cFOS coloc CA1

LPS
VS
Saline

0.1506

ns

No

Two-tailed
{=1.528, di=13

0.03076

0.03628

0.005518 + 0.003612
-0.002286 to 0.01332
01522

1385.7.6
0.7073

ns

No

Unpaired t test

|
1 | Table Analyzed
2
3 ColumnB
4 Vs
5 ColumnA
6
7 Unpaired t test
8 P value
9 P value summary
10 Significantly different (P < 0.05)?
11 One- or two-tailed P value?
12 t, df
13
14 How big is the difference?
15 Mean of column A
16 Mean of column B
17 Difference between means (B - A) + SEM
18 95% confidence interval
19 R squared (eta squared)
20
21 Ftestto compare variances
22 F, DFn, Dfd
23 P value
24 P value summary
25 Significantly different (P < 0.05)?
26
27 Data analyzed
28 Sample size, column A
29 Sample size, column B

cFOS coloc DG

LPS
VS.
Saline

0.0120

Yes

Two-tailed
{=2.916, di=13

0.02470

0.03978

0.01508 £ 0.005171
0.003910 to 0.02625
0.3955

19.70,7,6
0.0019

-

Yes

Appendix F: Experiment 6 - Hippocampal neuroinflammation facilitated
Pavlovian approach behaviour but did not affect goal-directed control in male
mice

Day 1-4 lever press:

Row Labels| » | Average of Average LP rate  Average of Average LP rate2 Average of Average LP rate3  Average of Average LP rated  Average of Average LPrate5 Average of Average LPrate6 Average of Average LPrate7 Average of Average LP rate8
6.047342095

=LPS 0.861663869 1.306930246
784 0.325 0.225
818 0.475 0.85
820 13 191134912
822 0.175 0.45
824 1.435126582 2.134080512
828 0.3 0.4
836 1.787577117 3.212121212.
845 1.307271118 1.467487359
846 0.65 1.112334014
=sal 0.709090909 0.873502004
785 0.65 1.075
786 0.35 0.654911839
789 0.775 0.953610206
790 1 0.975
791 04 0.55
795 0.575 0.8
797 0.65 0.575
798 115 1
838 0.425 1.275
839 0.95 1.025
844 0.875 0.725
=(blank)
(blank)
Grand Total 0.777748741 1.068544713

3.1
0.7
2425
1725
0.625
51
3.275
3.775
5.075
52
3.721272727
3.35
25
3.85
55
2.975
2.3
1.925
3.85
4525
475
4.475

3.975
6.05
1.925
35
7.475
5.025
7.65
8.15

10.67608696
6.052272727

7.15
3.575
6
7.875
5.05
4.5
3.35
6.175
9.2
7.875
5.925

6.050054348

4.061372461
4425

4.475
4,495548654
4325

4.075
7.581803491
3.233675495
3375

2125

2.85

4.875

24

31

115

3.05
6.620430443
25

3.525

3.606139129

8.692515935
10.37950712

9.086393089
9411646122
9.35

8325
13.13009709
8.690391409
93

285
9.910913706
12.8833918
10.3

9.5

55

8.25

9.675

9.35

8.075

8.691347446

10.13090205
9.75

7.25

125

63

9.7
10.99391691
10.2
10.44813665
14.03607299
2.330216497
2.625

a7s

7.8
10.16845742
81

9.95

8175
2.213924051
29

6.05

10.9

9.140525401

12.17428458
14.54439502
10.12526911
12.175

9.4
13.39252412
11.26643546
13.69196482
13.42322301
11.54964971
11.37315469
7.85

5.1

8.175
10.94775132
15.12011188
12.225
10.625
17.78007881
16.64536882
7775
12.86139076

11.73366314
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ANOQVA results

Multiple comparisons

2way ANOVA
ANCVA results

Table Analyzed

Two-way RM ANOVA
Assume sphericity?
Alpha

Source of Variation
Training days x Treatment
Training days
Treatment
Subject

ANOVA table
Training days x Treatment
Training days
Treatment
Subject
Residual

Difference between column means

Mean of Saline

Mean of LPS

Difference between means
SE of difference

95% Cl of difference

Data summary

Number of columns (Treatment)

Lever press rates Day1-

Matching: Stacked
No
0.05

% of total variation
0.5880

B89.75

0.0005194

15.60

ss
2.990
3547
0.002642
79.31
65.00

2.841

2.829

0.01155

0.4717

-0.9795 to 1.003

Day 1-4- Magazine entries

P value
0.4842
<0.0001
0.9807
0.0001

P value summary

Ms
0.9988
1182
0.002642
4.406
1204

Significant?
No

Yes

No

Yes

F (DFn, DFd)
F (3, 54)= 08281

F (1.253,2256) = 98.23
F (1, 18) = 0.0005995

F (18, 54) = 3.660

Geisser-Greenhouse's epsilon

0.4178

P value

P=0.4842
P<0.0001
P=0.9807
P=0.0001

Row Labels - Average of Magrate Average of Magrate2 Average of Magrate3 Average of Magrate4 Average of Magrate5 Average of Magrate6 Average of Mag rate7 Average of Mag rate8

=ILPS 10.47111111
784 12.12
818 9.66
820 9.1
822 10.2
824 8.46
828 9.4
836 9.7
845 8.86
846 16.74

= sal 8.489090909
785 6.98
786 9.88
789 6.62
790 9.24
791 8.3
795 10.84
797 7
798 5.96
838 10.02
839 7.88
844 10.66

Grand Total 9.381

|

ANOVA results x

2way ANOVA
ANOWVA results

Table Analyzed

Two-way RM ANOVA
Assume sphericity?
Alpha

Source of Variation
Training days x Treatment
Training days
Treatment
Subject

ANOVA table
Training days x Treatment
Training days
Treatment
Subject
Residual

Difference between column means

Mean of Saline

Mean of LPS

Difference between means
SE of difference

95% Cl of difference

Data summary

7.086666667
12.08

7.12

7.24

4.72

6.86
5.681818182
4.94
6.96
5.04
3.4
7.58
4.48
7
4.88
5.92
4.84
7.46
6.314

Multiple comparisons

Number of columns (Treatment)

Magazine entries Day1-4

Matching: Stacked
No
005

% of total variation
01298

16.66

8358

3515

SS
08813
131
56.74
2386
270.2

7.565

9.258

-1.693

08182

-3.412 to 0.02626

Day-4 devaluation test:

Geisser-Greenhouse's epsilon

9.72 9.753333333 7.12
9.32 6.76 5.04
6.36 9.58 7.66
16.34 15.42 9.1
6.06 4.94 5.58
7.66 9.52 6.96
7.94 7.06 6.42
14.88 12.36 7.02
10.38 9.1 8.38
8.54 13.04 7.92
8.1 7 A,
8.04 7.6 6.42
5.22 6.3 3.92
9.62 10.64 5.14
6.56 7.58 5.14
5.64 7.22 4.7
9.74 8.24 3.02
7.36 4.9 5.16
8.6 5.56 5.48
7.94 8.4 4.64
5.04 5.54 4.34
15.38 15.86 6.06
8.831 8.781 5.935
P value P value summary Significant?
09811 ns No
00021 > Yes 06424
00532 ns No
00030 > Yes
DF Ms F (DFn, DFd) P value
3 02938 F (3, 54) = 0.05872 P=09811
3 37.70 F (1927, 34689)=7535 P=0.0021
1 56.74 F(1,18)=4.280 P=0.0532
18 13.26 F (18, 54) = 2.650 P=0.0030
54 5.003

7.7 6. 6.
7.4 6.92 7.3
7.4 7.78 6.78
11.88 9.46 7.52
6.58 6.1 6.52
6.22 5.54 6.3
5.92 4.6 6.74
7.96 7.56 6.92
7.5 6.84 7.74
9.3 7.54 5.98

6.7 5 5
9.5 6.62 7.68
4.92 4.96 4.6
7.46 4.3 5.82
6.68 4.32 5.06
6.32 5.98 7.44
7 5.08 5.16
6.4 4.36 4.74
6.66 5.38 6.06
7.8 4.7 6.58
4.76 4.88 5.76
6.8 6.72 5.94
7.223 5.982 6.332
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Row Labels

LPS

784
818
820
822
824
828
836
845
846

Sal

785
786
789
790
791
795
797
798
838
839
844

Grand Total

ANOVA resulis

\:I 2way ANOYA

P

1
2
3
4
5
6
7
8

9
10
1"
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

AMNOWVA, results

Table Analyzed

Two-way ANOVA
Alpha

Source of Variation
Interaction
Treatment
outcome value

ANOVA table
Interaction
Treatment
outcome value
Residual

Difference between column means
Predicted (LS) mean of Devalued
Predicted (LS) mean of Valued
Difference between predicted means
SE of difference
95% Cl of difference

Difference between row means
Predicted (LS) mean of Saline
Predicted (LS) mean of LPS
Difference between predicted means
SE of difference

Average of Mag Entries

5.1
6
6.15
5.05
3.25
4.8
8.2
5.45
3.8
3.2

3.772727273

4.75
4.15
1.2
1.75
1.6
2.65
3.95
2.1
4.65
6.2
8.5
4.37

Multiple comparisons

Day4 devaluation

Ordinary
0.05

% of total variation
0.2038

0.3688

11.18

$S (Type IIl)
0.4455
0.8061

24.44

1933

3.838

5.409

-1.571

0.7365

-3.065 to -0.07756

4.766
4.481
0.2854
0.7365

Average of Deval Lever
3.588888889
7.85
3.15
1.3
2.1
2.65
2.45
5.55
2.55
4.7
4.086363636
4.9
1.2
1.45
6.9
3.5
4.85
4.7
4.35
8.6
2.35
2.15
3.8625

P value P value summary
0.7750 ns

0.7007 ns

0.0398 *

DF Ms

1 0.4455

1 0.8061

1 24.44

36 5.370

Average of Val Lever
5.372222222
7

3.35

2.6

3.2

5.15

3.15

6.4

7.4

10.1
5.445454545
7.45

6.6

3.75

3.45

4.5

4.6

5.05

6.35

3.15

11.15

3.85

5.4125

Significant?
Mo

Mo

Yes

P value

P=0.7750
P=0.7007
P=0.0298

F (DFn, DFd)
F (1, 36) = 0.08296
F (1, 36) = 0.1501
F (1, 36) = 4.551
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Day 4 - magazine entries:

Saline LPS
4.75 6
4.15 6.15

1.2 5.05
1.75 3.25
1.6 4.8
2.65 8.2
3.95 5.45
21 3.8
4.65 3.2
6.2
8.5
ﬂ Unpaired t test
4
1 Table Analyzed
2
3  ColumnB
4 vs
5  ColumnA
6
7  Unpaired t test
8 P value
9 P value summary
10 Significantly different (P < 0.05)?
11 One- or two-tailed P value?
12 t, df
13
14 How big is the difference?
15 Mean of column A
16 Mean of column B
17 Difference between means (B - A) + SEM
18 95% confidence interval
19 R squared (eta squared)
20
21 F test to compare variances
22 F, DFn, Dfd
23 P value
24 P value summary
25 Significantly different (P < 0.05)?
26
27 Data analyzed
28 Sample size, column A
29 Sample size, column B

Day 5-8 leverpress training:

Day4 magazine entries

LPS
VS,
Saline

0.1518

ns

No

Two-tailed
t=1.497, df=18

3773

5100

1.327 + 0.8869
-0.5361 to 3.191
0.1107

1.940, 10, 8
0.3594

ns

No
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ANOVAresulis x

2way ANOVA
ANOVA results

Multiple comparisons

£

4

6

7  Source of Variation % of total variation P value P value summary
8 Training days x Treatment 0.7023 0.4680 ns

9 Training days 60.02 <0.0001 il
10 Treatment 1.272 0.3291 ns

1 Subject 2278 <0.0001 i
12

13  ANOVAtable ss DF Ms
14 Training days x Treatment 8.045 3 2682
15 Training days 8876 3 2292
16 Treatment 1457 1 1457
17 Subject 260.7 18 14.48
18 Residual 168.6 54 3122
19

20 Difference between column means

21 Mean of Saline 7.907

22 Mean of LPS 8765

23 Difference between means -0.8579

24 SE of difference 0.8553

25 95% Cl of difference -2.65510 0.9389

26

27 Data summary

28 Number of columns (Treatment) 2

29 Number of rows (Training days) 4

30 Number of subjects (Subject) 20

31 Number of missing values 0
Day 5-8 magazine entries:

ANOVA resulis Multiple comparisons

i et

4

6

7  Source of Variation % of total variation P value P value summary
8 Training days x Treatment 2.798 0.0822 ns

9 Training days 11.60 =0.0001 R
10 Treatment 2519 0.0028 =

1 Subject 38.05 <0.0001 =
12

13  ANOVAtable SS DF Ms
14 Training days x Treatment 4761 3 1.587
15 Training days 19.74 3 B8.581
16 Treatment 42.86 1 42.86
17 Subject 6473 18 3.596
18 Residual 36.40 54 0.6741
19

20

Difference between column means
21 Wean of Saline
22 Mean of LPS
23 Difference between means
24 SE of difference
25 95% Cl of difference
27 Data summary
28 Number of columns (Treatment)
29 Number of rows (Training days)
30 Number of subjects (Subject)
31 Number of missing values

Row Labels

LPS
784
818
820
822
824
828
836
845
846

Sal
785
786
789

Average of Mag Entries

5.706

TATT

-1.471

0.4262

-2.367 t0 -0.5759

4.927777778
5.3
5.8

3.15
1.8
6.95
5.15
4.65
7.75
3.8
3.1
5.95
2
1.05

Significant?
No

Yes

No

Yes

F (DFn, DFd)
F (3, 54) = 0.8590

F (1.874,33.74) = 73 41
F(1,18)=1.006

F (18, 54) = 4.639

Significant?
No

F (DFn, DFd)
F(3,54)=2354

F (2,666, 47.99) =9.763
F(1,18)=1192

F (18, 54)=5335

Geisser-Greenhouse's epsilon

0.6248

P value

P=04680
P<0.0001
P=0.3291
P<0.0001

Geisser-Greenhouse's epsilon

0.8888

P value

P=0.0822
P<0.0001
P=0.0028
P<0.0001

Average of Deval Lever

6.827777778

9.15
4.85
11.1
4.65
11.1
7.4
4.8
4.3
4.1

6.409090909

4.35
2.35
3.15

Average of Val Lever
13.7

11.45

16.45

10.15

11.45

12.9

8

29.65

13.2

10.05
14.19090909
10.65

3.6

21.35
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790 34 8.65
791 3.1 3.25
795 1.6 10.5
797 3.8 9.75
798 4.3 3.2
838 2.9 11.25
839 3.75 6.95
844 2.25 7.1
Grand Total 3.9225 6.5975
ANOVA results x Multiple comparisons
\:‘ 2way ANOYA
ANOYA results
]
1 | Table Analyzed Day8 devaluation
2
3 Two-way ANOVA Ordinary
4 Apha 0.05
5
6  Source of Variation % of total variation P value P value summary Significant?
7 Interaction 0.1092 0.8151 ns No
8 Treatment 0.0006886 0.9852 ns No
9 outcome value 2835 0.0005 e Yes
10
11 ANOVAtable S (Type Ill) DF Ms F (DFn, DFd)
12 Interaction 2.048 1 2.048 F (1, 36) = 0.05546
13 Treatment 0.01291 1 0.01291 F (1, 36) = 0.0003497
14 outcome value 5315 1 5315 F(1,36)=14.40
15 Residual 1328 36 36.92
16
17 Difference between column means
18 Predicted (LS) mean of Devalued 6618
19 Predicted (LS) mean of Valued 13.95
20 Difference between predicted means -7.327
21 SE of difference 1.931
22 95% Cl of difference -11.24 10 -3.411
23
24 Difference between row means
25 Predicted (LS) mean of Saline 10.30
26 Predicted (LS) mean of LPS 10.26
27 Difference between predicted means 0.03611
28 SE of difference 1.931

Day 8 magazine entries:

Saline LPS
5.95 5.3
2 5.8
1.05 3.15
34 1.8
3.1 6.95
1.6 5.15
3.8 4.65
4.3 7.75
29 3.8
3.75
2.25

P value

P=0.8151
P=0.9852
P=0.0005

10.9
25.05
8.4
10.2
27.2
7.15
4.8
26.8
13.97
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Unpaired t test

Table Analyzed

Column B
Vs

Column A

Unpaired t test
P value
P value summary
Significantly different (P < 0.05)7
One- or two-tailed P value?
t, df

How big is the difference?
Mean of column A
Mean of column B
Difference between means (B - A) + SEM
85% confidence interval
R squared (eta squared)

F test to compare variances
F, DFn, Dfd
P value
P value summary
Significantly different (P < 0.05)7

Data analyzed
Sample size, column A
Sample size, column B

Open field test:

Total distance travelled

Saline LPS
3157.716 2791.465
3689.327 3056.808
2851.001 2173.848
2686.047 2817.779
2387.946 3598.226
3799.749 2925.962
3154.317 3812.468
2146.478 3464.85
2444.799 2206.505
1893.159

1936.847

Day8 magazine entries

LPS
VS.
Saline

0.0207
*

Yes
Two-tailed
t=2.536, df=18

3.100

4928

1.828 +0.7207
0.313510 3.342
0.2632

1.797, 8,10
0.3800

ns

No

Time spent in centre zone

Saline

213.6
272
200.7
257
289.15
247 .45
239.05
222.75
196.65
188.05
261.7

LPS
215.35
195.95
223.05
344.85
227.95

227.5
231.25
328.8
256.2

Time spent in corner zone

Saline

386.4
328
399.3
343
310.85
352.55
360.95
377.25
403.35
411.95
338.3

LPS
384.65
404.05
376.95
255.15
372.05

372.5
368.75
271.2
343.8
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|:| Unpaired t test

4

1  Table Analyzed

2

3  ColumnB

4 vs.

5 ColumnA

6

7  Unpaired t test

8 P value

9 P value summary

10 Significantly different (P < 0.0
11 One- or two-tailed P value?
12 t, df

13

14 How big is the difference?
15 Mean of column A

16 Mean of column B

17 Difference between means (E
18 85% confidence interval

19 R squared (eta squared)
20
21 F test to compare variances
22 F, DFn, Dfd
23 P value
24 P value summary
25 Significantly different (P < 0.0
26
27 Data analyzed
28 Sample size, columnA
29 Sample size, column B

2n

Microglial cell expression:

Microglia cell

counts

Saline

62.875
45.125
67

47

64
51.28571
49.5
53.83333
61
59.125

Total dista

LPS
VS,
Saline

Two-tailec
1=0.8686,

2741
2983
24242
-34381to !
0.04023

1.312, 10,
0.7145
ns

No

Unpaired ttest

4
1 Table Analyzed
2
3  ColumnB
4 vs.
5 ColumnA
6
7 Unpaired ttest
8 P value
9 P value summary
10 Significantly different (P < 0.0
11 One- or two-tailed P value?
12 t, df
13
14 How big is the difference?
16 Mean of column A
16 Mean of column B
17 Difference between means (E
18 95% confidence interval
19 R squared (eta squared)
20
21 Ftestto compare variances
22 F, DFn, Dfd
23 P value
24 P value summary
25 Significantly different (P < 0.0
26
27 Data analyzed
28 Sample size, column A
29 Sample size, column B
an
LPS
90.5
91.125
102
130.8571
99
96.25
99.125
101.5
108.375

|:| Unpaired t test
4
Time sper 1 Table Analyzed Time sper
2
LPS 3  ColumnB LPS
Ve 4 vs Vs,
Saline 5 ColumnA Saline
6
7 Unpaired ttest
04483 8 Pualue 0.4483
ns 9 P value summary ns
No 10 Significantly different (F < 0.0 No
Two-tallec 11 One- or two-tailed P value?  Two-tailec
F0.7791, 12 tdf 1=0.7751,
13
14 How big is the difference?
2353 15 Mean of column A 3647
2501 16 Mean of column B 3499
1482+ 1¢ 17 Difference between means (E -14.82 + 1
-25.3510! " s .
18 95% confidence interval -5498to:
0.03230 19 R squared (eta squared) 0.03230
1 20
21 Ftestto compare variances
2.408, 8, 22 F,DFn,Dfd 2.408, 8, -
01938 23 Pvalue 0.1936
ns 24 P value summary ns
No 25 Significantly different (P < 0.0 No
26
27 Data analyzed
n 28 Sample size, column A 11
9 29 Sample size, column B 9
Microglia
intensity
Saline LPS
12596.24 17034.66
8930.583 13615.61
10430.02 14468.73
11163 15120.96
10499.04 15073.81
10310.05 10522.01
9390.636 12249.01
12239.41 12812.92
10223.46 12651.04
9691.651
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|:| Unpaired t test

4

24 P value summary

1 | Table Analyzed Ibal-coun
2
3  GColumnB LPS
4 s, Vs,
5  ColumnA Saline
6
7  Unpaired t test
8 P value =0.0001
9 P value summary i
10 Significantly different (P < 0.0 Yes
11 One- or two-tailed P value?  Two-tailec
12 t, df t=9.984 d
13
14 How big is the difference?
15 Mean of column A 56.07
16 Mean of column B 102.1
17 Difference between means (E 46.01 + 4.
18 95% confidence interval 3629105
19 R squared (eta squared) 0.8543
o1 20
21  F test to compare variances
22 F, DFn, Dfd 2468, 8, ¢
23 P value 0.2003

ns

25 Significantly different (P < 0.0 No

26

27 | Data analyzed

28 Sample size, column A 10
29 Sample size, column B 9

an

29

Unpaired t test

Table Analyzed

Column B
vs.
ColumnA

Unpaired t test
P value
P value summary
Significantly different (P < 0.0
One- or two-tailed P value?
t, df

How big is the difference?
Mean of column A
Mean of column B
Difference between means (E
95% confidence interval
R squared (eta squared)

F test to compare variances
F, DFn, Dfd
P value
P value summary
Significantly different (P < 0.0

Data analyzed
Sample size, column A
Sample size, column B

Day-4 microglia and devaluation correlation:

IBA1 counts
91.125

102
130.8571429
53.83333333
61

59.125

101.5
108.375

99

96.25

99.125

90.5

62.875
45125

67

47

64
51.28571429
49.5

Devaluation
ratio

-0.014478625
0.173251266
0.101603234

-0.092529234
0.316525517
0.130274889
0.241358677
0.209994252

0.26391097
0.036967693
0.080602496
0.074609061

0.06176002
0.200819531
0.058902281

-0.047298326
0.111910948
0.131286579
0.008135582

IBA1
intensity

13615.61
14468.73
15120.96
12239.41
10223.46
9691.651
12812.92
12651.04
15073.81
10522.01
12249.01
17034.66
12596.24
8930.583
10430.02

11163
10499.04
10310.05
9390.636

Iba1-inten

LPS
vs.
Saline

0.0004

Yes
Two-tailec
t=4.403, d

10547
13728
318072
1656 to 41
0.5328

2.717,8,¢
0.1580
ns

Mo

Devaluation
ratio

-0.014478625
0.173251266
0.101603234

-0.092529234
0.316525517
0.130274889
0.241358677
0.209994252

0.26391097
0.036967693
0.080602496
0.074609061

0.06176002
0.200819531
0.058902281

-0.047298326
0.111910948
0.131286579
0.008135582
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Tabularresulis x XY data

Tabularresulis x XY data
Correlai 1BA1 ﬁounts o Correlation A
orrelauon : P
- Tabular results Vs, Tabular results IBA1 intensity
Devaluation ratio |
P 1 Pearsonr
1 Pearsonr 2 r 0.03852
2 r 0.2591 3 95% confidence interval -0.4231 to 0.4843
3 95% confidence interval -0.2211 to 0.6382 4 R squared 0.001484
4 R squared 0.06715 5
Z P val 6 P value
value .
7 P (wo-tailed) 0.2841 7 P (two-tailed) 0.8756
8 P value summary ns 8 P value summary ns
9 Significant? (alpha = 0.05) No 9  Significant? (alpha = 0.05 No
10 10
11  Number of XY Pairs 19 11  Number of XY Pairs 19

Day 4 - microglia and magazine entries correlation:

Magazine IBA1 Magazine
IBA1 counts entries intensity entries
43 71.5 13615.61 71.5
102 57 14468.73
130.8571429 35 15120.96
53.83333333 46.5 12239.41 46.5
61 64 10223.46
59.125 88.5 9691.651 88.5
101.5 41 12812.92
108.375 35.5 12651.04 35.5
99 50 15073.81
96.25 86 10522.01
99.125 59.5 12249.01 59.5
90.5 62 17034.66
62.875 50.5 12596.24 50.5
45.125 44 8930.583
67 13 10430.02
47 24 11163
64 16 10499.04
51.28571429 33.5 10310.05 33.5
49.5 43 9390.636
n X : XY data
i TC;)rIreIalioT |BA1vf;°unts e Tacglzlr::?;zjrllls 3A1 i‘:tensit
soularresuls Magazinev entries d
p 1 Pearsonr
1‘ Pearsonr 2 r 0.09669
2 ' r 0.05435 3 95% confidence interval  -0.3739 to
3 95% confidence interval -0.4100 to 0.4963 4 Rsquared 0.009350
4 Rsquared 0.002954 5
5 6 P value
6 Pvalue 7 | P (two-tailed) 0.6937
@ P vato summar e 8| Pukesmmmary  _ns
9 Significant? (alpza =0.05) No 9 Significant? (alpha =0.05) No
10 10
11 Number of XY Pairs 19 11 Number of XY Pairs 19

Day 8 - microglia and devaluation correlation:

Devaluation IBA1 Devaluation
IBA1 counts ratio intensity ratio
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91.125
102
130.8571429
53.83333333
61

59.125

101.5
108.375

99

96.25

99.125

90.5

62.875
45.125

67

47

64
51.28571429
49.5

Tabularresults x XY data

Correlation

]

A
Pearsonr
r

R squared
P value

P (two-tailed)
P value summary

© 0N O S WwN|=

10
11 Number of XY Pairs

Tabular results

95% confidence interval

Significant? (alpha = 0.05)

0.185777521
-0.005004853
0.104825661
-0.003425579
0.011355519
0.311403943
0.192894942
0.108748198
0.108409181
0.021380108
0.331418963
0.09258178
0.154256126
0.03454085
0.227865157
0.134799505
0.310066527
0.024525852
0.104147617

A
IBA1 counts
vs.
Devaluation ratio

0.05533
-0.4092 to 0.4971
0.003062

0.8220
ns
No

19

13615.61
14468.73
15120.96
12239.41
10223.46
9691.651
12812.92
12651.04
15073.81
10522.01
12249.01
17034.66
12596.24
8930.583
10430.02

11163
10499.04
10310.05
9390.636

Tabular results x XY data X

Correlation
Tabular results

Pearson r
r
95% confidence interval
R squared

P value
P (two-tailed)
P value summary

Significant? (alpha =0.05) No

Number of XY Pairs

0.185777521
-0.005004853
0.104825661
-0.003425579
0.011355519
0.311403943
0.192894942
0.108748198
0.108409181
0.021380108
0.331418963
0.09258178
0.154256126
0.03454085
0.227865157
0.134799505
0.310066527
0.024525852
0.104147617

A
IBA1 intensity

-0.1020
-0.5316 t0 0.3693
0.01041

0.6777

ns

19

Day 8 - microglia and magazine entries correlation:

IBA1 counts
415

102
130.8571429
53.83333333
61

59.125
101.5
108.375

99

96.25
99.125

90.5

62.875
45125

Magazine
entries

71
36.5
19.5
325
40
27
83.5
41
60.5
56
50
58.5
61.5
225

IBA1
intensity

13615.61
14468.73
15120.96
12239.41
10223.46
9691.651
12812.92
12651.04
15073.81
10522.01
12249.01
17034.66
12596.24
8930.583

Magazine
entries

71
36.5
19.5
325
40
27
83.5
41
60.5
56
50
58.5
61.5
225
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67 14 10430.02 14
47 35.5 11163 355
64 34 10499.04 34
51.28571429 23 10310.05 23
49,5 415 9390.636 415
abularresults ala n TabularresuCN:"-EIa“o:Yda\a X -
4 Tg;:{::::ﬂ(s |BA1VCS(-)UMS i Tabular results 3A1 intensit
Magazine entries 4
d 1 Pearsonr
1 Pearsonr 2 r 04238
2 |r 0.1838 3 95% confidence interval  -0.03760 t
3 95% confidence interval -0.2950 to 0.5889 4 R squared 0.1796
4 Rsquared 0.03379 5
> I 6 Pvalue
3 vaal,:loe_ta"ed) 04512 7 | P (two-tailed) 0.0705
g P value summary ns 8 P value summary ns
9 Significant? (alpha = 0.05) No 9  Significant? (alpha = 0.05) No
10
1? Number of XY Pairs 19 11 Number of XY Pairs 19
A. Day4 devaluation - Microglia B. Day4 devaluation - Microglia
counts intensity
049 r=0.25M 0.4 r=0.03852
p=0.2841 p=0.8756
2 0.34 L2 0.34
‘E .. E ® e
S 0.2 o . S 0.2+ . * .,
5 e e 1Y
S 0.1 b4 . 3 0.1 .
= .
. R
o 0.0 * & T 1 o 0.0 T T ® T 1
&0 100 150 5000 10000 15000 20000
-0.1- 3 -0.1- L
IBA1 counts IBA1 intensity
C. Day8 devaluation - Microglia D. Day8 devaluation - Microglia
counts intensity
044 r=0.05533 0.4 r=-0.1020
p = 0.8220 o p =0.6777 o
2 0.3 bl 2 0.3 LL
® v
£ 0.2+ ® e £ 0.2- ® e
g 0.1 .o * o0 ® E 0.1 . ¢ : [ ]
s " * s *
Q 0.0 LA L. . o 0.0 , e . o )
50 100 150 5000 10000 15000 20000
0.1 -0.1-
IBA1 counts IBA1 intensity
GFAP expression:
Saline LPS Saline LPS
104 46 26511.84 50147.07
101.625 102 18715.12 44205.16
115.5 109.25 19114.28 40463.05
96.125 119.7143 15293.88 61095.99
95.25 88.75 22904.42 47068.13
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92.57143 92.375

65.83333 79.25

80.33333 87.75

86 76.75
94.625

ﬂ Unpaired t test
|

1 | Table Analyzed

2

3 ColumnB

4 vs.

5 ColumnA

6

7 Unpaired ttest

8 P value

9 P value summary

10 Significantly different (P < 0.05)7
11 One- or two-tailed P value?
12 t, df

14 How big is the difference?

19384.62
21590.78
17212.96
20680.02
19241.13

GFAP-counts

LPS
=
Saline

06202

ns

No

Two-tailed
1=0.5047, df=17

37033.67
45691
28183.87
39420.01
ﬂ Unpaired ttest
4
1 | Table Analyzed GFAP-intensity
2
3 | ColumnB LPS
4 |vs. Vs,
5  ColumnA Saline
6
7  Unpaired ttest
8 P value <0.0001
9 P value summary i
10 Significantly different (P < 0.05) Yes
11 One- or two-tailed P value? Two-tailed
12 t, df t=7.690, df=17
13
14  How big is the difference?
15 Mean of column A 20065
16 Mean of column B 43701

17 Difference between means (B -
18 95% confidence interval

23636 + 3074
17151 to 30121

15 Mean of column A 93.18

16 Mean of column B 89.09

17 Difference between means (B - A) + SEM 4093 +8110
18 95% confidence interval -21.2010 13.02
19 R squared (eta squared) 0.01476

20

21 F testto compare variances

22 F, DFn, Dfd 2.450,8,9

23 P value 02038

24 P value summary ns

25 Significantly different (P < 0.05)? No

26

27 Data analyzed

28 Sample size, column A 10

29 Sample size. column B 9

Day 4 - astrocytes devaluation correlation:

GFAP counts
102
109.25
119.7142857
80.33333333
86
94.625
87.75
76.75
88.75
92.375
79.25
46
104
101.625
115.5
96.125
95.25
92.57142857

Devaluation
ratio

-0.014478625
0.173251266
0.101603234

-0.092529234
0.316525517
0.130274889
0.241358677
0.209994252

0.26391097
0.036967693
0.080602496
0.074609061

0.06176002
0.200819531
0.058902281

-0.047298326
0.111910948
0.131286579

19 R squared (eta squared) 0.7767

20

21  F test to compare variances

22 F,DFn, Dfd 8.703,8,9

23 P value 0.0039

24 P value summary =

25 Significantly different (P < 0.03) Yes

26

27 Data analyzed

28 Sample size, columnA 10

29 Sample size, column B 9

Devaluation
GFAP intensity ratio
44205.16  -0.014478625
40463.05 0.173251266
61095.99 0.101603234
17212.96  -0.092529234
20680.02 0.316525517
19241.13 0.130274889
28183.87 0.241358677
39420.01 0.209994252
47068.13 0.26391097
37033.67 0.036967693
45691 0.080602496

50147.07 0.074609061
26511.84 0.06176002
18715.12 0.200819531
19114.28 0.058902281
15293.88  -0.047298326
22904.42 0.111910948
19384.62 0.131286579
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65.83333333 0.008135582 21590.78 0.008135582

Tabularresuls XY data Tabularresults x XY data
A i Correlation A
Correlation GFAP counts Tabular results GFAP intensity
Tabular results Vvs.
Devaluation ratio A
/i 1 Pearsonr
1 Pearsonr 2 T 0.1271
2 T 0.03804 3 95% confidence interval  -0.3472 to 0.5496
3 95% confidence interval -0.4235 to 0.4839 4 Rsquared 0.01615
4 Rsquared 0.001447 5
2 Pval 6 Pvalue
value .
7 P (two-tailed) 0.8771 7 P (two-tailed) 0.6041
8 P value summary ns 8 P_Va!u_e summary ns
9 Significant? (alpha = 0.05) No 9  Significant? (alpha = 0.05) No
41 10 10
11 Number of XY Pairs 19 11  Number of XY Pairs 19

Day 4 - astrocytes magazine entries correlation:

Magazine GFAP Magazine
GFAP counts entries intensity entries
102 71.5 44205.16 71.5
109.25 57 40463.05 57
119.7142857 35 61095.99 35
80.33333333 46.5 17212.96 46.5
86 64 20680.02 64
94.625 88.5 19241.13 88.5
87.75 41 28183.87 41
76.75 35.5 39420.01 35.5
88.75 50 47068.13 50
92.375 86 37033.67 86
79.25 59.5 45691 59.5
46 62 50147.07 62
104 50.5 26511.84 50.5
101.625 44 18715.12 44
115.5 13 19114.28 13
96.125 24 15293.88 24
95.25 16 22904.42 16
92.57142857 33.5 19384.62 33.5
65.83333333 43 21590.78 43
A orrelation
Correlation GFAP counts & Tgbularl r(:,sults GFAP 'i:tensity
- Tabular results VS.
Magazine entries 4
y 1 Pearsonr
1 Pearsonr 2 r 0.2527
2 r -0.2183 3 95% confidence interval  -0.2276 to 0.6341
3 95% confidence interval -0.6118 10 0.2619 4  Rsquared 0.06388
4 Rsquared 0.04764 5
2 6 Pvalue
3 PPVZ\I::tailed) 03693 7 | P (two-tailed) 0.2965
8  Pvalue summary n.s 8 P value summary ns
9  Significant? (alpha = 0.05) No 9  Significant? (alpha = 0.05) No
1(1) Number of XY Pairs 19 13 Number of XY Pairs 19

Day 8 - astrocytes devaluation correlation:
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Devaluation Devaluation
GFAP counts ratio GFAP intensity ratio
102 0.185777521 44205.16 0.185777521
109.25 -0.005004853 40463.05 -0.005004853
119.7142857 0.104825661 61095.99 0.104825661
80.33333333  -0.003425579 17212.96  -0.003425579
86 0.011355519 20680.02 0.011355519
94.625 0.311403943 19241.13 0.311403943
87.75 0.192894942 28183.87 0.192894942
76.75 0.108748198 39420.01 0.108748198
88.75 0.108409181 47068.13 0.108409181
92.375 0.021380108 37033.67 0.021380108
79.25 0.331418963 45691 0.331418963
46 0.09258178 50147.07 0.09258178
104 0.154256126 26511.84 0.154256126
101.625 0.03454085 18715.12 0.03454085
115.5 0.227865157 19114.28 0.227865157
96.125 0.134799505 15293.88 0.134799505
95.25 0.310066527 22904.42 0.310066527
92.57142857 0.024525852 19384.62 0.024525852
65.83333333 0.104147617 21590.78 0.104147617
A Correlation A
. Conlation GFAP counts & Tabular resuts GFAP intensity
Devaluation ratio 4
1‘ Pearson r ; Prea’sm‘ ' 0.01340
2 T 0.07144 3 95% confidence interval ~ -0.4435 to 0.46¢
3 95% confidence interval -0.3956 to 0.5091 4 R squared 0.0001795
4 Rsquared 0.005104 5
5 6 Pvalue
3 PP";L;‘;EM) 3 7 P (two-tailed) 0.9566
8 P value summary ns < P.Va!u.e summary ns
190 Significant? (alpha = 0.05) No 190 Significant? (alpha = 0.05) No
11 Number of XY Pairs 19 11 Number of XY Pairs 19
Day 8 - astrocytes magazine entries correlation:
GFAP Magazine GFAP Magazine
counts entries intensity entries
102 71 44205.16 71
109.25 36.5 40463.05 36.5
119.7142857 19.5 61095.99 19.5
80.33333333 32.5 17212.96 32.5
86 40 20680.02 40
94.625 27 19241.13 27
87.75 83.5 28183.87 83.5
76.75 41 39420.01 41
88.75 60.5 47068.13 60.5
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92.375 56 37033.67
79.25 50 45691
46 58.5 50147.07
104 61.5 26511.84
101.625 22.5 18715.12
115.5 14 19114.28
96.125 35.5 15293.88
95.25 34 22904 .42
92.57142857 23 19384.62
65.83333333 415 21590.78
Tabularresults x XY data Tabularresulis XY data
o Correlation G FAPACOUNS = Tacl?lzllaerl ?;isuulllts
Tabdarresuls Magazi\r:z' entries 4
p 1 Pearsonr
1‘ Pearsonr 2 r
2 -0.3568 3 95% confidence interval
3 95% confidence interval -0.6979t0 0.1162 4 Rsquared
4  Rsquared 0.1273 5
5 6 Pvalue
6 Pvalue _ 7 P (two-tailed)
7 E(tv:o-talled) 0.1337 8 P value summary
: slg:;::nlgr(g?;:ryua =0.05) :as; 9  Significant? (alpha = 0.05)
10
1? Number of XY Pairs 19 11 Number of XY Pairs
A, Day4 devaluation - Astrocytes B.
counts
045 r=0.03804
p=0.8771
o 0.3 . 2
B H B
S 0.2+ L . . S
5 014 ‘l s
g ¢ ‘. g
8 0.0 T - 17 1 8
50 00 150
-0.1- ]
GFAP counts
C. Day8 devaluation - Astrocytes D.
counts
049 r=007144
p=0.7713 .
2 0.3+ *® 2
g B
S 0.24 e o g
g o %
2 014 ™ e ® o e
[ o
3 . 3
o 0.0 T o | [a]
50 100 150
-0.1-

GFAP counts

56
50
58.5
61.5
225
14
355
34
23
415

A
GFAP intensity
0.3337
-0.1421 to 0.684:
0.1113
0.1627
ns
No
19
Day4 devaluation - Astrocytes
intensity
04 T=01271
p=
03] 06041e
. L J
0.2 . b
L
L
0.1+ * .
oo
oo
0.0 T T® T 1
€0000 40000 60000 80000
-0.1- L ]
GFAP intensity
Day8 devaluation - Astrocytes
intensity
r=0.01340
049 5 -009566
0.3 L X ] d
0.2 ® . °
. [ ]
0.1 ] . o, ]
L
0.0 -‘ » T 1
20000 40000 60000 80000
-0.1-

GFAP intensity
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A. Day4 mag entries - Astrocytes
counts
1004 r=-0.2183
p = 0.3693 Py
@ 80
'E L ]
S 60 o * .
8 40 ® . .
5 i .
= 20 °c .
0 I I 1
0 50 100 150
GFAP counts
C. Day8 mag entries - Astrocytes
counts
1004 T =-0.3568
p=01337
@ 80 *
= L ]
G 60 . °"°
= *
a 40+ L] ..0 o ®
S 204 S 0
[ ]
0 T T I
0 50 100 150
GFAP counts
NeuN expression:
CA1
Saline LPS
24539.59 20073.73
27291.53 23840.18
24114.48 21779.84
23684.38 28525.07
28465.84 23451.44
22954.32 29817.88
30711.73 36888.2
36615.24 27891.18
35734.71 42002.01

Saline
34543.66
46107.61
44605.74
35510.31
46164.93
47805.05
40672.58
57986.32
43759.7

Day4 mag entries - Astrocytes

intensity
r=0.2527
100 p=
0.2965, .
© 80
:E L ]
& 60- * o®®
o [ ] [ ]
£ LY
§ 404 ." e o .
m
= 20- ’. .
0 1 L) I 1
0 20000 40000 60000 80000
GFAP intensity
Day8 mag entries - Astrocytes
intensity
100 r=0.3337
@ g0~ 3.152? .
E [ ]
& 60- * . %
€ ¢
a 40 ..o. .
g 204 ‘ L]
[ ]
D 1 1 I 1
0 20000 40000 60000 80000
GFAP intensity
DG
LPS
29836.81
41852.37
34834.04
45466.65
25803.12
49809.79
65788.14
53116.26
63796.75

381



i Mann-Whitney test
4
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2
3 Column B
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5 Column A
6
7 Mann Whitney test
8 P value
9 Exact or approximate P value?
10 P value summary
11 Significantly different (P < 0.05)’
12 One- or two-tailed P value?
13 Sum of ranks in column A,B
14 Mann-Whitney U
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16 Difference between medians
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18 Median of column B
19 Difference: Actual
20 Difference: Hodges-Lehmann
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3] Mann-Whitney test
A
4 1 |Table Analyzed cFOS-intensity-DG
1 Table Analyzed cFOS-counts-DG 2
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8 P value 0.5457 8 P value 0.7962
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0.049981 0.046653 0.03179 0.034392

0.052004 0.043531 0.053774 0.035303
0.036717 0.034978 0.053591 0.026411
0.04066 0.042763 0.049306 0.023735
0.034954 0.041258 0.022081 0.028581
0.044472 0.030465 0.041091 0.027536
0.034743 0.031209 0.015583 0.030288
I:I Unpaired t test Unpaired t test
F
1 | Table Analyzed CFOS col 1 | Table Analyzed cFOS coloc DG
2
i Column B LPS 3 | Column B LPS
4 |vs. vs. 4 |vs. Vs,
5 | ColumnA Saline §  ColumnA Saline
6 6
7 Unpaired ttest 7 Unpaired ttest
8 Pvale 0.2899 8 | Pvalue 0.0571
9 | Pvalue summary ns 9 Pvalue summary ns
10 Significantly different (P < 0.05) No 10 Significantly different (P < 0.05)? No
11 One- of two-tailed P value? Two-tailed 11 One- or two-tailed P value? Two-tailed
12 1, df t=1.095, df 12 t, df =2 050, df=16
13 13
14 How big is the difference? 14 How big is the difference?
15 Mean of columnA 0.04129 15 Mean of columnA 0.04065
16 Mean of column B 003793 16 Mean of column B 002970
17 Difference between means (B - -0.003357 17 Difference between means (B - A) £ SEM -0.01095 + 0.005341
18 95% confidence interval -0.009859 18 95% confidence interval -0.02227 to 0.0003724
19 R squared (eta squared) 0.06966 H19 R squared (eta squared) 0.2080
20 20
21  F testto compare variances 21 | F test to compare variances
22 F, DFn, Dfd 1.044,8,8 22 F, DFn, Dfd 16.44,8,8
23 P value 09533 23 P value 0.0007
24 P value summary ns 24 P value summary i
25  Significantly different (P < 0.05) No 25 Significantly different (P < 0.05)? Yes
26 26
27 Data analyzed 27  Dataanalyzed
28 Sample size, columnA 9 28  Sample size, column A 9
29 Sample size, column B 9 29 Sample size, column B 9

Appendix G: DREADDs experiment:

This experiment employed males (34) and females (34) C57BL/6] mice together in the
same cohort. Mice received bilateral hippocampal injections of AAVs to cause astrocyte
specific DREADDs expression. Specifically:

pAAV-GFAP-hM3D(Gq)-mCherry (AAV5) at a titre of 7 x 1012 vg/mL
pAAV-GFAP104-mCherry (AAV5) at a titre of 1 x 1013 vg/mL

Behavioural procedures were conducted as described for Experiment 5, except that all
mice received either CNO (3mg/Kg) or vehicle 30 minute prior to each training session.
CNO/Vehicle was not administered on the test days. CNO was dissolved in Saline+DMSO
mixture, therefore Vehicle contained Saline+DMSO to the same concentration. The
experimental timeline, (surgery, behavioural procedures and tissue collection) were
conducted identically to those described for Experiment 5.
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The effect of dorsal hippocampus astrocytic reactivity on goal-directed
behaviours:

LPS induced neuroinflammation in the hippocampus caused sex specific effects in
C57BL6/] mice. With a view of understanding these effects, we proceeded with selective
excitation of glial cells in the hippocampus. One common consequence of invivo and
invitro LPS treatment appears to be glutamate excitotoxicity(Bakaeva et al., 2021; Qu et
al,, 2022). Briefly, glutamate excitotoxicity refers to excessive glutamate release at the
synapses, triggered by an external stimulus, which continues to excite the post-synaptic
neurons. This uncontrolled excitation of synapses eventually leads to synaptic loss and
neuronal death. Astrocytes have been reported to play an important role in synaptic
transmission, by forming a tripartite synapse(Chung et al., 2015). Astrocytes express
glutamate transporters, which clears excessive glutamate from the synaptic cleft,
recycles the glutamate to provide neurons when needed. Continuous activation of
astrocytes results in an inability to clear up the excessive glutamate secreted at the
synaptic cleft, thus accelerating excitotoxicity(Haroon et al., 2017). This has been
witnessed in Alzheimer’s disease leading to neuronal degeneration(Nanclares et al.,
2021). In our intrahippocampal injection paradigm, we witnessed persistent activation
of astrocytes starting 3 days after LPS injections and continuing to persist throughout
the experimental span. It is therefore possible that the continuous activation of
astrocytes in the brain might impact some changes to the neuronal excitation. Since
astrocytes play a key role in synaptic maintenance, and because we noticed continuous
activation of astrocytes in the brain, we speculated that the observed effects in both
male and female cohorts could have been an effect of continuous activation of
astrocytes. For this reason, we chose to excite astrocytes in the brain, with a specific
hM3D(Gq)-DREADDs specific for astrocytes.

The experimental timeline mentioned in Figure 36, follows the LPS cohort’s timeline,
with the LPS being replaced by AAV injections. Animals received either pAAV-GFAP-
hM3D(Gq)-mCherry (AAV5) which when activated, excites the astrocytes and a relevant
control, pAAV-GFAP104-mCherry (AAV5) expressed in astrocytes. After a week’s
recovery time, animals were taken for outcome devaluation. Animals received CNO or
Vehicle throughout the training days at the concentration of 3mg/kg. The animals were
roughly split into three groups, (i) pAAV-GFAP104-mCherry receiving CNO (mCherry-
CNO), (ii) pAAV-GFAP-hM3D(Gq)-mCherry receiving Vehicle (DREADDs-VEH) and (iii)
pAAV-GFAP-hM3D(Gq)-mCherry receiving CNO (DREADDs-CNO). The following sections
detail the effect of astrocytic excitation on goal-directed actions.

Slight differences in the lever press rates and magazines entries amongst all groups
on training days 1-4:

Since the animals received CNO and vehicle treatments on the training days, it was
mandatory to check for lever press rates and magazine entries made by all groups.
Figure 61A shows the lever press rates of all animals during the training days 1-4. There
was a significant main effect of training days (p<0.0001, F(1.707,99.01)=358.7), indicating
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that all animals progressively learned to press levers throughout the 4 days of training.
There was a significant main effect of treatment groups (p=0.0219, F(2,58)=4.696)
suggesting that there were slight differences in the treatment groups on the level of
acquisition of lever press. Additionally, there was a significant interaction between the
training days and treatment groups (p=0.0229, F(¢, 174)=2.524), therefore the main effect
of treatment groups received a post-hoc Bonferroni analysis. On training day 2, there
was a significant difference between DREADDs-VEH and DREADDs-CNO (p=0.0022),
which is evident from the figure that the DREADDs-VEH groups was pressing levers
more than the other two groups. Additionally, on training day 4, there was a significant
difference between DREADDs-VEH and mCherry-CNO (p=0.0433), on the same day the
difference between DREADDs-VEH and DREADDs-CNO was also almost significant
(p=0.0686).

Checking for changes in magazine entries, overall, it looked like all animals were making
the same level of magazine entries throughout the 4 days of training (Figure 61B). There
was a main effect of training days (p<0.0001, F(2.299, 133.3)=55.68) showing that there was
some differences in the entries made by these animals throughout the training days.
Additionally, there was a significant interaction between training days and treatment
groups (p=0.0470, F(6,174)=2.181). Therefore the simple effect of training days received a
post-hoc Bonferroni analysis. It was seen that on day 2 of training, DREADDs-CNO group
was making significantly more entries to the magazine compared to the mCherry-CNO
group (p=0.0009) and DREADDs-VEH group (p=0.0075). This was evident from the
graph, however, these differences seemed to fade on the last two days of training,
indicating that after a initial difference, all animals started making similar entries to the
magazine irrespective of the treatment groups. Overall, these results indicate that
during lever press training, CNO seemed to decrease lever press rates of the animals, but
do not have an effect on magazine entries.

A. Day 1-4 Lever press rates B. Day 1-4 Magazine entries
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Lever press rates for all animals during training days 1-4 (A). Magazine entries made by
mice during training days 1-4 (B) (mCherry-CNO - 23, DREADDs-VEH - 20, DREADDs-
CNO - 19; Analysis: Two-way ANOVA ) All values represent the Mean+SEM.
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Slight differences in the lever press rates and magazines entries amongst all groups
on training days 5-8:

Lever press rates were calculated for the next 4 days of training - Days 5-8. The figure
63A showed that there was not much difference amongst the groups in their lever press
rates. This was supported by a two-way ANOVA which showing a significant main effect
of training days (p<0.0001, F(2.153,124.9)=18.49), confirming that all animals progressively
learnt to press levers. The treatment factor was almost significant (p=0.0581, F2,
58)=2.898), suggesting there might be subtle differences in the lever press rates between
different groups. However, there was no significant interaction between the training
days and treatment groups (p=0.2629, F6,174)=1.293).

Checking for magazine entries made on the training days 5-8, from the Figure 63B, it can
be inferred that all animals were making similar magazine entries throughout the
training days. This was supported by a two-way ANOVA showing a significant main
effect on training days, (p<0.0001, F(2.699, 156.6)=8.203) and a significant interaction of
training days and treatment groups (p=0.0424, F(,174)=2.230). However, a post-hoc
Bonferroni analysis revealed no differences amongst the groups on different training
days. Overall, these data suggest that the lever press rates and magazine entries
remained the same for all groups, across all the training days.

A Day 5-8 Lever press rates B. Day 5-8 Magazine entries
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Figure 63: Lever press rates for all animals during training days 5-8 (A). Magazine
entries made by mice during training days 5-8 (B) (mCherry-CNO - 23, DREADDs-VEH -
20, DREADDs-CNO - 19; Analysis: Two-way ANOVA ) All values represent the
Mean+SEM.
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