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ABSTRACT 

Alzheimer’s disease (AD) is characterized by the prion-like propagation of misfolded 

proteins that appears dependent on the initial accumulation of amyloid-b (Ab). But the 

role of Ab in cognitive impairment is still unclear. To determine the causal role of Ab in 

AD, mouse models expressing pathological features of AD were intracerebrally seeded 

with Ab to initiate Ab deposition and the characteristic pathological process associated 

with AD. Spatial, object, context, and association memory were tested, along with 

aspects of sensory-motor ability, at multiple time points. Immunohistochemical and 

fluorescent microscopy techniques were used to assess the effects of seeding on Ab 

plaque deposition, microgliosis, tau hyperphosphorylation and neurotransmitter levels. 

Thousands of Ab plaques and microglia were measured throughout the brain using 

Ilastik, a kind of machine learning software used for high-throughput histological 

analysis. Seeding increased Ab plaque deposition and microgliosis throughout the brain 

after a brief inoculation period. The type of Ab seed and duration of inoculation altered 

the specific aggregation features of the Ab plaque and the pattern of microgliosis but 

this effect was dependent on the presence of specific knocked-in genes. In the absence 

of these genes, neither Ab pathology nor microgliosis developed. Seeding was found to 

increase the presence of tau hyperphosphorylation in isolated parts of the brain. Yet, no 

significant correlation between pathology and cognitive ability was found. In summary, 

large increases in Ab plaque and microgliosis do not initially cause cognitive 

impairment. Suggesting other underlying disease processes may be driving cognitive 

decline in AD. 
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Chapter 1: General Introduction 
 

The following introduction was adopted from McAllister and colleagues review on 

intracerebral seeding mechanisms with the relevant literature highlighted (McAllister et al., 

2020). Please see the full review for greater details on this phenomenon.  

Alzheimer’s disease (AD) is a chronic neurodegenerative disorder and the most 

common cause of dementia. The course of the disease is associated with synaptic loss and 

brain atrophy, behavioural symptoms including cognitive decline, and – ultimately – death. 

Histologically, AD is characterized by the aggregation of proteins into insoluble deposits, 

resulting in two key pathological hallmarks: extracellular amyloid plaques and intracellular 

neurofibrillary tangles (NFTs). The severity of AD can be staged by the stereotyped 

progression of these plaques and tangles (Braak & Braak, 1991), the main components of 

which are the proteins amyloid-beta (Aβ) and tau, respectively. Broadly, cases of AD can 

be divided into two categories. The first, accounting for about 99% of all cases, is late-

onset AD. Age is the major risk factor for developing late-onset AD, though there is also a 

strong genetic contribution; over 30 disease risk loci have been identified, with APOE and 

TREM2 being the greatest genetic risk factors (Shi & Holtzman, 2018). The second 

category is familial AD (FAD), a rare, early-onset form of the disease exhibiting autosomal 

dominant inheritance. FAD has been linked to mutations in three genes: APP, PSEN1, and 

PSEN2. All three are critical for the production and processing of Aβ. 

Aβ is a peptide that ranges in length, depending on how it is processed from the 

longer transmembrane amyloid precursor protein (APP) (Penke et al., 2019). The two 

variants that have garnered the most attention are Aβ1-40 (Aβ40) and Aβ1-42 (Aβ42), the 

latter of which is particularly prone to aggregation (Ahmed et al., 2010). However, many 

other Aβ proteoforms can also be found in the brains of AD patients, including a 43 amino 
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acid species (Aβ1-43) (Welander et al., 2009), numerous examples of both N-terminal 

truncations (Aβx-40/Aβx-42) and C-terminal truncations (Aβ1-x), as well as many post-

translational modifications (e.g., N-terminal pyroglutamation) (Wildburger et al., 2017). 

APP is part of an evolutionarily ancient protein family. APP, and the Aβ peptide, are 

expressed in all vertebrate species, with Aβ exhibiting over 95% sequence homology in 

mammals (Tharp & Sarkar, 2013). While important properties of Aβ differ even among 

mammalian species the presence of Aβ throughout the vertebrate family suggests that it 

serves important functions, although its physiological roles are not fully understood. While 

Aβ has been shown to possess neurotoxic properties (Liu et al., 2015; Lu et al., 2003; Pike 

et al., 1991; Seilheimer et al., 1997; Sengupta et al., 2016; Yankner et al., 1990), it has also 

been shown to have beneficial roles, including antimicrobial activity, tumor suppression, 

blood brain barrier repair, brain injury repair, and regulation of synaptic function (Brothers 

et al., 2018; Eimer et al., 2018; Kumar et al., 2016; Luna et al., 2013; Penke et al., 2019; 

Soscia et al., 2010). Whether Aβ adopts supportive or neurotoxic functions depends on 

numerous factors, such as its concentration and quaternary structure (Liu et al., 2015), as 

well as properties (e.g., maturity) of the neuron being affected (Yankner et al., 1990).  

Aβ Seeding 

Accumulation and aggregation of Aβ peptides, a process that can be referred to as 

β-amyloidosis, has long been recognized as a hallmark of AD (Harper & Lansbury, 1997). 

The most prominent account of AD etiology, often referred to as the amyloid cascade 

theory, holds that Aβ accumulation is the primary factor that spurs AD onset and 

progression (Hardy & Higgins, 1992; Hardy & Selkoe, 2002). Isolation of Aβ from the 

brains of AD patients has shown that these peptides can exhibit a great deal of 

heterogeneity, including in terms of amino acid sequence, length, and post-translational 
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modification (De Strooper, 2010; Wildburger et al., 2017). In vitro experiments have 

further revealed that different varieties of Aβ can differ in their conformation and aggregate 

at different rates (Hatami et al., 2017; Vandersteen et al., 2012). Yet the factors that initiate 

and propagate the aggregation of Aβ are still not well understood – especially in vivo. 

One way to study β-amyloidogenesis in vivo is to seed the aggregate-free brains of 

healthy host animals with exogenous, misfolded Aβ. It can then be observed whether this 

seeding is sufficient to trigger aggregation of endogenous Aβ and its deposition in the form 

of plaques. Many such in vivo Aβ seeding experiments have been performed, some using 

non-human primates (Gary et al., 2019; Ridley et al., 2006) or rats (Rosen et al., 2012) as 

hosts, but mostly using mice. One complication inherent to performing these experiments 

in mice is that wild type (WT) murine Aβ differs from human Aβ by three amino acids 

(Otvos Jr et al., 1993) and does not readily aggregate in vivo (Xu et al., 2015), even when 

seeded with misfolded protein (e.g., see (Kane et al., 2000; Meyer-Leuhmann et al., 2006). 

Fortunately, transgenic mice have been engineered that express either human APP or 

humanized murine APP (achieved by humanizing the three murine-specific amino acids). 

The inserted transgene usually bears mutations, identified from patients with FAD, that 

alter Aβ processing (e.g., the Swedish mutation, which increases total levels of Aβ). Such 

strains of APP transgenic mice exhibit spontaneous, age-related accumulation and 

aggregation of Aβ and deposition of amyloid plaques, often accompanied by cognitive 

decline and, in some cases, neurodegeneration (Jankowsky & Zheng, 2017). This makes 

them useful models for studying Alzheimer’s disease (or, more precisely, cerebral β-

amyloidosis, which represents a major component, though not the entirety, of Alzheimer’s 

disease pathology). It is worth noting – given the finding, highlighted above, that WT 

murine Aβ does not readily aggregate on its own – that WT murine Aβ does co-deposit 
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with human Aβ in APP transgenic mice, forming mixed amyloid fibrils (Mahler et al., 

2015). Murine Aβ also accumulates with age in APP transgenic mice, though much less 

preferentially than human Aβ.  

In support of the prion theory, numerous experiments have clearly established that 

β-amyloidosis can be induced to develop prematurely in APP transgenic mice by 

intracerebral injection of amyloid-positive (amyloid +) brain tissue extracts (Table 1). 

These extracts can be derived from aged APP transgenic mice  (Bachhuber et al., 2015; 

Burwinkel et al., 2018; Eisele et al., 2009; Hamaguchi et al., 2012; Heilbronner et al., 2013; 

Katzmarski et al., 2019; Langer et al., 2011; Mahler et al., 2015; Marzesco et al., 2016; 

Meyer-Leuhmann et al., 2006; Ruiz-Riquelme et al., 2018; Skachokova et al., 2015; Stöhr 

et al., 2012; Watts et al., 2011; Ye et al., 2017; Ye, Fritschi, et al., 2015; Ye, Hamaguchi, 

et al., 2015), from aged squirrel monkeys  (Rosen et al., 2016) from AD patients (Di Fede 

et al., 2018; Duran-Aniotz et al., 2014; Fritschi, Langer, et al., 2014; Gary et al., 2019; 

Kane et al., 2000; Meyer-Leuhmann et al., 2006; Parhizkar et al., 2019; Rasmussen et al., 

2017; Ruiz-Riquelme et al., 2018; L. C. Walker et al., 2002; Watts et al., 2014; Ziegler-

Waldkirch et al., 2018), or even from individuals who show Aβ neuropathology but are 

non-demented or have only mild cognitive impairment (Duran-Aniotz et al., 2013). 

However, Aβ in cerebrospinal fluid (CSF), collected either from AD patients or APP 

transgenic mice, does not accelerate or enhance β-amyloidosis, for reasons that have yet to 

be fully understood (Fritschi, Langer, et al., 2014; Katzmarski et al., 2019; Skachokova et 

al., 2015). Interestingly, administration of brain extracts from aged individuals without AD 

to APP transgenic mice can induce Aβ deposition in some cases, though in a much more 

limited fashion relative to extracts from AD patients or APP transgenic mice  (Kane et al., 

2000; Meyer-Leuhmann et al., 2006). This supports the observation that some amount of 
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amyloid deposition is not uncommon at advanced ages even in cognitively normal people 

(Elobeid et al., 2016; Erten-Lyons et al., 2009; Robinson et al., 2018).  

The Aβ seeding effect has most commonly been tested using APP23 transgenic 

mice as hosts, but experiments have also been conducted using the Tg2576, R1.40, 

APPPS1, and 5xFAD transgenic strains; all five overexpress human APP bearing the 

Swedish mutation(Hsiao et al., 1996; Lamb et al., 1997; Sturchler-Pierrat et al., 1997), with 

the APPPS1 mouse also expressing a human PSEN1 transgene bearing a mutation 

associated with FAD (Radde et al., 2006), and the 5xFAD mouse expressing four FAD-

associated mutations, two of APP and two of PSEN1, in addition to the Swedish mutation 

(Oakley et al., 2006). 

It is not strictly necessary for Aβ seeds to be administered directly to the brain in 

order to induce β-amyloidosis; peripheral administration by intraperitoneal injection is 

sufficient, though with a delayed onset compared to direct intracerebral administration, and 

requiring a much larger amount of amyloid + extract (Eisele et al., 2010, 2014).The efficacy 

of peripheral administration is reminiscent of prion diseases that can be transmitted through 

peripheral routes. However, relative to prion diseases, the transmissibility of β-amyloidosis 

in APP transgenic mice through peripheral administration of Aβ appears to be more limited 

in scope. An early study found that β-amyloidosis is not induced in APP23 mice by oral, 

intraocular, intranasal, or intravenous administration of Aβ (Eisele et al., 2009), although, 

more recently, successful induction of β-amyloidosis through the intravenous route has 

been reported using APPPS1 mice (Burwinkel et al., 2018).  

Unlike the classic prion diseases, protein misfolding and amyloid formation in the 

periphery does not seem to be involved in the induction of cerebral β-amyloidosis by 

peripherally-administered Aβ (Eisele et al., 2010); this effect can be induced even in mice 
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that lack peripheral APP (Eisele et al., 2014). The exact mechanism by which the 

proteopathic seeds reach the brain and induce β-amyloidosis is not known, but it may 

involve uptake and transport by monocytes (Eisele et al., 2014). In support of a blood-borne 

mechanism, the pathology produced by intraperitoneal seeding is primarily CAA, which 

differs from the parenchymal pathology that is predominant in aged, non-seeded APP23 

mice (Eisele et al., 2010), though this finding has been somewhat inconsistent (Eisele et 

al., 2014). Similarly, intravenous seeding results predominantly in CAA, including 

thalamic CAA that is not normally observed in APPPS1 mice (Burwinkel et al., 2018). 

Seeding experiments in APP transgenic mice have shown that even when amyloid 

+ extracts are administered directly into the brain, there is a considerable incubation period 

between the seeding event and the appearance of Aβ pathology. The incubation period can 

vary considerably depending on the host strain. In APP23 mice, the period is somewhere 

between 1 and 2 months (Meyer-Leuhmann et al., 2006). In contrast, R1.40 mice, which 

exhibit less APP overexpression, require a longer incubation period, as pathology in this 

strain develops more slowly following seeding than is observed in APP23 mice, even when 

the two strains are seeded with extracts from the same transgenic line (Hamaguchi et al., 

2012; Meyer-Leuhmann et al., 2006; Ye, Hamaguchi, et al., 2015). The same has also been 

observed when amyloid + extracts are administered peripherally (Eisele et al., 2014). 

Conversely, in APPPS1 mice, which express two FAD-associated mutations, the 

incubation period is reduced to less than 1 month (Meyer-Leuhmann et al., 2006). 

Furthermore, the presence of mutations in genes other than APP can also affect the onset 

and rate of Aβ deposition. This has been seen in APPPS1 mice that either lack TREM2, a 

gene expressed by microglia, or express a neurodegenerative disease-associated loss-of-

function mutation in this gene (Parhizkar et al., 2019). These mice exhibit more aggressive 
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Aβ deposition in response to seeding, relative to APPPS1 mice with WT TREM2, probably 

resulting from a reduced microglial response to β-amyloidosis and reduced microglial 

clearance of Aβ.  

The findings presented above demonstrate the importance of factors endogenous to 

the host in shaping the response to seeding. Interestingly, the age at the time of seeding 

does not appear to be one such factor; mice seeded at 3 or 9 months show similar levels of 

β-amyloidosis after a 6-month incubation period (Hamaguchi et al., 2012). It should be 

noted, though, that it cannot be determined from this result whether age becomes an 

important factor closer to the end of the animal's lifespan. 

The location of the intracerebral seeding is another factor that influences the nature 

of the resulting pathology. This was best demonstrated by Eisele et al. (2009), who injected 

amyloid + extracts into the hippocampus, parietal cortex, lateral entorhinal cortex, striatum, 

or olfactory bulb of APP23 mice. In contrast, other studies have used the dorsal 

hippocampus, or dorsal hippocampus and overlying neocortex, as target regions. Seeding 

a broader array of regions revealed that Aβ pathology was most pronounced, and included 

congophilic deposits, when the target was the hippocampus or cortex. These are also the 

regions that show the earliest endogenous (i.e., non-seed-induced) plaque deposition and 

develop the most prominent pathology with age in APP23 mice (Sturchler-Pierrat et al., 

1997). In contrast, the striatum, which shows only “isolated” endogenous Aβ pathology 

even at very advanced ages, develops limited and diffuse deposits in response to seeding. 

Thus, it appears that the eventual pathology that develops in response to seeding of a given 

brain region depends on the underlying susceptibility of that region to form endogenous 

plaques. Some aspects of pathology are shared regardless of the location that is targeted for 

seeding, however, such as development of congophilic Aβ deposits along the pial and 
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thalamic vasculature (Eisele et al., 2009). This possibly results from the spread of seeds 

through the perivascular drainage pathway. It is also worth noting that peripheral seeding 

produces a distinct pattern of pathology, which is more widespread throughout the cortex 

than the pathology produced by intracerebral injection (Eisele et al., 2014). 

While factors endogenous to the host are clearly important, the properties of the 

seeds, and the parameters of the seeding, are equally critical in shaping the outcome in these 

experiments. Most commonly, the concentration of Aβ in amyloid + extracts ranges from 

1-20 ng/µl, and the volume of extract administered to the host is less than 5 µl, though 

larger volumes are sometimes used (Eisele et al., 2009; Hamaguchi et al., 2012; 

Heilbronner et al., 2013; Langer et al., 2011; Meyer-Leuhmann et al., 2006; Stöhr et al., 

2012). Unsurprisingly, the concentration of amyloid + extract that is administered has a 

large effect on the severity of the resulting pathology (Fritschi, Cintron, et al., 2014; Meyer-

Leuhmann et al., 2006; Morales et al., 2015; Stöhr et al., 2012; Ye et al., 2017). More 

interesting is that the resulting pathology also depends on the conformation of the Aβ 

aggregates used for seeding, which can differ depending on the genetics (and possibly other 

factors) of the source. Reflecting the great heterogeneity of AD, seeding with extracts from 

different AD patients can result in pathology that differs in severity and other characteristics 

(Di Fede et al., 2018; Rasmussen et al., 2017; Watts et al., 2014). This was shown in most 

detail through a set of experiments wherein APP transgenic mice were seeded with amyloid 

+ extracts from either an FAD patient expressing the Arctic mutation – which occurs within 

the Aβ sequence of the APP gene, resulting in mutant Aβ – or from an FAD patient 

expressing the Swedish mutation – which occurs outside the Aβ sequence at the β-secretase 

cleavage site, increasing the production of WT Aβ (Watts et al., 2014). Mice seeded with 

the Artic Aβ had a shorter incubation time to the onset of astrocytosis and a lower Aβ40 to 
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Aβ42 ratio. They also developed CAA in the thalamus with a distinct “furry” morphology 

and exhibited deposition of Aβ38 around vessels – characteristics that were not observed 

in the mice seeded with Swedish extracts. Remarkably, these distinct properties were 

maintained following a second passage, in which brain extracts from the first-generation 

hosts were injected into a new set of mice. This indicates that it is the conformation of 

aggregated Aβ, templated by the misfolded Aβ seeds, that confers these differing 

properties, since the extracts – and therefore the Aβ – used for the second passage were all 

derived from APP transgenic mice expressing WT Aβ. These findings are reminiscent of 

the way in which the prion protein can self-replicate multiple different strains, which 

aggregate in distinct conformations with distinct pathogenic properties (Bessen et al., 

1995). 

Extracts from both AD patients and aged APP transgenic mice have been shown to 

contain Aβ monomers, oligomers, and larger multimers (Eisele et al., 2009; Meyer-

Leuhmann et al., 2006). This raises the question of whether one form of aggregated Aβ in 

the extracts is more potent at seeding further aggregation. Following ultracentrifugation of 

amyloid + extracts, the amyloidogenic potency of the supernatant is about 30% that of the 

total extract, despite the supernatant possessing less than 0.1% as much Aβ (Langer et al., 

2011). The soluble fraction of Aβ in the supernatant is also much more sensitive to 

degradation by proteinase K. Furthermore, fragmentation of the aggregates in the amyloid 

+ extracts by extended sonication also increases amyloidogenic potential and sensitivity to 

proteinase K. These findings, and other similar results (Fritschi, Langer, et al., 2014), 

support the conclusion that small, soluble forms of Aβ are disproportionately potent at 

seeding β-amyloidosis. Aβ seeds associated with certain intracellular membranes may also 

be especially potent (Marzesco et al., 2016). Insoluble Aβ, while less potent than oligomeric 
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Aβ, is clearly also effective at seeding Aβ pathology when injected into the brain, though 

it is not known to what extent its seeding capacity is dependent on smaller, soluble 

fragments breaking off from the larger, insoluble fibrils. The high potency of soluble Aβ 

aggregates is consistent with the observation that the potency of amyloid + brain extracts 

(i.e., the concentration of extract required to induce amyloidosis, normalized to the total 

concentration of Aβ in the extract) is maximal when extracts are derived from APP 

transgenic mice around the age at which Aβ deposition begins (Ye et al., 2017), when the 

ratio of small, soluble aggregates to large, insoluble plaques should be high. Together, these 

findings form a pattern that fits with the increasingly well-supported conclusion from the 

AD literature that it is soluble oligomeric Aβ that is primarily responsible for impairing 

neuronal function and driving the progression of AD (Forner et al., 2017; Lue et al., 1999; 

McLean et al., 1999; Mucke & Selkoe, 2012). 

To summarize the preceding paragraphs, a key point from the literature on in vivo 

Aβ seeding is that the nature of the pathology that eventually develops is dependent on 

factors relating to both the host and the seed. Finally, it is worth highlighting these factors 

can interact in complex ways. This host-agent interaction was first observed in an 

experiment by Meyer-Luehmann et al. (2006) and further characterized by Heilbronner et 

al. (2013). In these experiments, amyloid + extracts from APP23 mice were administered 

to APPPS1 hosts, and vice versa. In all cases, the extracts were taken from aged mice with 

significant amyloid deposition, and injected into younger, pre-depositing hosts. The 

resulting plaque deposition tended to reflect the endogenous pathology seen in the mice 

from which the extracts were sourced. Specifically, hosts injected with APP23-derived 

extracts exhibited plaques that featured a dense core surrounded by a diffuse, filamentous 

penumbra, whereas hosts injected with APPPS1-derived extracts developed plaques that 
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were smaller and more compact. Moreover, the plaques differed in their localization within 

the hippocampus depending on the source of the extracts. Interestingly, however, the 

differences in plaque morphology and localization were less pronounced when APPPS1 

mice were used as hosts compared to when APP23 mice were hosts. The same pattern was 

also reflected in terms of plaque composition. In APP23 hosts, the relative levels of Aβ40 

and Aβ42 in the plaques differed notably depending on the source of the extract. If the 

extract was from APP23 mice, whose endogenous plaques are predominantly composed of 

Aβ40, then the seeded plaques were also composed predominantly of Aβ40. If the extract 

was from APPPS1 mice, whose endogenous plaques are predominantly composed of Aβ42, 

then the ratio of Aβ40 to Aβ42 was much closer to 1:1 in the seeded plaques. In contrast, 

the plaques that developed in APPPS1 hosts were predominantly composed of Aβ42, 

regardless of the source of the seed material. 

This contrasts with many previous Aβ seeding studies conducted using APP 

transgenic mice, in which congophilic or ThS-positive plaques were present and often 

accompanied by neuroinflammation and dystrophic neurites (Duran-Aniotz et al., 2014, p.; 

Eisele et al., 2009; Kane et al., 2000; Langer et al., 2011; Meyer-Leuhmann et al., 2006; 

Ye, Fritschi, et al., 2015; Ye, Hamaguchi, et al., 2015). It is possible, however, that ThS-

positive plaques would emerge following a longer incubation period, as has been described 

in studies using other transgenic models in which the Aβ seeding effect is less aggressive 

than in the standard APP23 model (Hamaguchi et al., 2012; Morales et al., 2012). 

Fortunately, a recent study by Ruiz-Requelme et al. (2018) has addressed this 

limitation by conducting Aβ seeding experiments using a knock-in mouse model. In this 

model (the AppNL-F mouse), a humanized APP gene containing the Swedish and Iberian 

mutations is expressed under the control of the endogenous murine APP promoter, resulting 
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in elevated levels of Aβ and an increased ratio of Aβ42 to Aβ40, but with normal murine 

expression of APP (Saito et al., 2014). The results of this study confirmed that Aβ 

deposition can indeed be induced to occur prematurely by intracerebral seeding in mice 

that do not overexpress APP. Notably, the parenchymal deposits that emerged in response 

to seeding were not labeled by thioflavin S (ThS) and were not accompanied by astrogliosis 

or microgliosis.  

It is also worth noting here that intracerebral seeding has been shown to induce β-

amyloidosis in primates that do not overexpress APP. This has been observed in at least 

two species: the marmoset (Ridley et al., 2006) and the mouse lemur (Gary et al., 2019). 

While both species can spontaneously develop Aβ pathology with age, intracerebral 

seeding with extracts from AD brains resulted in the formation of Aβ deposits (and, in the 

case of two mouse lemurs, tau deposits) at an age when such deposits were absent in 

controls. The deposits formed within 18 months in the mouse lemurs but required an 

incubation period of at least 3.5 years in the marmosets. Interestingly, as in the non-

overexpressing mouse model, the deposits observed in mouse lemurs were not associated 

with astrogliosis or microgliosis, though significant cerebral atrophy and neuronal loss was 

noted, despite the sparseness of the Aβ and tau pathology. 

One final limitation of the Aβ seeding literature is the lack, to date, of emphasis on 

brain function or behaviour. Little research has addressed whether accelerating the onset of 

β-amyloidosis by seeding translates into earlier onset of the functional network 

abnormalities and cognitive effects that are seen in many AD models (Palop & Mucke, 

2016; Webster et al., 2014). Based on the theory that Aβ pathology is the primary driver of 

AD progression, one might reasonably hypothesize that such symptoms would emerge 

earlier in APP transgenic mice that have been seeded with misfolded Aβ. However, other 
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theories of AD etiology – including updated formulations of the amyloid cascade theory 

(De Strooper, 2010; Mucke & Selkoe, 2012) – have been posited, in which the deposition 

of Aβ in plaques is not the major cause of AD symptomology (Joseph et al., 2001). Instead, 

the accumulation of Aβ in insoluble plaques may serve a partially protective function, by 

reducing the load of neurotoxic soluble Aβ oligomers in the brain. If this is the case, then 

seeding of Aβ deposition might have little effect on brain function or cognitive behaviour. 

Either way, examining such outcomes in seeded APP transgenic mice would provide a 

useful test of these competing theories.  

One study that has examined functional outcomes supports the conclusion that Aβ 

seeding can accelerate the onset of impairments (Ziegler-Waldkirch et al., 2018). 

Specifically, intracerebral Aβ seeding of 5xFAD mice decreased hippocampal 

neurogenesis, increased hippocampal cell death, reduced dendritic complexity in dentate 

granule cells, and – crucially – impaired spatial memory retention in the Morris water task, 

all at a relatively early age when these effects would not normally be seen in this strain. 

Housing in an enriched environment reduced the seeded Aβ pathology in the hippocampus, 

possibly by stimulating the phagocytic activity of microglia, and was protective against the 

impairments in neurogenesis and memory. Functional outcomes of Aβ seeding have also 

been examined in mouse lemurs (Gary et al., 2019). Within 6 months of seeding, the mouse 

lemurs exhibited impairments of learning and memory, as well as abnormalities in neuronal 

activity that could be detected by electroencephalography (EEG). The fact that these 

animals exhibited impaired cognition and neurodegeneration accompanied by only sparse 

Aβ (and, in some cases, tau) deposits provides evidence that the formation of deposits is 

not the cause of the neurodegeneration and functional impairments. More likely is that 

amyloid deposition and neurodegeneration are both downstream of a process (or, perhaps, 
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different processes) triggered by intracerebral seeding. Accumulation of soluble Aβ (or 

soluble tau) could be one such process. 

Seeding with synthetic Aβ 

If misfolded Aβ truly acts in a prion-like fashion, then administration of Aβ 

aggregates should be both necessary and sufficient to induce β-amyloidosis. Importantly, 

it was observed that the ability to induce β-amyloidosis is eliminated or substantially 

reduced when proteins in amyloid + extracts are denatured by heat or acid, when Aβ in the 

extracts is immunodepleted or targeted with Aβ-specific antibodies, or when the host mice 

are actively or passively immunized against Aβ (Meyer-Luehmann et al., 2006; Katzmarski 

et al., 2019). β-amyloidosis is also reduced when the extracts are treated with Aggregate 

Specific Reagent 1 (ASR1), a peptoid that binds aggregated proteins (Duran-Aniotz et al., 

2014). This provides strong evidence that Aβ is indeed the active factor that is necessary 

for stimulating further amyloid deposition. However, it does not rule out the possibility that 

other cofactors present in the extracts play an important role – that is, the possibility that 

Aβ is, by itself, insufficient to seed β-amyloidosis.  

Experiments in which synthetic Aβ fibrils are administered provide a less 

controvertible means of testing the sufficiency of Aβ. Early results found that seeding with 

synthetic Aβ40 or Aβ42 fibrils, or with Aβ oligomers, was insufficient to accelerate β-

amyloidosis in APP transgenic mice, suggesting a critical role for cofactors (Meyer-

Luehmann et al., 2006). However, more recent reports have overturned this conclusion. 

Seeding with synthetic Aβ40 peptides, polymerized into amyloid fibrils prior to 

administration, induces β-amyloidosis in APP transgenic mice, although a high 

concentration of synthetic Aβ is required to produce a considerable effect (Stöhr et al., 

2012). The potency is affected by the method used to polymerize the Aβ into fibrils, 
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however, so reduced potency relative to endogenously formed Aβ aggregates may not be a 

necessary property of synthetic Aβ (Stöhr et al., 2014). Moreover, seeding with distinct 

strains of synthetic Aβ (differing in length or amino acid sequence) has been shown to result 

in differences in Aβ pathology, in terms of aggregate conformation as well as plaque 

morphology, distribution, Aβ40 versus Aβ42 composition, and Aβ38 content (Stöhr et al., 

2014; Condello et al., 2018). This resembles the way in which Aβ seeds extracted from the 

brains of different AD patients can exhibit distinct conformations and strain-like properties 

that are maintained upon inoculation into an APP transgenic host (Watts et al., 2014; 

Rasmussen et al., 2017; Di Fede et al., 2018). To summarize, recent seeding experiments 

using synthetic Aβ do not rule out a role for cofactors in β-amyloidosis, but they do 

demonstrate that seeding with Aβ alone is sufficient to induce Aβ misfolding and 

aggregation in the living brain, with distinct synthetic strains producing differing 

pathological outcomes. 

Spreading of seeded Aβ pathology 

The Aβ pathology that occurs in the brains of AD patients progresses in a 

characteristic pattern, beginning in the neocortex and then involving, in succession, the 

hippocampal formation; the striatum, basal forebrain, and diencephalic nuclei; and, finally, 

the brainstem nuclei and cerebellum (Braak & Braak, 1991; Thal et al., 2002). This 

observation has led to the suggestion that Aβ pathology spreads anterogradely from 

affected brain regions into areas that receive synaptic connections from those regions (Thal 

et al., 2002). One possible mechanism underlying such spreading would be intracellular 

anterograde transport, in which an Aβ seed is internalized by a neuron, transported along 

the neuron’s axon, and released – synaptically or otherwise – into a novel location, where 

it could begin templating the misfolding of normal Aβ protein (Aguzzi & Rajendran, 2009; 
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Nath et al., 2012, Domert et al., 2014). Mechanisms underlying intracellular transport and 

release of Aβ are discussed further in section 1.5. On the other hand, the temporal evolution 

of Aβ pathology is not inconsistent with a second possibility, which is that spreading 

propagates in a manner determined by proximity, rather than synaptic connectivity (Figure 

3A). Indeed, a recent meta-analytic study, using observations from three previous studies 

examining the progression of spontaneous Aβ pathology in APP transgenic mice, 

concluded that a model based on spatial proximity was better able to account for the spread 

of pathology than was a model based on connectivity (Mezias & Raj, 2017). Here, the most 

likely mechanism would be extracellular diffusion of seeds.  

A third possibility is that Aβ pathology is not spread by cellular transport or 

diffusion of existing Aβ seeds, but instead arises de novo across different regions. The 

stereotyped progression of Aβ pathology in AD could conceivably be explained by 

differences between brain regions in their susceptibility towards developing β-amyloidosis. 

Regional susceptibility could be influenced by differing rates of Aβ production and 

clearance. The latter may be particularly important, given that the rate of Aβ clearance is a 

key determinant of inter-individual variability in the clinical state of AD patients (Iturria-

Medina et al., 2014).  

Differences in regional susceptibility cannot fully explain, however, why the 

pathology induced by intracerebral Aβ injection spreads in different patterns depending on 

the region that is targeted, as is discussed below. Still, the explanation does not necessarily 

require the inter-regional transmission of prion-like Aβ seeds. Instead, the progression of 

Aβ pathology from an initial site to synaptically-connected regions could result indirectly 

via effects of Aβ on neuronal function. For instance, accumulation and aggregation of Aβ 

in a primary region (occurring naturally or because of intracerebral Aβ administration) 
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could affect the function of local neurons, causing them to produce and release more Aβ 

into synaptically-connected secondary regions (Eisele & Duyckaerts, 2016). If enough Aβ 

was to accumulate in a secondary region, this could trigger de novo Aβ aggregation, giving 

the appearance of spreading between connected regions without the actual transfer of a seed 

and without prion-like templated misfolding. As an example of a possible underlying 

mechanism, there is evidence that accumulation of Aβ pathology can trigger decreased α-

secretase processing of APP in neurons, ultimately resulting in increased Aβ40 and Aβ42 

production and release (Pietri et al., 2013). For another example, neurons near Aβ plaques 

have been found to exhibit hyperactivity due to impaired synaptic inhibition (Busche et al., 

2008), which could quite plausibly increase the Aβ concentration in secondary regions, 

considering that Aβ release is enhanced by neuronal activity (Cirrito et al., 2005; 

Yamamoto et al., 2015). Increased Aβ release could then have a feed-forward effect on the 

local Aβ concentration by acting on pericytes and causing vasoconstriction, potentially 

reducing Aβ clearance and increasing Aβ production via β-secretase (Sun et al., 2006; 

Nortley et al., 2019)  Given the possibilities outlined here, it is important to keep in mind 

that the spreading progression of Aβ pathology over time cannot merely be assumed, 

without additional evidence, to confirm the prion-like spread of Aβ seeds across regions. 

Of course, the three mechanisms of spreading described above (i.e., intraneuronal 

transport and release of prion-like seeds, extracellular diffusion of seeds, and de novo 

aggregation of Aβ across regions without inter-regional transmission of seeds) are not 

mutually-exclusive (nor exhaustive – e.g., glial cells could be involved in transport); the 

interesting question may be the extent to which each dominates under different conditions. 

It should also be noted that even if Aβ pathology spreads preferentially to synaptically-

connected regions it does not necessarily follow that the spreading occurs through a 
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mechanism of intracellular transport and release. It could instead be the case that Aβ 

spreads extracellularly along fiber tracts, leading to a blended proximity- and connectivity-

based pattern of spreading. 

One of the primary advantages of the intracerebral seeding method is that the 

progression of Aβ deposition can be measured from a spatially-restricted location and from 

a defined point in time – a useful feature for testing hypotheses about spreading. 

Unfortunately, detailed observations on the spread of Aβ pathology are lacking in many 

seeding experiments, and there are methodological limitations that pose a challenge for 

accurately assessing how seeded Aβ pathology spreads. For one, as APP transgenic mice 

age, they spontaneously develop β-amyloidosis. Thus, at advanced ages, it can be difficult 

to ascertain what pathology stems from the exogenous seeds and what pathology would 

have developed independently of seeding. This is particularly problematic since the regions 

that are almost always targeted for seeding – the hippocampus and/or neocortex – are 

generally the first areas to develop spontaneous pathology in APP transgenic mice. For 

another, it is difficult to rule out the possibility that the apparent spread of Aβ pathology 

results from diffusion of the exogenous seeds, with the delayed development of pathology 

at areas distal to the injection site reflecting the reduced concentration of exogenous seeds 

that reach these areas (Eisele et al., 2009). In support of this possibility, Walker et al. (2002) 

injected India ink into the same site as was used for intracerebral Aβ seeding and found that 

the areas the ink had dispersed to within 1 week were roughly the same as the areas that 

developed Aβ deposition following a 5-month incubation period. 

 Accepting these caveats, seeding experiments have provided some useful 

information regarding the spread of Aβ pathology. Experiments in which mice were 

examined across multiple time points clearly show that the extent and severity of pathology 
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is strongly dependent on the length of the post-seeding incubation period (Walker et al., 

2002; Meyer-Luehmann et al., 2006; Eisele et al., 2009; Hamaguchi et al., 2012; Morales 

et al., 2012; Ye et al., 2015a; Ye et al., 2015b; Ruiz-Riquelme et al., 2018; Katzmarski et 

al., 2019). With prolonged incubation, Aβ deposits can be found in regions quite distant 

from the injection site, such as distal regions of the neocortex when the hippocampus is 

targeted (Morales et al., 2012), or in the thalamus, septum, and distal regions of neocortex 

when the hippocampus and dorsal neocortex are seeded (Hamaguchi et al., 2012). 

Moreover, the regional distribution and temporal progression of seeded Aβ pathology 

differs from the distribution and progression of spontaneous, age dependent Aβ pathology. 

The fact that the progression of Aβ pathology differs based on where and when the 

pathology begins confirms that this progression is not due solely to regional differences in 

the susceptibility towards spontaneously developing β-amyloidosis (though differences in 

regional susceptibility to β-amyloidosis seem to play a part).  

The Aβ seeding literature does provide a few hints that Aβ pathology spreads 

preferentially to synaptically-connected regions, though the matter is not conclusively 

settled. Spreading has been described from the entorhinal cortex into the dentate gyrus and 

from the striatum into overlying neocortex (Eisele et al., 2009), as well as from the 

hippocampus into the entorhinal cortex and subiculum (Katzmarski et al., 2019). The most 

detailed characterization of the spread of seeded Aβ pathology was provided by Ye et al. 

(2015b), who injected amyloid + extracts into the hippocampi of APP transgenic mice (both 

the R1.40 and APP23 strains) and, following an incubation period, observed preferential 

deposition in synaptically-connected regions, including the entorhinal cortex, retrosplenial 

cortex, septum, nucleus accumbens, mammillary bodies, and anterior thalamus. These 

results provide solid evidence for the connectivity-based spread of Aβ, although they leave 
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unresolved the question of whether Aβ spreads in an anterograde or retrograde fashion, 

since the connections between the hippocampus and many of the regions to which 

pathology spreads are bidirectional. 

Mouse models of AD 
One of the main methods of inquiry to understand AD is using non-human animal 

models of disease. These models are genetically modified to express certain pathological 

markers of AD, such as Ab, presenilin, and tau. These models are excellent tools to isolate 

the effects of each type of pathological marker. As genetic techniques are becoming more 

sophisticated, crossing different strains yields models combining both Ab and tau 

pathology, or several types of pathology. However, until a model is available that can 

express the full range of AD pathology, it is difficult to fully understand the etiology of AD 

(Gidyk et al., 2015). Additionally, these models, specifically the Ab models, are developed 

based on the underlying amyloid hypothesis and are more akin to the familial form of AD, 

which accounts for ~5% of all AD cases, whereas the sporadic form, one that is not entirely 

dependent on genetic risk factors, accounts for the remaining cases.  

While these models have provided insight into understanding AD, they leave an 

incomplete or inaccurate picture of how or what AD pathology is causing cognitive 

impairment. Attempting to determine the true etiology of AD from these models may lead 

to false conclusions. For example, earlier models promoted the production of APP to induce 

greater Ab deposition. The conclusions of these studies suggested that it was the deposition 

of Ab causing impairment but in fact was the overproduction of APP (Sasaguri et al., 2022). 

It would be difficult to argue that overexpression of any protein in the brain would not 

cause some disruption. 
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One major limitation to this, and other mouse models of disease, is that the onset of 

plaque is almost directly correlated with age, and it is therefore not possible to rule out age 

being a factor in the development of memory loss when plaque saturation occurs. And while 

the AppNL-G-F mice were compared to wild type C57Bl/6J mice in the characterization by 

Mehla et al. (2019), it is unknown how the knock in genes effect aging and general disuse 

syndrome (Bortz II, 1984) or how the knock-in genes affects the general development of 

these mice. As aging is the greatest risk factor for AD, and an irreversible process that leads 

to a reduction in brain volume and loss of synapses (Breijyeh & Karaman, 2020), to 

conclude that Ab deposition is causing the memory impairment found in these mice might 

be premature. It could simply be the over production of any protein causes impairment or 

that knocking in the genes alters development of the mice, resulting in greater vulnerability 

of neurons to any insult.  

To address this concern, a recently developed mouse model of AD, the AppNL-G -F 

model, is a single knock-in mouse model with three mutations. These mutations function 

to increase the development of Ab 40 and 42 and increases the ratio of Ab 42 to 40 without 

over expressing APP. When characterized, it was found that this model began developing 

Ab plaque and astrocytosis around six months of age with full saturation around 10 – 12 

months (Saito et al., 2014) along with a reduction in cholinergic cells in the medial septum 

band and a loss of norepinephrine cells in the locus coeruleus. At the onset of the initial 

pathology, memory impairment was also found (Mehla et al., 2019).  

 Overview 

The main results of this dissertation each have a dedicated chapter in which the 

specific questions, hypothesis, and justifications for methods used will be provided for the 
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experiment. At the end of each chapter, the results will be discussed in relation to the current 

literature. Supplementary data may be supplied at the end of each chapter. In the appendix, 

detailed methods can be found describing the mouse models used, the Ab seeds, the 

intracerebral injection surgery, the cognitive tests used, immunohistochemical protocols 

and reagents, imaging and stereology methods, and experimental design and statistics used. 

Summary of literature 

In vivo studies of protein aggregation mechanism use transgenic and knock-in 

mouse models and intracerebral injections of Ab seeds (Friesen & Meyer-Leuhmann, 

2019). Several mouse models of AD have been seeded with many types of Ab seeds and 

multiple locations in the brain, with varying concentrations and volumes of seed 

(McAllister et al., 2020). Overall, intracerebral administration of exogenous proteins 

consistently seeds the formation of AD – like pathology in mice and humans. The 

pathogenic proteins associated with AD, tau, and Ab, have been shown to have unique 

effects on pathology formation which is altered by the absence or presence of endogenous 

protein. 

Unknowns and problems 

1. Reconsideration of the cause for cognitive deficits in earlier generations of AD 

mouse models (Sasaguri et al., 2022) suggests that the data from these studies may not 

accurately model what is occurring in human AD. Few studies assessing protein 

aggregation following seeding have used the App knock-in mouse model – engineered to 

model AD pathology without the artifacts found in previous models (Mehla et al., 2019; 

Saito et al., 2014; Sasaguri et al., 2022). 
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2. Of the studies that used the App knock-in model, 30 µL of human Ab seed was 

intracerebrally injected in the cerebral hemisphere (Purro et al., 2018; Ruiz-Riquelme et 

al., 2018). Both studies focused on Ab pathology but neither study assessed how 

intracerebral seeding altered cognition, or other disease markers. 

3. There is a paucity of literature on seeding Ab into tau mouse models and the 

effects of Ab on tau pathology remain unclear (McAllister et al., 2020). 

Theory 

Abnormal protein aggregation is the major pathogenic mechanism in AD. 

Central question 

How does Ab seeding and its resultant pathology in multiple mouse models alter 

protein aggregation, AD-like pathology, and learning and memory? 

General methods 

Two-month-old mice engineered to model specific features of AD pathology were 

intracerebrally seeded with unique human derived Ab seeds. Afterwards, the cognitive 

abilities of the mice were tested. Protein aggregation and related AD pathology were 

assessed using immunohistochemical and stereological techniques. See Appendix 1 for 

detailed methods. 

Major findings 

- Ab seeding effects are dependent on the presence of knock-in genes in the 

AppNL- G-F mice (Chapter 2) 

- Ab plaque deposition and microgliosis following seeding in AppNL-G-F mice is 

unique to type of Ab seed (Chapter 3) 
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- Seeding human Ab into Htau mice induces transient tau hyperphosphorylation 

(Chapter 4). 

Summary 

The effects of Ab seeding show that the genetic background of the host is a 

determining factor in the induction of the types of AD pathology (Meyer-Leuhmann et al., 

2006). Seeding human Ab into the AppNL-G-F mouse model caused rapid induction of Ab 

immunoreactivity throughout the brain. Microgliosis was found to be significantly 

correlated with Ab immunoreactivity in synaptically connected regions, suggesting the 

seeding accelerated de novo amyloidosis. The characteristics of Ab plaque and the 

activation profile of microglia was unique to each type of seed and was dependent on 

inoculation time. Despite Ab immunoreactivity and microgliosis in HPC, cortex and other 

subcortical regions, and loss of cholinergic cells in the forebrain of the Ab seeded mice, no 

significant impairment in cognitive abilities were found. In the Htau mice, Ab seeding 

resulted in no Ab immunoreactivity but hyperphosphorylated tau was found in the EC one- 

and four-months following seeding but, in the SNr, only one month following seeding with 

Ab. 
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CHAPTER 2 

 

ABSTRACT 

Alzheimer’s disease (AD) is characterized by the prion-like propagation of amyloid-b 

(Ab). However, the role of Ab in cognitive impairment is still unclear. To determine the 

causal role of Ab in AD, we intracerebrally seeded the entorhinal cortex of two-month-old 

AppNL-G-F mouse model with an Ab peptide derived from patients who died from rapidly 

progressing AD. When the mice were three months of age or one month following seeding, 

spatial learning and memory were tested using the Morris water task. 

Immunohistochemical labeling showed seeding with the Ab was found accelerate Ab 

plaque deposition and microgliosis in the AppNL-G-F mice but this was dependent on the 

presence of the knocked-in genes. However, we found no correlation between pathology 

and spatial performance. The results of the present study show that the seeding effects in 

the AppNL-G-F knock-in model, and these are dependent on the presence of a humanized App 

gene. But these pathological changes were not initially causal in memory impairment. 
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The effect of Ab seeding is dependent on the presence of knock-in genes in the 

AppNL-G-F mice. 

2.1 Introduction 

The following chapter was previously published. See Lacoursiere et al. (2022) for 

final published version. Alzheimer disease (AD) is the most common form of dementia, 

affects millions of people and has a high social and monetary cost (Alzheimer’s 

Association, 2019). It is characterized by stereotypical pathological stages of amyloid-b 

(Ab) aggregation and neurofibrillary tangle formation that are progressive (Braak & Braak, 

1991; Ettcheto et al., 2018) - this protein aggregation is assumed to be central to AD 

pathogenesis (Friesen & Meyer-Luehmann, 2019; B. B. McAllister et al., 2020). As 

pathology progresses it is thought that an associated with memory loss, impaired thinking 

skills, and eventually impairments in all facets of life will occur (de Vugt et al., 2005; Ferri 

et al., 2004; Matteson et al., 1996). The cause of AD may be a prion-like spread of Ab 

resulting in neuroinflammation, plaque deposition, and hyperphosphorylation of tau, 

ultimately causing synapse loss and brain atrophy (Bloom, 2014; Harper & Lansbury, 1997; 

Walker et al., 2018).  

Intracerebral seeding has become an effective tool to understand the role of protein 

aggregation in neurodegenerative diseases as it allows the control over the spatial and 

temporal onset of amyloidosis (Friesen & Meyer-Luehmann, 2019) as seeding Ab 

accelerates the deposition of Ab plaque in vivo in a prion-like manner (Olsson et al., 2018; 

Walker et al., 2016). In which native Ab species are misfolded following the template and 

conformational properties of the seeded Ab (Come et al., 1993; Eisele, 2013). The effects 

of seeding, are also dependent on the genotype of the host: mice without mutations in App 
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or only possessing murine App, do not show this effect, or if they do, the required 

incubation time increases significantly before effects are seen (Eisele et al., 2009; Friesen 

& Meyer-Luehmann, 2019; Meyer-Leuhmann et al., 2006).  

Much of the intracerebral seeding work has been done using first generation mouse 

models using synthetic or murine Ab (McAllister et al., 2020); however, due to the presence 

of APP artifacts in the first generation mouse models, the conclusions drawn about the 

correlation between Ab pathology, the effects of seeding, and the behavioural outcomes 

are in question (Sasaguri et al., 2017, 2022). Recently, the single knock-in AppNL-G-F mouse 

model was developed (Saito et al., 2014). To develop this second generation, knock in 

model, the murine Ab sequence was first humanized and Swedish, Beyreuther/Iberian, and 

Arctic mutations were inserted. The Swedish (NL) mutation (KM670/671NL) increases the 

production of APPβ and the C-terminal fragment containing the entire Aβ sequence in 

neuronal cells (Shin et al., 2010). The Beyreuther/Iberian (F) mutation (I716F) increases 

the ratio of Ab42 to Ab40 and APP C-terminal fragments but also decreases the APP 

intracellular domain production; this is thought to be due to a reduction in APP proteolysis 

by γ-secretase due to the mutation leading to a protein that is poorly processed by γ-

secretase (Guardia-Laguarta et al., 2010). The Arctic mutation (G) alters binding properties 

of various antibodies to Aβ for immunohistochemistry (Saito et al., 2014). 

Several studies have characterized the development of pathology, functional 

connectivity, and behavioural phenotypes of these mice under multiple conditions (Jafari 

et al., 2018; Latif-Hernandez et al., 2019, 2020; Mehla et al., 2019; Upīte et al., 2020). Of 

the studies using this for Ab seeding, both studies found seeding accelerated Ab deposition 

but neither tested behaviour of the mice following seeding (Purro et al., 2018; Ruiz-
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Riquelme et al., 2018). To address the paucity of behavioural testing immediately following 

seeding, we seeded human Ab into the AppNL-G-F mouse model. 

 Here we wanted to determine whether seeding Ab would cause immediate 

impairment in spatial learning and memory in the single App knock in mouse model and to 

further understand how the presence of mutations influenced the effects of seeding on Ab 

deposition but also on the response of microglia. We used young mice to determine if the 

initial Ab deposition caused cognitive impairment without any other endogenously 

generated pathology and cognitive impairment. 

First, we predicted that the mice seeded with Ab would show a reduction in spatial 

learning and memory; second, it is predicted that the presence and absence of the knocked 

in mutations would determine the seeding effects and the level of cognitive impairment. 

Finally, we predicted that the Ab seeding would increase activated microglia. Overall, we 

found that the effects of seeding human HPC tissue and Ab containing tissue was dependent 

on the presence of the NL G F knock-in genes. 

 

2.2. Methods 

Institutional Review Board Statement. The animal study protocol was approved by the 

Animal Ethics Committee of the University of Lethbridge (protocol code 1810 and date of 

approval May 28, 2019). All Ab seeding was done in a Biosafety Level 2+ surgical suite 

following approved protocols from the University of Lethbridge Biosafety Offices 

(protocol code BC2019-06, approved May 28, 2021).   

 



 29 

Subjects. 

Fifty-three single knock-in App mice were seeded in this study. Similar number of 

male and female mice were used (31 males, 22 females) as no difference between sexes 

was found in previous characterization (Mehla et al., 2019). The mice were caged in 

standard housing, 2-5 mice per cage, and kept on a 12 h light/dark cycle. The mice were 

given ad libitum food and water. The mice were handled prior to behavioural testing - which 

was completed at approximately the same time during the light cycle by an experimenter 

blinded to the conditions. 

The mice were created by crossing mice from the RIKEN institute and C57Bl/6J 

mice. The mice were grouped based on genotype and seed. The mice were either 

homozygous negative (App-/-), carrying no mutations; heterozygous (App+/-) carrying only 

one copy of the Swedish, Beyreuther/Iberian, and Arctic mutations; and homozygous 

positive (App+/+) carrying two copies of the knocked-in mutations. The mice were then 

randomly assigned to be seeded with the control or rpAD seed. See Table 1.1 for final 

grouping. 

Table 1.1 Grouping of genotype and seed used for behavioural 

testing (and immunohistochemical analysis). 

Genotype  Control  rpAD  

App-/-  15 (3)  15 (3) 

App+/-  7 (3) 3 (3) 

App+/+  4 (2) 9 (3) 
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Genotyping  

Punched mouse ear tissue was subjected to DNA extraction and PCR cycling using 

Millipore-Sigma’s RedExtract-N-Amp Tissue PCR kit (XNAT-100RXN).  PCR cycler 

condition: 94℃ for 3min, 94℃ for 30sec 57℃ for 45sec 72℃ for 1min x 35 cycles. Stored 

at 4℃. Primer sequences were obtained from the Riken Institute: E16WT: 5’- ATC TCg 

gAA gTg AAg ATg - 3’; E16MT: 5’- ATC TCg gAA gTg AAT CTA - 3’; WT: 5’- TgT 

AgA TgA gAA CTT AAC - 3’; loxP: 5’- CgT ATA ATg TATgCT ATA CgA Ag - 3’. PCR 

products were loaded onto agarose gel electrophoresis for visualization, with wild type 

band at 700bp and mutant band at 400bp.  

 

Ab Seed.  

The Ab seeds were obtained from human hippocampal tissue (The National Prion 

Disease Pathology Surveillance Center at Case Western Reserve University Medical 

School), assessed for purity, and stereotaxically injected. The University Hospitals 

Institutional Review Board (IRB) approval is for all autopsied (“discarded”) human tissues 

and all samples are anonymized (coded) and handled in compliance with NIH policy to 

protect privacy. The type of seed was determined by the rate of AD progression. The 

biochemical analysis for the control tissue showed effectively zero Ab(D/N) ratio Ab40 or 

Ab42 but Ab% according to sedimentation velocity in calibrated sucrose ingredient showed 

between ~8 – 12% Ab40 and Ab42 for the controls (Cohen et al., 2015). All brain tissue 

homogenate was buffered with phosphate buffered saline (PBS) at a pH of 7.4 and kept at 
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-80oC. The seed was 10% w/v. Prior to possession of the tissue, the tissue underwent several 

selection criteria steps.  

1. Referral to the National Prion Disease Pathology Surveillance Centre to classify 

any prion disease.  

2. Six or more MMSE points of decline per year. 

3. Absence of autosomal dominant AD patterns 

4. Absence of mutations in human prion protein.  

5. Ab and tau proteins resembling sporadic Alzheimer’s Disease.  

6. No other neuropathological comorbidity.  

7. All results within 85% confidence interval. 

Another five inclusion criteria for the classical Alzheimer’s Disease tissue were used, they 

are as follows: 

1. Clear clinical diagnosis of Alzheimer’s disease 

2. No autosomal dominant patterns of dementia. 

3. Alzheimer’s Disease based on tau and Ab proteins.  

4. No comorbidity with other neuropathological diseases.  

5. Results within 95% confidence interval. 

 

Stereotaxic intracerebral seeding surgery.  

The mice were subcutaneously injected with buprenorphine (Vetergesic; 0.05 

mg/kg; concentration = 0.03 mg/ml) 30 min prior to anaesthesia induction (Isoflurane). 

Oxygen flow rate for induction was between 4-5 L/min and isoflurane was increased in a 

stepwise manner to a maximum of 5 L/min. Oxygen and anaesthesia flow rate were reduced 
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to 0.9 L/min and 1.5-3 L/min, respectively for the duration of the surgery. After the head 

was shaved, the scalp was cleaned with 4% stanhexadine (Omegalab) followed by 70% 

isopropyl alcohol. Lidocaine (0.1 mL of 0.2%; Rafter8) was subcutaneously injected under 

the scalp. Bregma was used to find the stereotaxic coordinates for the medial entorhinal 

cortex (Allen Institute for Brain Science, 2016). The coordinates used for injection were 

AP: -4.48, ML: 3.00, DV: 3.44 to target the medial entorhinal cortex. A 0.5 mm diameter 

hole was drilled through the skull to the brain at the coordinates. 

The tissue homogenate was vortexed for 30 s before being loaded into the 

micropipette. Each mouse received 2 µL (1 µL/hemisphere) of the Ab or control tissue 

homogenates. Seeding was performed with a Nanoject II (Drummond Scientific Company, 

PA) set to slowly inject 50.6 nL. Prior to seeding, a test injection was done to ensure proper 

flow and the micropipette was cleaned with 70% isopropyl. The micropipette was inserted 

into the brain at the locations described and allowed to rest for 2 min before the first 

injection, with all following injections 20 seconds apart for a total of 20 injections. The 

micropipette stayed in place for 2 minutes after the final injection before being removed. 

A test injection was done again once the micropipette was removed, and the micropipette 

was cleaned with 70% isopropyl alcohol before the next hemisphere injection. The mice 

were kept on the same 12 h light/dark cycle throughout recovery. 

 

Perfusions and sectioning 

Following the behavioral testing, the mice were overdosed with an intraperitoneal 

injection of sodium pentobarbital and transcardially perfused with 1X phosphate buffered 

saline (PBS) and 4% paraformaldehyde (PFA). The brains were fixed for 24 hrs. in 4% 
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PFA before being transferred to a solution of 30% sucrose solution for at least three days. 

The brains were sectioned on a frozen sliding microtome at 40 µm in a 1:6 series and stored 

in 1X PBS + 0.02% sodium azide solution until staining. Prior to staining, the brain sections 

were mounted on super frost positively charged slides, allowed to dry up right for 30 mins 

and stored over night at 4oC. 

 

Ab deposition and microglia immunohistochemistry 

Slides were rinsed in 4% PFA for four minutes, washed with 1X Tris Buffer Saline 

(TBS), and underwent a 70% Formic Acid wash. Slides were rinsed in 1X TBS, TBS-A 

(1X TBS+ 0.1% Triton X), and TBS-B (TBS + 0.1% Triton X + 2% bovine serum albumin 

(BSA)). The primaries used were: Anti-82E1 (Anti-β-amyloid (N), IBL,10323, mouse) 

1:1000 and Anti-Iba1 (Rabbit, 019-19741, Wako) -20C 1:1000, 1ml/slide in TBS-B for 2 

days at RT in a dark humid chamber, sealed in plastic wrap on the rotator at 50RPM. 

Following primary incubation TBS, TBS-A, and TBS-B washes were repeated. 

Secondaries used: Anti-mouse-alexa-488 (IgG (H+ L) goat, Abcam, ab150113) 1:1000 and 

anti-rabbit-alexa-594 (IgG (H+L) goat, Invitrogen, A11037) 1:1000 (1ml/slide) in TBS-B 

overnight in a dark humid chamber sealed in plastic wrap on the rotator at 50RPM. 

Secondary was washed with 1X TBS and cover slipped with Vectashield + DAPI.  

 

Imaging 

Full slide imaging was completed on a digital slide scanner (NanoZoomer 2.0-RS, 

HAMAMATSU, JAPAN) at 20X magnification. Slide images were exported using 

NDP.View 2. Quantification of Ab plaques and microgliosis was done by pixel and object 
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classification using iLastik (version 1.3.0-OSX) (Berg et al., 2019) and ImageJ (version 

1.51 s). ILastik was trained to segment both plaque and activated microglia separately. 

Threshold values were between 0.3-0.4, with a size filter minimum of 10 pixels. Sections 

were processed from ~AP 1.7 to -4.77 and the count for each section was averaged within 

groups.  

 

Apparatus. 

 The MWT pool was 1.55 m in diameter with water temperature maintained at 21oC 

± 1oC with a white, 12.5 cm submerged target platform and unobstructed distal cues 

surrounding the edges. A camera fixed to the ceiling connected to a laptop with HVS Image 

2100 which was used to track the swim patterns of the mice. 

 

Procedure. 

At two months of age, the mice were intracerebrally injected with a human tissue 

or the rpAD seed. One month following seeding, the mice were tested using the MWT to 

determine if this seeding resulted in an impairment in spatial learning and memory. The 

mice were given four, 30 sec trials each day for six days. Starting position for each day was 

pseudo-randomized based on the cardinal starting locations, with each sequence of starting 

locations being different each day. On day seven the mice were tested using a no platform 

probe. Following the testing, tissue was collected to assess the extent of Ab deposition and 

microgliosis. 
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Statistics 

Four parameters were measured during MWT training: the proximity of the mouse 

to the hidden platform, the time to find the platform, the pathlength, and swim speed. 

Following training, the mice were tested on a no-platform probe trial and the amount of 

time spent in the target quadrant was compared to the opposing quadrant, and to the average 

of the two adjacent quadrants. For the pathology analysis, the number and size of Ab plaque 

throughout the brain was measured along with the number of microglia cells. 

A two-way repeated measures ANOVA with a Dunnett’s multiple comparison test 

was used to determine whether the mice significantly reduced their swim parameters from 

the first to last day of training and to determine whether the time spent in the target quadrant 

was influenced by the seed and genotype, using the time in the target quadrant as the 

dependent variable. Probe test performance was also compared to chance performance 

(25%) using a single tailed paired sample t-test as we only wanted to know if performance 

was better than chance. 

As the effects of seeding the rpAD seed were unknown it is difficult specifying the 

effect size of interest. Furthermore, we were testing whether seeding would have an effect 

or not, and not necessarily the size of the effect. Therefore, the resource equation method 

was used to determine if the sample size was sufficient. The error degrees of freedom were 

determined to be 47: six treatment groups subtracted from the total number of experimental 

units, 53, putting the error degrees of freedom far above the necessary amount to detect a 

specified effect (Festing et al., 2002). All statistics were done using Prism 9 (mac OS). 
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2.3. Results 

No amyloid or microglia pathology was found in the App-/- mice up to seven months 

post seeding (Fig 2.6). Seeding either the control or rpAD seed into the App+/+ mice resulted 

in significant increase of plaque count [F(2, 11) = 136.1, p < 0.0001], plaque size [F(2, 11) 

= 150.4, p < 0.0001] and activated microglia cells [F(2, 11) = 18.19, p = 0.0003] compared 

to both the App-/- and App+/-; both of which showed no Ab plaque pathology or activated 

microglia (Fig 2.1 B). The seed was found to have no significant effect on plaque count 

[F(1, 11) = 0.303, p = 0.593], plaque size [F(1, 11) = 1.64, p = 0.227], or activated microglia 

[F(1, 11) = 0.472, p = 0.507]. 

While no difference in plaque count or size was found between the App+/+ C and 

rpAD seeded mice the rpAD seeded mice showed a significant correlation between the 

number of microglia and the number of plaque whereas the App+/+ C mice did not show a 

significant correlation (Fig. 2.2). A significant negative correlation was found for the 

number of activated microglia and the size of the plaque in the App+/+ C mice, but this 

correlation was not found in the rpAD mice. 
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Fig. 2.1 Ab and microglia pathology analysis one month following seeding. (A.) 

Photomicrographs of representative immunohistochemical staining of Ab plaque (82e1, 

green) and microglia (Iba1, red) following seeding of the control HPC tissue (blue) and 

rpAD seed (orange). (B). Quantification of plaque and microglia showing (i.) plaque 

count (ii.) plaque size, and (iii.). microglia were significantly increased in the App+/+ 

mice following seeding with the C and rpAD seed. Scale bar = 1 mm.  
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Fig. 2.2. Correlation of plaque and microglia count one month following seeding in the 

App+/+ mice seeded with the (A.) control (n = 2 brains,) and (B.) rpAD seed (n = 3). 

Correlation is between the mean plaque count (i.) or plaque size (ii.) and the number of 

counted microglia on full brain sections sampled from 1:6 sectioning series. 

 

When trained and tested on the MWT, the mice showed a significant reduction in 

proximity across training [F(5, 235) = 14.41, p < 0.0001]. While no group differences were 

found [F(5, 47) = 0.901, p = 0.489], a significant group x day interaction was found [F(25, 

235) = 1.690, p = 0.025]. The App-/- C and App-/- rpAD mice showed a significant reduction 

in proximity between the first and last day of training (p < 0.01) and so did the App+/- rpAD 

(p < 0.05) and App+/+ rpAD mice (p < 0.0001) – the App+/+ rpAD seeded mice showed a 
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significant reduction in proximity after one day of training (p = 0.01). The App+/- C mice 

did not show a significant reduction between the first and last day but did show a significant 

reduction by the fifth day; the App+/+ C mice did not show any significant reduction (Fig 

2.3. Ai).  

The mice also showed a significant reduction in latency to escape across training 

[F(5, 235) = 15.19, p < 0.0001] but no group differences [F(5, 47) = 1.190, p = 0.329] or 

group x day interaction [F(25, 235) = 0.969, p = 0.510] was found. All groups of mice 

showed significant reduction in latency to escape. The App-/- C, App-/- rpAD, App+/- C, 

App+/+ C, and App+/+ rpAD all showed significant reduction in latency to escape by the 

final day (p < 0.05), but the App+/- rpAD only showed significant reduction by the fifth day 

(Fig 1.3. Aii). 

The swim speed was found to increase significantly over training [F(5, 235) = 

20.32, p < 0.0001] and significant differences between groups were found [F(5, 47) = 3.84, 

p = 0.005]; no group x day interaction was found [F(25, 235) = 1.23, p = 0.218]. All groups, 

except for the App+/- rpAD, and App+/+ C, significantly increased their swim from the first 

to last day of training (p < 0.05). The App+/- C and rpAD mice were both found to have an 

overall significantly faster swim speed than the App+/+ rpAD mice (p < 0.05; Fig 1.3. Aiii). 

The overall pathlength of the mice significantly shortened over training [F(5, 235) 

= 3.85, p = 0.0023]; with the pathlength significantly shortening by the fifth day (p = 

0.0006) but no group individually showed a significant reduction in pathlength (Fig. 3Aiv.). 

No group differences [F(5, 47) = 2.31, p = 0.059] or group x day interaction [F(25, 235) = 

1.147, p = 0.292] were found (Fig  2.3.Aiv.).  

In the no-platform probe trial within genotype comparisons were used to determine 

if the mice spent significantly more time in the target quadrant compared to the average of 
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the two adjacent quadrants and the opposing quadrant (the opposing quadrant was the 

starting quadrant). Both the App-/- C and rpAD mice spent significantly more time in the 

target quadrant compared to the non-target quadrants [F(2, 56) = 10.83, p = 0.0001] but the 

seed had no effect [F(1, 28) = 0.0003, p = 0.985]. Neither the App+/- C or rpAD mice spent 

significantly more time in the target quadrant [F(2, 16) = 1.98 p = 0.170] but again the seed 

had no significant effect on performance [F(1, 8) = 0.556, p = 0.477]. Within the App+/+ 

mice, a significant preference for the target was found [F(2, 22) = 5.59, p = 0.012] with an 

overall preference for the target quadrant compared to the opposing (p = 0.0479) and 

adjacent (p = 0.0150) quadrants. The App+/+ rpAD mice showed significant preference to 

the target quadrant compared to the adjacent quadrants (p < 0.05) but not the opposing 

quadrant. The App+/+ C mice showed no significant preference for the target quadrant (Fig 

2.3. Bi).  

No effect of sex was found on time in target quadrant [F(1, 41) = 0.345, p = 0.560]. 

Despite not all mice showing preference for the target quadrant compared to the non-target 

quadrants, no significant effect of seed [F(1, 47) = 0.0141, p = 0.906] or genotype [F(2, 

47) = 0.692, p = 0.506] was found on the time in the target quadrant. When comparing the 

time spent in the target quadrant to chance performance, the App-/- C [t(14) = 2.144, p = 

0.025], App-/- rpAD [t(14) = 3.191, p = 0.003], App+/- rpAD [t(2) = 2.925, p = 0.0498], 

App+/+ C [t(3) = 2.769, p = 0.035], and App+/+ rpAD [t(8) = 2.732, p = 0.0129] seeded mice 

spent significantly more time in the target quadrant compared to what would be predicted 

by chance. The App+/- C mice did not show performance above chance [t(6) = 1.244, p = 

0.130; Fig. 2.3C). Furthermore, when looking at whether the mice crossed the platform 

location during the probe trial, 83% of the App-/- C mice, 92% of the App-/- rpAD, 83% of 

the App+/- C, 100% of the App+/- rpAD, 50% of the App+/+ C, and 57% of the App+/+ rpAD 
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mice showed at least one platform crossing. The swim pattern also shows that the App-/- 

and App+/+ paths were much more directed in the target quadrant whereas the App+/- mice 

showed a much more diffuse pattern of swimming, with the path following the edge of the 

pool.  

 

 

Fig  2.3. MWT performance. (A.) Acquisition phase showing (i.) proximity to the 

target, (ii.) latency to escape, (iii.) swim speed, and (iv.) pathlength over the six days of 

training. (B.) representative pool quadrant breakdown and probe start location. (C.) 

Representative swim paths and immediately below, the time in quadrant break down 

for (i.) App-/-, (ii.) App+/-, and (iii.) App+/+ seeded mice. (D.) Time in target quadrant 

compared to chance showed all groups of mice except the App+/- C mice performed 

greater than chance. 
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 The results presented show that one month following seeding both human tissue 

and Ab protein increased Ab plaque pathology and this was dependent on the presence of 

the NL G F mutations on the App gene. When tested on the MWT, the mice showed they 

were able to learn and remember the location of the hidden platform except for the App+/- 

C mice. Despite the most extensive pathology, the App+/+ mice were able to successfully 

learn the task. However, the App+/+ mice showed the smallest proportion of mice showing 

at least one platform crossing, whereas the App+/- mice, showed a relatively high 

occurrences of the mice crossing the platform at least once. 

 

2.4. Discussion 

Here we show that the initial pathology of AD – microglia activation and Ab plaque 

deposition – is dependent on the combination of knocked in genes and the seed. Each 

combination resulted in unique phenotypic expression of behaviour, Ab deposition, and 

microglia activation pattern in young AppNL-G-F mice. One month following intracerebral 

seeding, prior to when the natural endogenous development of Ab plaque deposition and 

microgliosis occurred, we found that Ab plaque deposition and microgliosis increased in 

the App+/+ mice but not in the App-/- and App+/- mice. The difference in Ab plaque 

deposition and microgliosis in these mice in which more copies of the genes either 

promotes Ab deposition or perhaps reduces the ability to slow Ab deposition. Here we 

provide evidence that suggests this is due to the reduction in the ability to slow Ab 

deposition and this is due to the prion-like properties of Ab and the role microglia play to 

control their growth. 
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In the test of spatial learning and memory used, both the App-/- and App+/+ mice 

showed evidence of learning the location of the hidden target. Due to only using 30 second 

trials, the learning curves were not as strong as those seen using 60 second trials but the 

performance of the mice by the sixth day of training was similar to tasks using longer trials; 

however, the increased days of training does result in better probe test performance (Mehla 

et al., 2019). Suggesting that the task parameters resulted in similar patterns of learning 

compared to age matched, non – seeded controls but due to the reduced training volume 

before testing, the no-platform probe trial becomes more difficult. However, no significant 

difference was found in the time spent in the target quadrant between the different groups 

in our study despite the App+/- C mice showing no preference for the target quadrant – this 

may be due to the small sample size, but the swim path suggests these mice did not learn 

the task. The impairment found in the App+/- C mice is an effect that will have to be further 

investigated as well as an in-depth characterization of the of the App+/- mice. 

The App knock in mice have humanized Ab, but if one allele was producing murine 

Ab, a disruption in the processing and function of Ab during development may occur, 

specifically impairing the cerebrovascular system (Luna et al., 2013). This may not be 

occurring when only murine Ab is present (App-/-) or when only human Ab is present 

(App+/+). Unfortunately we did not assess cerebrovascular health in these mice but other 

work has shown that cerebrovascular dysfunction is a risk factor AD (Esiri et al., 1999; 

Zhai et al., 2016). But understanding how the cerebrovascular system changes in the brain 

during AD progression is important for understanding AD pathobiology. 

One facet of AD that is still not well understood the pathogenetic mechanisms 

leading to the difference in progression and phenotypic expression of AD (Cohen et al., 
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2015; Schellenberg & Montine, 2012). Our results, and others, suggest that two general 

factors influence the difference in phenotypic expression: the type of Ab and the underlying 

genetics. The underlying mechanism leading to these phenotypic differences may be the 

activation pattern of microglia in the brain. 

Here we showed that the relationship of microglia to Ab plaque pathology was 

influenced by the type of seed and the presence of the three knock-in genes described. For 

example, in the App+/+ C mice, no significant correlation was found between plaque count 

and activated microglia but as the number of microglia increased, there was a concomitant 

decrease in the average size of the plaque. In the App+/+ rpAD mice, as the plaque count 

increased so did the microglia; however, the plaque size did not correlate with the number 

of activated microglia. Despite the differences in correlation between size of plaque and 

number of microglia cells, the overall number of microglia was not found to be significantly 

different between the control and rpAD seeded App+/+ mice. 

The App-/- mice did not develop plaque or microgliosis up to seven months 

following seeding – or nine months of age. The App+/- mice did develop plaque four months 

following seeding but to a significantly lesser degree than the App+/+ mice at the same age. 

Despite finding that microglia and plaque size and count were significantly related 

we were not able to directly discern the direction of this relationship. But, from the work 

of others, the elimination of microglia results in a reduction of Ab plaque production early 

in the disease but not in the later portions of the disease (Saucken et al., 2020; Spangenberg 

et al., 2019). Microglia are thought to internalize neuronally derived Ab and begin the 

initial aggregating phase of Ab before being deposited into the extracellular space 

(Spangenberg et al., 2019). Suggesting that the activation of microglia may initially be 
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causing the plaque deposition to protect the brain from the exogenously introduced agent 

such as bacteria, viruses, such as the currently relevant SARS-COV2 virus, and exogenous 

Ab (Dominy et al., 2019; Eimer et al., 2018; Montalvan et al., 2020; Wu et al., 2020); 

however, Ab deposition could also occur due to an autoimmune response (Meier-

Stephenson et al., 2022). We show that this plaque/microglia response is dependent 

specifically on the brain environment and the genetics underlying this phenotype as we 

found no microglia activation in the control or rpAD seeded App-/- mice. 

Microglia are known as the resident immune cells of the CNS and are known to 

interact with plaque to create a barrier. These innate immune cells (Webers et al., 2020) 

interact with plaque to control growth, development, and plaque morphology (Baik et al., 

2016; Bolmont et al., 2008; Casali et al., 2020) and to prevent the toxic effects of Ab42 

(Condello et al., 2015a). However, excessive uptake of Ab can result in microglial death, 

resulting in the release of accumulated Ab into the extracellular space and contributing to 

plaque growth (Baik et al., 2016). The activation of microglia cells with Ab plaque 

pathology may explain why the App+/+ mice did not show impairment. Microglia may be 

playing a role in the hyper synchrony and what is thought to be a compensatory mechanism 

that is found in the early stages of AD (Latif-Hernandez et al., 2019; Shah et al., 2016).  

It is not uncommon for a peripheral inflammatory response to have effects on CNS 

function (Block, 2019). A poor microbiome, which is associated with inflammation, is 

associated with lower cognitive scores (Fröhlich et al., 2016; Gareau, 2016; Komanduri et 

al., 2021) can also lead to AD (Lin et al., 2018; N. Shi et al., 2017; Thaiss et al., 2016). One 

potential mechanism that could explain why a poor microbiome is associated with lower 

cognitive could be due to disruption in tryptophan metabolism. Tryptophan metabolism is 
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a key regulator of brain innate immunity (Meier-Stephenson et al., 2022) and a poor 

microbiota can lead to impaired tryptophan metabolism and serotonin signalling (Dinan & 

Cryan, 2017; Jenkins et al., 2016).   

Further evidence that the etiology may be an immune response arises from fecal 

microbiota transplant experiments. The microbiota of six-month-old AppNL-G-F mice when 

transplanted into wild type controls resulted in a disease phenotype – this effect was also 

sex and genotype specific (Kundu et al., 2022). APP/PS1 mice transplanted with healthy 

fecal microbiota were found to have alleviated AD symptoms, such as a reduction in Ab 

production and increased short chain fatty acid butyrate (Sun et al., 2019). Aged microbiota 

when transplanted was found to accelerate age and drive a pathological phenotype in young 

mice (Parker et al., 2022). 

Lipid metabolism of microglia appears central to the functioning of microglia 

(Chausse et al., 2021), suggesting that disruption of these processes may impair microglia 

function and therefore their influence on plaque morphology and the innate immune 

system. As described above, the microbiota influences the immune system and this appears 

to be through the maturation, function, and lipid metabolism of microglia in the CNS (Erny 

et al., 2015). Therefore, an impairment of the gut microbiome may be a central point in 

which AD begins. Its disruption leads increased inflammation, disrupts microglia function 

and maturation, and potentially the metabolic processes of microglia – such as the processes 

related to managing Ab plaque growth and toxicity (Baik et al., 2016; Bolmont et al., 2008; 

Condello et al., 2015a). 

We do acknowledge the limitations to this study. First, we focused only on spatial 

navigation learning and memory. In only testing spatial navigation, we are unable to make 
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conclusions on the effects of seeding, or genotype in different cognitive domains. However, 

the MWT was originally designed to test the function of the HPC in memory and one of 

the earliest impairments in AD is found in HPC memory. In future studies additional 

behavioural tests should be included or a novel home cage-based assessment of rodent’s 

behaviour (Contreras et al., 2022; Singh et al., 2019) may offer insights into phenotypical 

expression of mouse genotypes and seeding and across time not found in traditional rodent 

behavioural testing. Furthermore, we did not measure soluble Ab and instead focused on 

Ab plaque load and characteristics throughout the brain and how this was associated with 

microglia. We therefore cannot make any conclusions on how seeding affected soluble Ab. 

Lastly, while the control tissue had no rpAD Ab, Ab from the HPC where the tissue was 

collected could have induced the seeding response, which could explain the lack of 

difference in Ab pathology one month following seeding. 

Given the recent failures of Ab targeted therapies to treat AD (Kurkinen, 2021), it 

is clear the etiology of AD is not understood. The role of the immune system in the etiology 

of AD has been gaining interest (Jevtic et al., 2017). Recent hypotheses put forth have 

described that the initial Ab plaque deposition that ultimately leads to AD occurs as a means 

to protect the brain from infection (Eimer et al., 2018; Kumar et al., 2016; Moir et al., 

2018). While still speculative, our results along with others, suggest that the underlying 

genetic factors that contribute to AD may be closely related to the innate immune response 

and specifically the role of microglia. This immune response is determined by genetic and 

potentially epigenetic predisposition to the development of Ab42 and the ratio of Ab42 and 

Ab40, but also the type of Ab present in the brain, whether endogenous (Cohen et al., 2015, 

2016) or exogenously introduced.  It is well known that both genetic and environmental 
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factors influence the etiology of AD (McDonald et al., 2010) but specifically, factors 

involving the immune system may be a novel approach to treat AD and age related 

cognitive decline. Future studies should focus on microglia metabolism in health and 

disease and how this is influenced by the microbiome and the immune system. 

  



 49 

Chapter 3 

 

ABSTRACT 

Alzheimer’s disease (AD) is characterized by the prion-like propagation of amyloid-b 

(Ab). However, the role of Ab in cognitive impairment is still unclear. Two-month-old 

AppNL-G-F were intracerebrally seeded with three conformationally distinct Ab seeds. The 

mice were trained in a multi-model paradigm using multiple behavioural tests. 

Immunohistochemical techniques were used to assess Ab deposition, microgliosis, and 

cholinergic tone. Seeding accelerated AD pathology throughout the brain in a region 

dependent manner. Cholinergic tone was found to be significantly reduced in the medial 

septal band. No impairment in learning and memory was found. Microgliosis was 

elevated in the substantia nigra reticular area. Here we show that the effects of 

intracerebral Ab seeding in the AppNL-G-F mice are determined by the properties of the Ab 

seed and is unique to each region. No cognitive decline was found. These results suggest 

that other underlying causal factor for cognitive decline in the initial stages of AD are not 

Ab or microgliosis.  
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Ab plaque deposition and microgliosis following seeding in AppNL-G-F mice is 

regionally distinct 

3.1. Introduction 

The amyloid hypothesis of AD is based on the correlation of abnormal Ab 

deposition in the central system with dementia (Breijyeh & Karaman, 2020; Hardy & 

Higgins, 1992). It is clear that Ab oligomers and plaque can damage synapses and disrupt 

networks supporting cognitive function (Harper & Lansbury, 1997; Selkoe, 2000). 

However, abnormal amyloid plaque deposition did not correlate with cognitive decline 

even though the level of disease pathology was abundant (Jack Jr et al., 2014). This raises 

the question as to whether Ab plaque deposition is a causal factor in the initiation of AD 

related cognitive decline or if other age-related factors are the cause. 

To address this question, the aging process and deposition of Ab plaque need to be 

separated. As the nucleation phase is the rate limiting step of Ab plaque deposition, seeding 

exogenous seeding of Ab can greatly accelerate the deposition of Ab (Come et al., 1993; 

Friesen & Meyer-Luehmann, 2019; McAllister et al., 2020; Meyer-Leuhmann et al., 2006; 

Rosen et al., 2012). Ab has several prion-like properties, such as conformation and dose 

dependent propagation and some evidence demonstrates that misfolded Ab aggregates 

propagate different structural motifs in appropriate mouse models which is thought to 

resemble strain-specific prion transmission (Duran-Aniotz et al., 2021; Meyer-Leuhmann 

et al., 2006). Meaning that not only will the Ab deposition be accelerated in the location of 

seeding but the Ab deposition should occur throughout the brain. Using this technique, the 

deposition of Ab can begin months before it would naturally in mouse models of AD, 



 51 

allowing the separation of age and Ab deposition and determining the effects of Ab on 

learning and memory and the systems supporting these functions.  

To accelerate the deposition of Ab, the AppNL-G-F mice were seeded at two months 

of age with one of three human HPC derived seeds. The control, the rpAD and an Ab seed 

isolated from a patient with slowly progressing AD (slAD) (Cohen et al., 2015). As Ab 

pathology is thought to begin in the entorhinal area of this mouse model, the MEC was 

targeted as the seeding location. As a behavioural control, a non-seeded group of AppNL-F 

mice were tested alongside the seeded mice. The mice underwent cognitive testing at 

approximately one, three-, and five-months following seeding following a previously used 

test battery with slight modifications (Mehla et al., 2019). Following cognitive testing, the 

brains were collected for pathology analysis.  

It was hypothesized that accelerating Ab nucleation in the MEC through Ab seeding 

of different strains would result in 1) impairment of memory one month after seeding in 

the rpAD mice and not until later time points in the in the slAD mice; 2) At one month 

following seeding the rpAD mice would have significantly greater number of plaques in 

MEC and HPC regions compared to slAD and control seeded mice; 3) As the control seed 

had no Ab we expected no significant increase in the Ab plaque load in the HPC and MEC; 

4) increased microgliosis is expected throughout the brain, clustering around plaques; 5) 

the number of cholinergic cells in the basal forebrain will be reduced relative the Ab 

deposition in the area.  

Seeding Ab accelerated Ab plaque deposition and caused microgliosis. 

Furthermore, a reduction in cholinergic cells in the MSB was found in the Ab seeded mice 

compared to control seeded mice. Despite the increase in pathology and reduction in 
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cholinergic cells, no obvious cognitive decline was found in these mice. These results show 

that increased Ab deposition, even with a reduction in cholinergic cells did not cause 

learning and memory impairment.  

3.2. Methods 

Experimental design. A randomized block design was used to test the factors of incubation 

time, genotype of mouse, and seed. The mice were grouped into cohorts based on date of 

birth, genotyped, and then randomly assigned to intracerebral seeding groups. Only 

homozygous positive AppNL-G-F mice were used The sample size was calculated using the 

Resource Equation (Festing et al., 2002). Alpha = 0.05. 

At two months of age, the mice were seeded with a control (n = 14), rpAD (n = 14), 

or slAD (n = 14) seed. One, three- and five-months following seeding, learning and memory 

was assessed using the MWT, NOR, BB, and FC. The behavioural testing lasted twenty-

three days for each time point and the order of the tests was randomized for each block of 

mice. FC was always tested last FC. Following the testing, brains were collected 

immunohistochemical analyses. See Table 3.1. for final grouping. 

Table 3.1. Grouping of genotype and seed used for behavioural testing (and 

immunohistochemical analysis). 

 Time post seeding 

Seed 1 3 5 

Non-seeded 6 (0) 6 (0) 6 (3) 

Control 14 (3) 11 (2) 8 (4) 

rpAD 14 (2) 12 (4) 7 (4) 

slAD 14 (1) 11 (2) 8 (3) 
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Subjects. Forty-five AppNL-G-F mice (19 males/24 females) were used in this study. The 

AppNL-G-F mice (Saito et al., 2014) and their derivative littermates are a knock-in mouse 

model expressing three unique Ab genes in the App gene without overexpressing amyloid 

precursor protein were previously characterized (Mehla et al., 2019) and used in this 

study. The mice were caged in standard housing, 2-5 mice per cage, and kept on a 12 h 

light/dark cycle. All testing was completed during the light cycle and done at 

approximately the same time each day by an experimenter blinded to the conditions. Mice 

were given ad libitum food and water. All animals were handled prior to behavioural 

testing. 

Ab Seed. The Ab seeds were obtained from human hippocampal tissue (The National Prion 

Disease Pathology Surveillance Center at Case Western Reserve University Medical 

School), assessed for purity, and stereotaxically injected. The University Hospitals 

Institutional Review Board (IRB) approval is for all autopsied (“discarded”) human tissues 

and all samples are anonymized (coded) and handled in compliance with NIH policy to 

protect privacy. The type of seed was determined by the rate of AD progression (Cohen et 

al., 2015). All brain tissue homogenate was buffered with phosphate buffered saline (PBS) 

at a pH of 7.4 and kept at -80oC. The seed was 10% w/v. Prior to possession of the tissue, 

the tissue underwent several selection criteria steps. See Supplementary methods for 

inclusion criteria. 

Stereotaxic intracerebral seeding surgery. The mice were intracerebrally injected with the 

Ab seeds at two months of age with a Nanoject II (Drummond Scientific Company, PA). 

The coordinates used for injection were AP: -4.48, ML: 3.00, DV: 3.44 to target the medial 
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entorhinal cortex. Bregma was used to find the stereotaxic coordinates for the medial 

entorhinal cortex (Allen Institute for Brain Science, 2016). A 0.5 mm diameter hole was 

drilled through the skull to the brain at the coordinates. The tissue homogenate was 

vortexed for 30 s before being loaded into the micropipette. Each mouse received 2 µL (1 

µL/hemisphere) of the Ab or control tissue homogenates. Prior to seeding, the micropipette 

was cleaned with 70% isopropyl. The mice were kept on the same 12 h light/dark cycle 

throughout recovery. 

Perfusions and Immunohistochemistry. The mice were overdosed with an intraperitoneal 

injection of sodium pentobarbital and transcardially perfused with 1X phosphate buffered 

saline (PBS) and 4% paraformaldehyde (PFA). The brains were fixed for 24 hrs. in 4% 

PFA before being transferred to a solution of 30% sucrose solution for at least three days. 

The brains were sectioned on a frozen sliding microtome at 40 µm in a 1:6 series and stored 

in 1X PBS + 0.02% sodium azide solution until immunohistochemical labelling of Ab 

plaque, microglia, and cholinergic cells was completed. 

Imaging and pathology analysis. Full slide imaging was completed on a digital slide 

scanner (NanoZoomer 2.0-RS, HAMAMATSU, JAPAN) at 20X magnification. The size, 

number, and convexity of pathology was measured using Ilastik (Berg et al., 2019). 

Convexity is a ratio of the area of the object measured and the area of its convex hull. This 

ratio represents a measure of how deviated the object is from a circle. Sections were 

assessed from ~AP 1.7 to -4.77 and the count for each section was averaged within groups. 

Ten sections of HPC, including dorsal and ventral HPC, three sections of Substantia nigra, 

medial septal complex, and entorhinal cortex at 240 µm intervals were assessed. Percent 

area was calculated following methods outlined previously (Schenk et al., 1999). Briefly, 
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the region of interest (ROI) was outlined using ImageJ and total pixel area was calculated. 

The percent of the brain region occupied by the labelled pixels was calculated. ChAT+ cells 

were quantified through the medial septal complex using NeuroInfo Suite. 

Procedure.  

MWT. Spatial learning and memory was tested by measuring the Gallagher 

proximity index (Gallagher et al., 1993; Maei et al., 2009; Vorhees & Williams, 2006). As 

the mouse learns the location of the hidden platform, the average proximity the mouse is to 

the target reduces. The proximity is independent of swim speed and can account for smaller 

changes in performance. The swim speed was also measured. The mice were given 8, 30 

sec trials each day for 10 days. On the 11th the mice were tested using a no platform probe 

trial. 

NOR. The mice were habituated to an open field (10 min x 3 days). On the fourth 

day two identical objects were placed in the open field and the mice were allowed to explore 

for 10 minutes. On the fifth day one object was replaced with a novel object and the mice 

were allowed to investigate for 5 minutes. The investigation ratio is the total investigation 

time of the novel object divided by the sum of total investigation time mouse investigates 

a pair of objects was used to determine if the mouse able to distinguish the novel to familiar 

object.  

Statistics. All statistics were done using Prism (Mac OS Version 9). Sidak’s multiple 

comparison following when appropriate. Two-way ANOVA and mixed effect models were 

used to analyze behavioural and histology data. 

 

3.3. Results 

Ab and microglia analysis revealed unique regional patterns of pathology. 
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Characteristics of microglia and Ab plaque pathology was quantified using Ilastik 

in the EC, HPC, SNr, RSc, and MSB (Figure 3.1A and B). At one, three-, and five-months 

post seeding the immunohistochemical staining revealed a unique pattern of expression 

(Fig 1 C – H). Overall, the percent area covered by 82e1+ [F(2, 17) = 0.625, p = 0.547] and 

Iba1+ [F(2, 16) = 0.8688, p = 0.438] immunoreactivity was not significantly different 

between seeds (Fig 3.1F.). Compared to earlier time points, the later time points showed a 

significant increase in the percent area covered by 82e1+ immunoreactivity [F(2, 17) = 

4.415, p = 0.0286] but Iba1+ immunoreactivity [F(2, 16) = 3.435, p = 0.057]. 
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Fig 3.1. Immunohistochemical analysis revealed unique regional patterns of 

microglia and plaque pathology following seeding.  A. Schematic representation of 

the EC, HPC, SNr, RSc, and MSB areas sampled throughout the brain (outlined in 

purple). B. Representation of Ilastik segmentation of pathology. C. Photomicrographs 

of microglia immunohistochemistry (Iba1 in red; DAPI in blue) at one, three-, and five-

months post seeding in the (i.) control, (ii.) rpAD, and (iii.) slAD seeded mice. Insert 

shows magnified microglia pathology sampled from the SNr. D. Photomicrographs of 

Ab plaque immunohistochemistry (82e1 in green; DAPI in blue) at one, three-, and 

five-months post seeding in the (i.) control, (ii.) rpAD, and (iii.) slAD seeded mice. E. 

Photomicrographs of merged microglia and plaque pathology of insert in C. and D. F. 

Percent area of (i.) iba1+ immunoreactivity and (ii.) 82e1+ immunoreactivity at each 

month post seeding. G. Quantitative measurements of microglia size (left axis; bar) and 

convexity (right axis; dot) at (i.) one, (ii.) three, and (iii.) five months post seeding. H. 
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Quantitative measurements of plaque size (i.) one, (ii.) three, and (iii.) five months post 

seeding. Schematic atlas modified from those provided by (Jin et al., 2022). Scale bar 

for C. and D set to 2.5 mm; insert and merged scale bar = 25 µm. *, p < 0.05; **, p < 

0.01; ***, p < 0.005, ****, p < 0.0001. 

 

Iba1+ immunoreactivity was found to be significantly different between regions of 

the brain sampled with immunoreactivity changing over time.One month post seeding the 

region sampled had a significant effect on Iba1+ immunoreactivity percent area [F(4, 12) 

= 7.39, p = 0.0030]. Overall, the SNr had significantly greater immunoreactivity compared 

to the EC, HPC, and MSB (p < 0.05). Three months post seeding, the region had significant 

effect on Iba1+ immunoreactivity [F(4, 20) = 21.08, p < 0.0001] and a significant region x 

seed interaction was found [F(8, 20) = 2.460, p = 0.049]. Overall, the SNr had significantly 

greater Iba1+ immunoreactivity compared to the EC, HPC, and MSB (p < 0.01). The HPC 

and RSc also had significantly greater Iba+ immunoreactivity compared to the MSB (p < 

0.05).  

The interaction is due to the control and rpAD seeded mice showing significant 

differences between regions whereas the slAD seeded mice showed no regional differences. 

Consistently, the SNr had significantly greater Iba1+ immunoreactivity compared to all 

other regions in the control and rpAD seeded mice three months following seeding. In the 

rpAD seeded mice, the RSc, HPC, and SNr had significantly higher percent area covered 

compared to the MSB. Five months following seeding the effect of the region sampled had 

a significant effect on Ib1+ immunoreactivity [F(4, 32) = 4.83, p = 0.004]; Overall, the EC, 

SNr, and RSc all had significantly greater Iba1+ immunoreactivity compared to the MSB.  
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Analysis one month following seeding showed that the region sampled had a 

significant effect on 82e1+ immunoreactivity [F(4, 12) = 8.29, p = 0.002] but the seed did 

not [F(2, 3) = 0.0561, p = 0.946]. The EC had significantly greater immunoreactivity 

compared to the HPC, SNr, and MSB (p < 0.05). The RSc was also found to have 

significantly greater immunoreactivity compared to the MSB. Three months following 

seeding the region was also found to have a significant effect on 82e1+ immunoreactivity 

[F(4, 17) = 6.917, p = 0.002; mixed-effects analysis1]. The EC had significantly higher 

immunoreactivity compared to the SNr, and MSB (p < 0.05). Five months post seeding 

regional 82e1+ immunoreactivity differences were found [F(4, 31) = 17.74, p < 0.0001; 

mixed effects analysis for missing values]. The EC had significantly greater 

immunoreactivity compared to the HPC, SNr, and MSB (p < 0.001). The RSc had 

significantly greater immunoreactivity compared to the HPC, SNr, and MSB (p < 0.0005). 

The EC, the location targeted for seeding, had the highest overall 82e1+ immunoreactivity 

compared to all other regions. Consistently the cortical regions, EC and RSc had the highest 

levels of 82e1+ immunoreactivity – the MSB consistently had the least 82e1+ 

immunoreactivity.  

Reduction in cholinergic tone in MSB following Ab seeding. 

The number of ChAT+ neurons was reduced significantly in Ab seeded compared 

to the control tissue seeded mice [t(9) = 3.355, p = 0.0042] and the non-seeded controls 

(non-seeded controls: 404.0 ± 134.4 cells vs. Ab seeded: 152.6 ± 46.06; [t(8) = 2.319, p 

=0.0245]. The number of ChAT+ cells in the MSB was significantly reduced in the Ab 

 
1 Due to poor staining or damage of tissue, inconsistent sampling occurred for some regions resulting in 
missing values. 
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seeded mice compared to control seeded mice (152.6 ± 46.06 vs. 416.8 ± 66.4, 

respectively). In the control compared to the Ab seeded mice, respectively; this represents 

a 273% reduction in cholinergic cells, with the Ab seeded mice having only 36% of 

cholinergic cells compared to the control seeded mice (Fig. 3.2C) 

 

Fig. 3.2. Seeding Ab caused a significant reduction in ChAT+ cells in the MSB. A. 

Ab deposition (red; counterstained with DAPI, blue) and B. ChAT+ cells (red, 

counterstained with NeuN, green) in the MSB. Control tissue seeded mice (i.) showed 

significantly more ChAT+ cells compared to the (ii.) Ab seeded mice five months post 

seeding. Abbreviations cc: corpus callosum; amg: amygdala. Scale bars set to 500µm. 

*, p < 0.05; **, p < 0.01; ***, p < 0.005, ****, p < 0.0001. 

 

Seeding did not impair spatial learning and memory. 

The mice significantly reduced their average proximity to the target across training 

with no significant differences between groups, showing they were able to learn the 

location of target platform (one month (Fig 3Ai): training effect [F(3, 44) = 0.556, p = 

0.647] and no day x group interaction [F(27, 396) = 0.714, p = 0.855]; three months (Fig 
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3Aiv): training effect [F(9, 324) = 17.82, p < 0.0001] between group [F(3, 36) = 2.03, p = 

0.128], day x group interaction [F(27, 324) = 0.817, p = 0.730]; five months (Fig 3Avii): 

training effect [F(9, 225) = 14.3, p < 0.0001], between groups [F(3, 25) = 0.579, p = 0.635],  

day x group interaction [F(27, 225) = 0.293, p = 0.999]. 

Training caused a significant increase in swim speed, but no group differences were 

found (one month (Fig 3Aii): training effect [F(9, 396) = 6.37, p < 0.0001] between group 

[F(3, 44) = 1.49, p = 0.231], day x group interaction [F(27, 396) = 0.714, p = 0.855]; three 

month (Fig 3Av): training effect [F(9, 279) = 4.59, p < 0.0001], group differences [F(2, 31) 

= 2.92, p = 0.069], day x group interaction [F(18, 279) = 0.996, p = 0.464]; five months 

(Fig 3 viii): training effect [F(9, 225) = 0.93, p = 0.496], group differences [F(3, 25) = 

0.546, p = 0.655] day x group interaction [F(27, 225) = 0.149, p > 0.9999]). In the probe 

trial, no significant difference was found between groups at each time point tested. 

The mice all had similar swim speeds at each time point (one month (Fig 3Aii): 

between group [F(3, 44) = 0.571, p = 0.637]; three months (Fig 3Av): between group [F(3, 

36) = 1.56, p = 0.216]; five months (Fig 3Aviii): between group [F(3, 25) = 0.254, p = 

0.858]). The mice also had similar proximity to the target (data not shown) (one month: 

between group [F(3, 44) = 0.207, p = 0.891]; three months: between group [F(3, 36) = 0.08, 

p = 0.971]; five months: between group [F(3.00, 19.59) = 0.497, p = 0.689; Brown-Forsythe 

ANOVA used due to significantly different standard deviations (p = 0.011)]. 

The mice all spent similar time in the target quadrant (one month (Fig 3 Aiii): 

between group [F(3, 44) = 0.178, p = 0.911]; three months (Fig 3Avi): between group [F(3, 

36) = 0.095, p = 0.962]; five months (Fig 3Avi) between group [F(3, 25) = 0.41, p = 

0.7495]).   When comparing the percentage of time spent in the target quadrant compared 

to chance all groups showed significant preference for the target quadrant. One month: non-
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seeded [t(5) = 5.56, p = 0.001], control [t(13) = 5.04, p = 0.0001], rpAD [t(13) = 5.39, p < 

0.0001], and slAD [t(13) = 5.77, p < 0.0001]. Three months: non-seeded [t(5) = 3.59, p = 

0.008], control [t(10) = 5.73, p <0.0001], rpAD [t(11) = 3.86, p = 0.001], and slAD [t(10) 

= 4.36, p = 0.0007]. Five months: non-seeded [t(5) = 8.39, p = 0.0002], control [t(7)=5.81, 

p = 0.0003], rpAD [t(6) = 5.20 , p = 0.001], and slAD [t(7) = 7.94, p < 0.0001]  

 The measures of the MWT were compared across the three time points tested and 

the seed had no significant effect on proximity [F(2, 39) = 1.14, p = 0.332], swim speed 

[F(2, 39) = 1.74, p > 0.05], or time in target quadrant [F(2, 90) = 0.088, p > 0.05]. Proximity 

significantly decreased across time [F(2, 51) = 8.25, p = 0.0008]. Swim speed significantly 

increased over time [F(2, 51) = 7.75, p < 0.05], between one and three months (p = 0.0006). 

Time following seeding had no significant effect on the time spent in the target quadrant 

[F(2, 90) = 1.050, p > 0.05]. 

The mice in this study were able to sufficiently learn the location of target platform 

at each time point tested. Significant changes in swim speed occurred across training and 

between testing time points. The seed had no significant effect on spatial memory or swim 

speed. 

NOR revealed unique behaviour towards objects used but discrimination between the novel 

and familiar object was not impaired.  

At one and five months following seeding the mice had a significant preference for 

the novel object but spent equal time investigating the novel and familiar objects three 

months following seeding (one month (Fig 2A): novel vs familiar [F(1, 35) = 40.2, p < 

0.0001]; three month (Fig 2B): [F(1, 29) = 0.69, p = 0.413]; five month (Fig 2C): novel vs 

familiar [F(1, 25) = 57.2, p < 0.0001]). The mice spent equal time investigating the objects 

during the NOR at each time point tested (one month: [F(3, 35) = 1.36, p = 0.270]; three 



 63 

months: between groups [F(3, 29) = 0.742, p = 0.536]; five months: between groups [F(3, 

25) = 0.71, p = 0.553]). The IR for the novel object was similar between groups at each 

time point (one month: between group [F(3, 35) = 1.26, p = 0.303]; three months: between 

groups [F(3, 29) = 0.124, p = 0.945]; five months: between groups [F(3, 25) = 0.71, p = 

0.553]).  
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Fig 3.3. Behavioural assessment following seeding showed no obvious deficit in 

spatial, or object memory. A. Schematic of MWT paradigm and predicted outcome. (i 

– iii.) Proximity to target, swim speed, and time in target quadrant, respectively one 

month following seeding. (iv – vi) Proximity to target, swim speed, and time in target 

quadrant, respectively three months following seeding. (vii - ix) Proximity to target, 

swim speed, and time in target quadrant, respectively five months following seeding. B. 

Schematic of NOR paradigm. Investigation percent and object pairing (i.) one month, 

(ii.) three months, and (iii.) five months following seeding. *, p < 0.05; **, p < 0.01; 

***, p < 0.005, ****, p < 0.0001. 
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3.4. Discussion 

In this study, AppNL-G-F mice were intracerebrally seeded with three different seeds 

isolated from unique forms of disease or health in the human brain to determine what effects 

Ab deposition absent of advanced age does to learning and memory. The major finding is 

that the seeded mice all developed extensive Ab plaque throughout the brain, from the most 

posterior sections of deep nuclei to the olfactory bulb only one month following seeding. 

Previous work has shown plaque as early as four months in the AppNL-G-F mouse model 

with cognitive decline appearing initially at six months despite minimal plaque (Jafari et 

al., 2018; Mehla et al., 2019). Despite the significant increase in plaque and loss of 

cholinergic cells in the MSB, no impairment in learning and memory impairment in the 

seeded mice was found. 

It may be that the younger mice used were resistant to Ab as age is a significant 

factor in Ab toxicity (Joseph et al., 2001). Or the inflammation may have not been sustained 

long enough to induce TNF-a-mediated necroptosis (Salvadores et al., 2022) which would 

only show up in older mice.  Furthermore, due to the mice in this study being young and 

trained at multiple times throughout their life, this cognitive testing becomes more 

cognitive training, increasing resiliency to the disease state (Soldan et al., 2017; Stern, 

2009). 

Ab and cholinergic tone 

Previous reports in rodents have shown that lesion of forebrain cholinergic cells 

results in cognitive deficits (Bennett et al., 2007) and chronic optogenetic stimulation of 

these cells prevents cognitive decline in aged AppNL-G-F mice (unpublished data). The 
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cholinergic hypothesis of AD has been central in attempting to understand disease etiology 

and progression (Craig et al., 2011; Frölich, 2002; Hachisu et al., 2015). Here we found a 

reduction in cholinergic neurons in the MSB five months following seeding in the Ab 

seeded mice yet, these mice showed no significant impairment in cognition. The reduction 

resulted in the Ab seeded mice having only 36% of the cholinergic cells in the MSB 

compared to control seeded mice. In AD, an overall 55% of cortical cholinergic fiber are 

lost but the loss was dependent on the cortical area, where the loss of cholinergic fibres was 

greatest in the temporal lobe and temporal association areas (Geula & Mesulam, 1996). As 

Ab deposition does not alone appear sufficient to cause learning and memory impairment, 

it also appears that a reduction in cholinergic cells along with an increase in Ab plaque 

deposition, and microgliosis is not sufficient to cause impairment.  

Microglia 

Like others, we have found a strong correlation between Ab pathology and 

microglia activation (Baik et al., 2016; Bisht et al., 2016; Condello et al., 2015b) that cannot 

be overlooked. However, the role of microglia in plaque removal is still unclear (Garcia-

Alloza et al., 2007). It is understood that microglia can limit plaque expansion by 

phagocytising amyloid fibrils that extend from the plaque core; in doing so, the plaque 

becomes compact (Casali et al., 2020). Microglia also surround plaque, creating a physical 

barrier and preventing the accumulation of the toxic soluble Ab42 (Casali et al., 2020).  

As microglia are the resident immune cells of the brain, the immune system is 

clearly involved in the etiology of AD – how it is involved is still not fully understood. 

However, AD has been proposed to be an autoimmune disorder in which the adaptive 
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immune system permits chronic immunological memory (Meier-Stephenson et al., 2022) 

and therefore the chronic involvement of the immune system in AD. 

Ab aggregation kinetics 

The type of seed affected the aggregation kinetics in a region dependent manner. 

The kinetic signature from Ab aggregation may be significantly different between specific 

seeds, such as Ab as shown here, but could arise from other proteins, and potentially 

viruses, bacteria, and fungus – all of which cause amyloidosis. Furthermore, the plaque size 

was not constant, nor did it consistently get larger following the initiation of the aggregation 

as the average size of plaque fluctuated at each time point.  

Due to finding Ab plaque in the olfactory bulb which is only one connection from 

the EC (Vanderwolf, 2001) only one month following seeding suggests the seed spread 

along neural connections (Harris et al., 2010; Pignataro & Middei, 2017). However, the 

HPC had consistently lower levels of 82e1+ immunoreactivity whereas cortical regions 

showed higher levels. As much less seed was used compared to previous studies, the 

proximity or diffusion-based spread should have been reduced. Yet, it cannot be ruled out 

that de novo amyloidosis is occurring (McAllister et al., 2020; Morales et al., 2012). 

 

3.5. Conclusion 

The described seeding experiment here had three major findings. 1) The specific 

seed used was found to alter the aggregation kinetics of amyloid plaque and microglia 

activation pattern. However, it is not clear as to what specific property of the seed alters the 

aggregation of Ab or changes the activation of microglia. Assessing whole brain regions 

following seeding should be completed to further understand the regional microglia/Ab 
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interaction. 2) The Ab seed of diseased patients was found to significantly reduce 

cholinergic cells in the MSB; and 3) seeding did not significantly impair learning and 

memory at the time points tested. Cognitive training artifacts may have prevented decline 

despite early Ab deposition and microgliosis. 
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Chapter 4. 

Abstract 

The amyloid cascade theory of AD etiology is that Aβ pathology precedes tau pathology 

in the brain and, moreover, that the accumulation of Aβ acts upstream of tau aggregation, 

but tau being responsible for most of the neurotoxic effects and disease progression, at 

least in mouse models. The Htau mouse model expresses six isoforms of human tau but 

does not express mouse tau was seeded with either the control or the rpAD amyloid seed. 

The immunohistochemical analysis showed sparse and inconsistent immunoreactivity of 

hyperphosphorylated tau (HPT) in the HPC and cortex. Some mice showed relatively 

high levels of HPT was found in the cortex and HPC but nearly entirely absent in others. 

Seeding with an rpAD Ab seed can induce acute HPT in the EC, where Ab was seeded, 

and SNr, a location indirectly connected. AT8 immunoreactivity was greater in the three-

month-old mice compared to the six-month-old mice, suggesting that amyloid increases 

hyperphosphorylation of tau immediately following but, if the environment is not suitable 

for Ab proliferation hyperphosphorylation does not progress.  
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Seeding human Ab into mice with humanized tau induces transient tau 

hyperphosphorylation dependent on Ab conformation.  

4.1. Introduction 

A central tenet of the amyloid cascade theory of AD etiology is that Aβ pathology 

precedes tau pathology in the brain and, moreover, that the accumulation of Aβ precipitates 

tau pathology (Hardy & Selkoe, 2002; Selkoe & Hardy, 2016). Indeed, tau has been 

described as the “bullet” to Aβ’s “trigger”  (Bloom, 2014), with Aβ acting upstream of tau 

aggregation, but tau being responsible for most of the neurotoxic effects and behavioural 

deficits associated with disease progression, at least in mouse models (Roberson et al., 

2007). The importance of tau for the cytotoxic, dystrophic, and functional effects of Aβ is 

supported by many in vitro and in vivo experiments (Bloom, 2014; Chabrier et al., 2014; 

Jin et al., 2011; Nussbaum et al., 2013; Shipton et al., 2011). Moreover, enhancement of 

pathological tau accumulation and propagation, as well as neurodegeneration, by the 

presence of APP mutations that cause Aβ pathology is supported by numerous experiments 

on double-transgenic mice (Bennett et al., 2017; Héraud et al., 2014; Hurtado et al., 2010; 

Lewis et al., 2001; Oddo et al., 2003; Pooler et al., 2015; Saul et al., 2013), and 

augmentation of tau pathology propagation by regional Aβ burden is also supported by 

computational modeling (Vogel et al., 2019). The presence of Aβ pathology in the human 

brain also appears to enhance the seeding potential of tau; when tested in an in vitro seeding 

assay, tissue homogenate from human brains with tauopathy but no plaques was less 

efficacious at seeding tau aggregation than was homogenate from brains with both 

tauopathy and plaques (Bennett et al., 2017). It should be noted, though, that there is also 

evidence that the presence of tau pathology can exacerbate Aβ deposition in transgenic 
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mice (Leroy et al., 2012; Ribé et al., 2005); in this way, Aβ and tau may form a positive 

feedback loop, versus Aβ acting exclusively upstream of tau. 

Following from the amyloid cascade and trigger/bullet theories, a clear prediction 

is that the seeding of Aβ pathology should induce or enhance the formation of tau 

pathology, either by a direct “cross-seeding” effect of misfolded Aβ on soluble tau or, 

perhaps, through an indirect pathway, in which Aβ pathology impairs the function of 

neurons or alters the regional environment of the brain in some way that promotes tau 

aggregation. There is no robust effect of Aβ seeding on tau pathology in APP transgenic or 

knock-in mice. Of the studies that have successfully induced β-amyloidosis by seeding APP 

transgenic mice with amyloid + brain extracts or synthetic Aβ, only two report the presence 

of any form of tau pathology. In the first case, seeding the hippocampus and overlying 

neocortex with amyloid + extracts was found to induce tau hyperphosphorylation in callosal 

axons around the injection site (Walker et al., 2002). Some degree of hyperphosphorylation 

was even noted in non-transgenic mice. In the other case, peripheral injection of amyloid + 

extracts resulted in the detection of neurites containing hyperphosphorylated tau (Eisele et 

al., 2010). The remaining studies have found no sign of tau pathology (Kane et al., 2000; 

Morales et al., 2012, 2015; Ruiz-Riquelme et al., 2018) or make no mention of tau 

pathology. 

While there is minimal evidence for the cross-seeding of tau pathology by Aβ in 

APP transgenic or knock-in mice, intracerebral injections of Aβ have been shown to induce 

tau pathology in certain tau transgenic strains (Bolmont et al., 2008; Götz et al., 2001). In 

one of the earliest successful intracerebral seeding experiments, Götz et al. (2001) showed 

that seeding with synthetic Aβ42 fibrils led to rapid development of tau pathology in 

transgenic mice expressing human P301L mutant tau. Within 3 weeks, substantial tau 
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pathology had formed, including silver-stained and ThS-positive NFTs. This pathology 

further increased in severity up to at least 2-months post-seeding. The burden of pathology 

was most appreciable in the amygdala, an area distal to, but synaptically connected with, 

the injection site. Active immunization against Aβ42 was not capable of preventing the 

induction of tau pathology (Kulic et al., 2006). It has also been demonstrated that 

intracerebral injection of brain homogenate, collected from aged APP23 mice that exhibit 

abundant Aβ pathology but no tau pathology, is capable of inducing hyperphosphorylated 

tau pathology, which spreads to several brain regions within 6 months (Bolmont et al., 

2008). These experiments used a different strain of tau P301L transgenic mice that show 

less aggressive development of endogenous tau pathology relative to the mice used by Götz 

et al. (2001). The injectate also contained a much lower concentration of Aβ, which did not 

aggregate around the injection site, unlike in the experiments by Götz et al. (2001) or induce 

endogenous Aβ aggregation. In contrast to these studies that used mice expressing mutant 

human tau, seeding with brain extract from aged APP23 mice does not induce tau pathology 

(or Aβ pathology) in transgenic mice that express WT human tau (Clavaguera et al., 2013). 

The experiments described above indicate that intracerebral Aβ seeding can induce 

tau pathology, but they do not address whether the effect is due to direct cross-seeding or 

through an indirect pathway. In a cell-free in vitro assay, it has been conclusively 

demonstrated that synthetic Aβ aggregates can cross-seed the formation of tau fibrils 

(Vasconcellos et al., 2016). These heterotypic tau seeds, formed in vitro, can induce tau 

aggregation when injected into PS19 mice, in much the same way as standard homotypic 

tau PFFs, though possibly with greater potency. However, this still does not address the 

question of in vivo cross-seeding. 
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It is not known exactly how Aβ interacts with tau to shift the nature of tau pathology, 

but the evidence is consistent with a model wherein Aβ plaques disrupt axonal function, 

causing soluble tau to mislocalize and accumulate in dystrophic axons around the Aβ 

plaques, where this tau can then be readily seeded into fibrillar NP-like pathology when tau 

seeds are administered (He et al., 2018). Over time, this axonal tau pathology may serve as 

a further source of tau seeds that are retrogradely transported to the somatodendritic 

compartment, exacerbating the formation of NFT- and NT-like pathology. 

To expand on the Ab seeding into tau mouse models, two-month-old Htau mice 

were intracerebrally injected with human HPC tissue containing an Ab seed. The mice were 

allowed to age for either one- or four-months following seeding before their brains were 

collected for immunohistochemical analysis of Ab deposition and hyperphosphorylated tau 

(HPT).  

 

4.2. Methods 

Six Htau mice (3 male, 3 female) were seeded with either the control (n = 2) or the 

rpAD seed (n = 4). The Htau mouse model (B6.Cg-Mapttm1(EGFP)Klt Tg(MAPT)8cPdav/J) 

expresses six isoforms of human tau, but does not express mouse tau (Andorfer et al., 

2003) The Htau mice develop age-associated tau pathology, which is most severe in the 

neocortex and hippocampus at nine to 15 months. Pathology includes redistribution of tau 

to cell bodies and dendrites, phosphorylated tau, accumulation of aggregated paired 

helical filaments, and thioflavin-S-positive neurofibrillary tangles.  

 Following seeding, the mice were left undisturbed until their brains were collected. 

The brains were sectioned and stained for Ab plaque deposition and HPT using AT8. 
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Immunoreactivity of the pathology markers were assessed throughout the septo- 

hippocampal formation, cortex, and SNr. 

4.3. Results 

Following seeding,  no immediate effects on phenotype were found and all the mice 

seeded were healthy at the time of death. We predicted that the seeded Ab would cause an 

increase in HPT throughout the septo-hippocampal area as the Ab seed was introduced into 

the entorhinal cortex (EC) and this would spread throughout the septo-hippocampal area 

and disrupting function (Guo & Lee, 2014; Harris et al., 2010). Ab immunoreactivity was 

not expected following seeding, as both the host and seed need to be compatible for this 

seeding effect to occur (Meyer-Leuhmann et al., 2006).  An increase in HPT was predicted. 
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Fig. 4.1. AT8 immunoreactivity following Ab seeding. AT8 immunoreactivity was found in the 

EC of both (A.) three and (B.) six-month-old rpAD seeded mice. AT8 immunoreactivity was 

never found in the six-month control seeded mice (C.). 

  The immunohistochemical analysis showed sparse immunoreactivity of HPT in the 

HPC and cortex (Fig 4.1). The immunoreactivity was also inconsistent – in some mice, 

relatively high levels of HPT was found in the cortex and HPC but nearly entirely absent 

in others. We found that the AT8 immunoreactivity was greater in the three-month-old mice 

compared to the six-month-old mice, suggesting that seeding increases 

hyperphosphorylation of tau immediately following but, if the environment is not suitable 
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for Ab proliferation (which is expected in the Htau model as no Ab pathology is produced 

naturally), hyperphosphorylation is reduced. Furthermore, these results suggest that 

hyperphosphorylation of tau can occur without the presence of Ab plaque but we cannot 

rule out the effects of soluble Ab on tau hyperphosphorylation. Due to the lack of Ab 

plaque, it is suspected that the injected Ab remained soluble and it may be the reason 

increased hyperphosphorylation occurred. In the EC, AT8 immunoreactivity was found at 

both three and six months in the rpAD seeded mice but it was inconsistent, with only half 

of the rpAD seeded mice showing AT8 immunoreactivity at both three and six months. 

However, no AT8 immunoreactivity was found in the control seeded mice at six months.  

 

Fig. 4.2. AT8 immunoreactivity was found in the SNr following seeding. (A.) One month 

following seeding with an rpAD seed but not four months following seeding with either the rpAD 

(B.) or control seed (C.).  
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AT8 immunoreactivity was found in the Substantia Nigra reticular area (SNr) in the 

three-month-old rpAD seeded mice but not found in the six-month rpAD or control seeded 

mice (Fig 4.2). Previously we have found that increased microglial cell density is found in 

the SNr compared to other regions, despite no Ab pathology in the AppNL-G-F mice. It was 

suspected that microglia reside in the SNr or migrate there before obvious plaque deposition 

occurs. The presence of HPT in the SNr suggests that the SNr may be a vulnerable hub to 

initial AD pathology. 

 

4.4. Discussion 

 In this study Htau mice were intracerebrally seeded with a human Ab seed and 

allowed the seed to inoculate for one or four months. Immunohistochemical assessment of 

HPT showed tau expression at the location of injection one at one and four months. Initially 

the HPT appears to be extracellularly expressed with the AT8 immunoreactivity appearing 

in the cellular layer at four months. The control seeded mice never showed AT8 

immunoreactivity four months following seeding. Interestingly, AT8 immunoreactivity 

was found in the SNr 

Hyperphosphorylation of tau results in the destabilization of tau – tubulin associated 

unit. Tubulin functions to maintain synapses and its destabilization would disrupt synapses, 

resulting in long term or permanent reduction in activity in the region of disconnected 

synapses. It has been previously proposed that the phosphorylation of tau is a mechanism 

to avoid Ab mediated toxicity (Ittner Arne et al., 2016). Phosphorylation of tau and its 

subsequent targeting to subsynaptic sites may regulate NMDA receptor-mediated synaptic 
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gain in neuronal networks, ultimately reducing activity in the network as phosphorylation 

of tau (Arendt & Bullmann, 2013).  

These studies suggest that Ab induces increased excitation in neurons and as means 

to suppress this activity, tau is phosphorylated. While initially this can be beneficial in 

reducing unwarranted neuronal firing and hyper excitability, prolonged tau 

phosphorylation would lead to destabilization of networks and the onset of cognitive 

decline. Under this view, it would suggest that increased HPT in the EC following Ab 

seeding was causing the hyperphosphorylation of tau in the SNr, suggesting that SNr 

disruption could be a node that is disrupted early in the disease process of AD. It is not 

clear as to whether the Ab spread from the injection site from the EC towards the SNr 

through proximal diffusion, or, if the Ab resulted in local phosphorylated tau which, along 

with the Ab seeded, disrupted the EC signalling and its output ultimately resulting in 

disruption of the SNr and tau hyperphosphorylation. 

 

4.5. Conclusion 

Here we show that seeding with an rpAD Ab seed can induce acute HPT in the EC, 

where Ab was seeded, and SNr, a location indirectly connected. However, after four 

months, the HPT was no longer found in the SNr and was reduced in the EC. This change 

suggests that tau can be unphosphorylated given that Ab plaque is not present in the brain. 
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Chapter 5. General Discussion 

AD is characterized by the aggregation of amyloid plaque throughout the brain. Yet 

a discrepancy exists between individual pathology examinations. Specifically, the extent of 

aggregation of plaque does not correlate with cognitive decline uniformly. This 

heterogeneity of disease is of interest. The specific question then is: why does this 

heterogeneity exist? While AD is a multifaceted disease with both genetic and lifestyle 

factors influencing the disease (Eisele et al., 2014; Gardener et al., 2015; McDonald, 2002) 

it has been previously hypothesized that the specific conformational properties of amyloid 

dictate the severity of the disease itself (Cohen et al., 2015, 2016). The unique 

conformations of amyloid were predicted to cause a corresponding phenotype of disease - 

as determined by the rate of and extent of disease spread. Here, using three 

conformationally distinct amyloid homogenates intracerebrally seeded into the medial 

entorhinal cortex of the AppNL-G-F mouse model three unique pathological states in the brain 

can be determined through regional plaque aggregation and microglial response. It should 

be noted that the specific seed did not create significantly different disease states in terms 

of cognitive decline and extent of pathology as measured through number of sizes of the 

plaque, the microglia morphology, but time at which regional responses to seed progression 

was unique to the seed. 

These results suggest that the heterogeneity of AD may be in part due to the type of 

amyloid expression in brain. The question that arises is why are their distinct amyloid 

conformations in the brain? A theory of AD has been put forth in previous years placing 

AD as an immune disease (Jevtic et al., 2017; Meier-Stephenson et al., 2022; Webers et al., 

2020) due to the striking similarities between the immune response in the brain and the 

traditional pathologies of AD – the presence of Ab plaque and hyperphosphorylated tau. 
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Under this new perspective it is not unreasonable to suggest that specific infectious agents 

may be dictating the conformational properties of amyloid as it is produced in brain. For 

example, it is known that not only does amyloid seed pathology, but herpes virus (Eimer et 

al., 2018), bacteria (Dominy et al., 2019; Ryder, 2020), and fungus (Alonso et al., 2014) 

can all accelerate amyloid deposition and diagnosis of AD. Each of these agents may be in 

turn creating a unique conformational property of amyloid that results in unique phenotypes 

of disease much the same that specific infectious agents are known to cause unique adaptive 

immune responses throughout the body. As the brain is no longer considered an immune 

privileged region, it is necessary to understand disease pathology as it relates to the immune 

system and potentially a holistic view of brain diseases. In this view, while removing Ab 

later in the course of the disease may prove useful to stop the progression of the disease, 

preventing Ab aggregation may increase the damage due to invading pathogens. Removing 

Ab for the sake of removing Ab, removing the pathogen causing Ab deposition may serve 

as a much more functional means to treat AD (Dominy et al., 2019).  Ab may serve a 

fundamental role in the innate immune response of the brain (Eimer et al., 2018; Kumar et 

al., 2016; Moir et al., 2018; Soscia et al., 2010).  

The lack of effect of Ab seeding on learning and memory behaviour is inconsistent 

with other published work (Ziegler-Waldkirch et al., 2018). The lack of behavioural effect 

may be largely in part due to the repetitive testing of the mice across age which has been 

found to drastically reduce pathological and behavioural problems in this mouse model 

(Mehla et al., 2022), specifically multi model training with physical exercise components 

e.g. swimming in the MWT. In non-trained mice but who swam in the MWT showed 

reduced pathology load (Mehla et al., 2022).  Behaviours that promote cognitive reserve 
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could be a mechanism to improve resiliency to disease and age related neurodegeneration 

(Alexander et al., 1997; Premi et al., 2013; Soldan et al., 2017; Stern, 2002, 2009). 

Cognitive reserve is an explanation for the heterogeneity of AD. If one individual has high 

pathology burden but no cognitive impairment, whereas another individual had low 

pathology burden and noticeable cognitive impairment, it would be concluded that the first 

individual has greater cognitive reserve. The brain of the first individual is said to have 

higher cognitive reserve. The behaviours that promote cognitive reserve, such as exercise, 

diet, circadian rhythm and sleep patterns, and education or career attainment, overlap 

significantly with reducing the risk factors associated with the onset of AD. Here, exercise 

and what is arguably environmental enrichment through time, were the two risk factors 

modulated and this may have blunted the seeding’s effect on cognitive decline. 

Limitations of seeding experiments 

Though intracerebral seeding provides many strengths as an experimental model, 

there are limitations that may affect the extent to which it provides results that accurately 

reflect the spreading that occurs in AD patients (Vogel et al., 2019). Most notably, there 

are considerable differences in the genetics, and resulting neural environment, of mice and 

humans, including genes likely involved in AD (Miller et al., 2010). In addition, the amount 

of misfolded protein injected in most seeding experiments vastly exceeds the concentration 

of protein endogenously produced in the human brain. To overcome this, small volume of 

amyloid homogenate was injected in each hemisphere to better understand the mechanisms 

and pattern by which AD pathology spreads. Iturria-Medina et al. (2014) developed an 

epidemic spreading model – in which a signal spreads from an epicenter through a set of 

interconnected nodes – to simulate the regional spread of AD pathology through the human 

brain (Iturria-Medina et al., 2014). They then compared the output of this model with real 
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Aβ deposition patterns, measured by positron emission tomography (PET), in healthy and 

diseased brains. The model best predicted regional Aβ load (accounting for 46-56% of 

variance) when connectivity between nodes was defined based on structural connectivity 

between brain regions, measured by diffusion-weighted magnetic resonance imaging in a 

separate set of healthy participants. It also identified the anterior and posterior cingulate 

cortices as the most likely epicenters from which Aβ pathology spreads. More recently, 

Weickenmeier et al. (2019) developed a physics-based model to simulate the prion-like 

spreading of misfolded proteins – including Aβ, tau, and α-synuclein – in 

neurodegenerative disorders. The simulation provided a good approximation of the real 

spread of pathology (based on post-mortem analysis) when it included parameters 

reflecting both anisotropic spreading (i.e., connectivity-based axonal transport or spreading 

along axons) and isotropic diffusion (i.e., extracellular proximity-based spreading) from 

the initial seed region, with a rate of diffusion favouring anisotropic over isotropic diffusion 

by a 2:1 ratio. Increasing or decreasing this ratio resulted in patterns of spreading that 

appeared non-physiological. Together, these models of pathological spread in AD support 

the same conclusion as do seeding experiments in mice: the spread of Aβ pathology is 

dictated primarily by neuronal connectivity – though spatial proximity also plays a role. 

One particularly relevant limitation to seeding experiments and the prion theory of 

β-amyloidosis, is that APP transgenic mice eventually develop Aβ pathology 

spontaneously, even without seeding. One can conclude from these studies that seeding 

accelerates the development of amyloid pathology, but this differs from prion diseases, in 

which misfolded prion proteins induce pathology that would be extremely unlikely to 

emerge spontaneously within the host organism’s lifetime. Two relevant studies reviewed 

by McAllister and colleagues (2020) highlight that seeding amyloid + extracts can 
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accelerate b-amyloidosis in both rats and mice with humanized APP which do not develop 

Ab until very late life. As shown in the current work, when seeded with amyloid + extracts, 

the App-/- mice did not show Ab aggregation even at nine months of age. This emphasises 

the requirement of a proper, compatible seed/host interact to studying amyloid seeding. 

Caution should also be taken when using transgenic mice with seeding as an incorrect 

genotype error of the mouse could result in large differences in seeding effect.  

limitations to the use of APP transgenic mice (and rats) apply more broadly across 

preclinical AD research. One such limitation is that these animals provide a better model 

of FAD – where etiology can be directly linked to a known mutation that is highly 

predictive of developing the disease – than of late-onset AD, in which the factors that 

initiate disease onset are complex, multivariate, and often unknown. Yet FAD is a very rare 

condition relative to late-onset AD, with an earlier onset that clearly reflects differences in 

etiology between the two forms.  

A previous limitation to intracerebral studies was the APP transgenic model’s 

insertion of the APP transgene under a non-endogenous promoter leading to ectopic 

expression, and often overexpression, of APP. Yet, the overexpression of APP does not 

occur in AD. APP and its products have numerous physiological effects on brain function, 

which could be altered by overexpression (Frautschy et al., 1996). APP has been shown to 

result in abnormal accumulation of APP products other than just Aβ, such as C-terminal 

fragment β. Accumulation of these products may account for many of the pathological 

effects, previously erroneously attributed to Aβ and β-amyloidosis, that have been observed 

in APP transgenic mice (Saito et al., 2014, 2016).  In short, effects observed in the brains 
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of these mice may not translate to brains (murine or human) in which APP is expressed at 

endogenous levels. 

The current study and other recent studies have addressed this limitation by 

conducting Aβ seeding experiments using knock-in mouse models. In these models, a 

humanized APP gene containing the Swedish and Iberian mutations (APPNL-F strain), or 

the Swedish, Arctic, and Iberian mutations (APPNL-G-F strain), is expressed under the 

control of the endogenous murine APP promoter, resulting in elevated levels of Aβ and an 

increased ratio of Aβ42 to Aβ40, but with normal murine expression of APP (Saito et al., 

2014). The results of these studies confirmed that Aβ deposition can indeed be induced to 

occur prematurely by intracerebral seeding in mice that do not overexpress APP (Purro et 

al., 2018; Ruiz-Riquelme et al., 2018; Saito et al., 2019). Ruiz-Requelme et al. (2018) 

observed that the parenchymal deposits in the brains of AppNL-F mice that emerged in 

response to seeding were not labeled by thioflavin S (ThS) and were not accompanied by 

astrogliosis or microgliosis.  

Here, it was found that the plaque in AppNL-G-F mice seeded with human Ab were 

consistently surrounded by microglia cells. Suggesting that the plaque found was not 

directly resultant of the seeding but the acceleration of de novo amyloidosis or b - 

amyloidosis that is accompanied by microglia - Ab aggregation made of toxic Ab. 

Regardless, Ab aggregation occurred sooner in the seeded mice compared to age matched 

controls in other studies. Following the same transmission mechanism of the PrP protein, 

in which single amino acid changes can impede transmission (Barron et al., 2001), it would 

be expected that the sequence of amino acids between the human seed used and the 
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humanized sequence of the APP gene produced in the rodent was more inline (Ruiz-

Riquelme et al., 2018).  

Future directions 

A general shortcoming of the Aβ seeding literature are the lack of  in vivo seeding 

studies attempting to experimentally disentangle the contributions of anterograde versus 

retrograde mechanisms of spreading, or even of intracellular versus extracellular 

mechanisms. The greater level of experimental control provided by the intracerebral 

seeding method in animal models would allow to answer these questions. To test whether 

the spreading of Aβ seeds is dependent on activity-dependent synaptic release, one could 

microinject the sodium channel blocker tetrodotoxin, or chronically supress neuronal 

activity using a chemogenetic approach, and observe whether this reduces or eliminates 

spreading. However, if it did not, this approach would not rule out the possibility of non-

activity-dependent mechanisms of intracellular transport and release. A complementary 

approach, then, would be to block microtubule polymerization by administering a tubulin 

inhibitor, such as colchicine, which would test whether axonal transport is required for the 

spreading of Aβ seeds. For such experiments, a host that shows a rapid pathological 

response to seeding and a strain of Aβ that spreads aggressively would be highly useful to 

observe how various experimental interventions alter the spread of Aβ seeds on as short a 

timescale as possible, minimizing the potentially confounding effects of neuronal 

dysfunction caused by the intervention. Alternatively, a chronic microdialysis approach 

could be used to detect the spread of seeds into a given region, ideally using seeds that can 

be easily distinguished from endogenous protein (e.g., human-derived seeds in a mouse 

expressing only WT murine protein) or identified by a tag (e.g., myc). The results of such 

experiments would aid in drawing more definitive conclusions about the mechanisms by 



 86 

which Aβ seeds propagate throughout the brain, ultimately informing understanding of how 

AD pathology spreads and, perhaps, how best its spread can be prevented. 

Another direction of understanding the disease is through the modulation of 

microglia. The spread of Ab and its deposition throughout the brain is a critical factor in 

the progression of AD (Aguzzi & Rajendran, 2009; Domert et al., 2014; McAllister et al., 

2020) and stopping the spread of Ab could be a means to slow or stop the disease. If Ab1-

42 oligomers are not degraded or cleared, they will begin to accumulate and transported 

throughout the brain through connected neural networks (Domert et al., 2014). As Ab 

spreads through the brain in a prion-like manner (Aguzzi & Rajendran, 2009; McAllister 

et al., 2020), microglia would become activated as the highly neurotoxic Ab oligomers 

(oAb) formed at an early disease stage and Ab fibrils induce pro-inflammatory microglia 

activation and releasing neurotoxic mediators that contribute to neurodegeneration 

(Schlachetzki & Hull, 2009). As the inflammation becomes global and chronic as Ab 

plaque deposition increases, both neuroinflammation and Ab plaque become damaging. 

This damage furthers activation of microglia and increases neuroinflammation (Prokop et 

al., 2013).  

Targeting inflammation early on, or when Ab is first present could act as a 

prophylaxis for AD. Minocycline is a tetracycline antibiotic that inhibits microglia 

activation, reduces the pro-inflammatory phenotype of microglia when challenged with 

oAb, enhances phagocytosis of fibril Ab, and has been found to be neuroprotective in 

global brain ischemia (El-Shimy et al., 2015, p.; Fan et al., 2007; Ferretti et al., 2012; Malm 

et al., 2008; Yrjänheikki et al., 1998) Minocycline has also been found to reverse memory 

impairment caused by Ab1-42 (Garcez et al., 2017). These results suggest minocycline could 
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be novel strategy for AD treatment by attenuating microglia-induced inflammation while 

maintaining efficient Ab clearance (El-Shimy et al., 2015; Norins, 2021) and inhibiting the 

spread of Ab. However, more research is necessary to understand whether this is an 

efficacious treatment but clinical trials in humans do not seem promising as minocycline 

did not appear to reduce the onset of AD (Howard et al., 2020).  
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Appendix 1. Detailed Methods 

A1.1. Ethics Statement. The animal study protocol was approved by the Animal 

Ethics Committee of the University of Lethbridge (protocol code 1810 and date of 

approval May 28, 2019). All Ab seeding was done in a Biosafety Level 2+ surgical 

suite following approved protocols from the University of Lethbridge Biosafety 

Offices (protocol code BC2019-06, approved May 28, 2021). 

A1.2. Experimental design. A randomized block design was used to test the factors 

of incubation time, genotype of mouse, and seed. The mice were grouped into cohorts 

based on date of birth, genotyped, and then randomly assigned to intracerebral seeding 

groups. The sample sizes for behaviour and immunostaining were based on previous 

pilot studies and during the sample size calculation where alpha = 0.05 and power = 

80% and using sample sizes like previously used. Post hoc power analysis done due to 

the reduction in sample size between three and six months indicated that the power 

was sufficient to detect an existing effect with a minimum detectable effect set to 2.485 

with a sample of size of 4. 

A1.3. Subjects. The AppNL-G-F mice (Saito et al., 2014) and their derivative littermates 

are a knock-in mouse model expressing three unique Ab genes in the App gene without 

overexpressing amyloid precursor protein were previously characterized (Mehla et al., 

2019) and used in this study. The mice were caged in standard housing, 2-5 mice per 

cage, and kept on a 12 h light/dark cycle. All testing was completed during the light 

cycle and done at approximately the same time each day by an experimenter blinded 

to the conditions. Mice were given ad libitum food and water. All animals were handled 

prior to behavioural testing. The mice were created by crossing mice from the RIKEN 
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institute and C57Bl/6J mice. The Swedish (NL) mutation increases the level of Ab, 

Beyreuther/Iberian (G) increases the ratio of Ab42 to Ab40, and Artic mutation (F) 

which is in the middle of the Aβ sequence and alters binding properties of various 

antibodies to Aβ, as analyzed by sandwich ELISA and immunohistochemistry. The 

Htau mouse model (B6.Cg-Mapttm1(EGFP)Klt Tg(MAPT)8cPdav/J) expresses six 

isoforms of human tau, but does not express mouse tau (Andorfer et al., 2003) The 

htau mice develop age-associated tau pathology, which is most severe in the neocortex 

and hippocampus at nine to 15 months. Pathology includes redistribution of tau to cell 

bodies and dendrites, phosphorylated tau, accumulation of aggregated paired helical 

filaments, and thioflavin-S-positive neurofibrillary tangles. 

A1.4. Genotyping. Punched mouse ear tissue was subjected to DNA extraction and 

PCR cycling using Millipore-Sigma’s RedExtract-N-Amp Tissue PCR kit (XNAT-

100RXN). PCR cycler condition: 94℃ for 3min, 94℃ for 30sec 57℃ for 45sec 72℃ 

for 1min x 35 cycles. Stored at 4℃. Primer sequences were obtained from the Riken 

Institute: E16WT: 5’- ATC TCg gAA gTg AAg ATg - 3’; E16MT: 5’- ATC TCg gAA 

gTg AAT CTA - 3’; WT: 5’- TgT AgA TgA gAA CTT AAC - 3’; loxP: 5’- CgT ATA 

ATg TATgCT ATA CgA 

Ag - 3’. PCR products were loaded onto agarose gel electrophoresis for visualization, 

with wild type band at 700bp and mutant band at 400bp.  

A1.5. Ab seed. The Ab seeds were obtained from human HPC tissue (The National 

Prion Disease Pathology Disease Pathology Surveillance Center at Case Western 

Reserve University Medical School), assessed for purity, and stereotaxically injected. 

The University Hospitals Institutional Review Board (IRB) approval is for all autopsied 
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(“discarded”) human tissues and all samples are anonymized (coded) and handled in 

compliance with NIH policy to protect privacy. The type of seed was determined by 

the rate of AD progression. A control seed composed of human hippocampal tissue 

was also injected as a negative control (Cohen et al., 2018). All brain tissue 

homogenate was buffered with phosphate buffered saline (PBS) at a pH of 7.4 and kept 

at -80oC. The seed was 10% w/v. Prior to possession of the tissue, the tissue underwent 

several selection criteria steps. 

1. Referral to the National Prion Disease Pathology Surveillance Centre to classify any 

prion disease. 

2. Six or more MMSE points of decline per year. 
 
3. Absence of autosomal dominant AD patterns 
 
4. Absence of mutations in human prion protein. 
 
5. Ab and tau proteins resembling sporadic Alzheimer’s Disease. 
 
6. No other neuropathological comorbidity. 
 
7. All results within 85% confidence interval. 
 
Another five inclusion criteria for the classical Alzheimer’s Disease tissue were used, 

they are as follows: 

1. Clear clinical diagnosis of Alzheimer’s disease 
 
2. No autosomal dominant patterns of dementia. 
 
3. Alzheimer’s Disease based on tau and A� proteins. 
 
4. No comorbidity with other neuropathological diseases. 
 
5. Results within 95% confidence interval. 
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A1.6. Stereotaxic intracerebral seeding surgery. The mice were subcutaneously 

injected with buprenorphine (Vetergesic; 0.05 mg/kg; concentration = 0.03 mg/ml) 30 

min prior to anaesthesia induction (Isoflurane). Oxygen flow rate for induction was 

between 4-5 L/min and isoflurane was increased in a stepwise manner to a maximum 

of 5 L/min. Oxygen and anaesthesia flow rate were reduced to 0.9 L/min and 1.5-3 

L/min, respectively for the duration of the surgery. After the head was shaved, the 

scalp was cleaned with 4% stanhexadine (Omegalab) followed by 70% isopropyl 

alcohol. Lidocaine (0.1 mL of 0.2%; Rafter8) was subcutaneously injected under the 

scalp. Bregma was used to find the stereotaxic coordinates for the medial entorhinal 

cortex (Allen Institute for Brain Science, 2016). The coordinates used for injection 

were AP: -4.48, ML: 3.00, DV: 3.44 to target the medial entorhinal cortex. A 0.5 mm 

diameter hole was drilled through the skull to the brain at the coordinates. 

The tissue homogenate was vortexed for 30 s before being loaded into the 

micropipette. Each mouse received 2 µL (1 µL/hemisphere) of the A� or control tissue 

homogenates. Seeding was performed with a Nanoject II (Drummond Scientific 

Company, PA) set to slowly inject 50.6 nL. Prior to seeding, a test injection was done 

to ensure proper flow and the micropipette was cleaned with 70% isopropyl. The 

micropipette was inserted into the brain at the locations described and allowed to rest 

for 2 min before the first injection, with all following injections 20 seconds apart for a 

total of 20 injections. The micropipette stayed in place for 2 minutes after the final 

injection before being removed. A test injection was done again once the micropipette 

was removed, and the micropipette was cleaned with 70% isopropyl alcohol before the 

next hemisphere injection. The mice were kept on the same 12 h light/dark cycle 
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throughout recovery. 

A1.7. Morris water task (MWT). Spatial learning and memory was tested using the 

MWT (Gallagher et al., 1993; Maei et al., 2009; Vorhees & Williams, 2006). The pool 

was 1.55 m in diameter with water temperature maintained at 21oC ± 1oC with a white, 

12.5 cm submerged target platform and unobstructed distal cues surrounding the edges. 

At each time point following seeding, the distal cues were adjusted, and the platform 

was relocated to the opposing pool quadrant to create a new experimental setting. A 

camera fixed to the ceiling connected to a laptop with HVS Image 2100 which was used 

to track swim patterns of the mice. The data collected from the swim pattern was the 

latency, pathlength, proximity to the target, and swim speed; during the probe trial, time 

spent in quadrants was also collected. 

The Gallagher Proximity measure was used alongside traditional measures of 

the MWT such as latency and pathlength, as these measurements are imprecise and a 

decrease in these measures does not necessarily indicate place learning (Gallagher et 

al., 1993). The proximity measure is the average distance from the target during the 

trial and is a means to identify the position of the mouse and its average search pattern 

with respect to the target location. Furthermore, proximity is a swim speed independent 

measure. But swim speed was assessed to determine if motor deficits were present. 

The time spent in the target quadrant during the probe trial was used to determine if 

the mouse learned the location of target. 

A1.8. Novel Object Recognition (NOR). The NOR assessment was done in a white 

acrylic tub with clean mouse bedding on the bottom. Each testing time point used 

different object pairings to assess recognition memory over time. The objects were 
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cleaned with 70% isopropyl alcohol between trials. 

A1.9. Filming. A camera fixed to the ceiling connected to a laptop with HVS Image 

2100 was used for the MWT. For the NOR, and FC a Sony digital camera filmed the 

mouse behaviour from overhead. For the BB, the same digital camera filmed the mice 

as they crossed the beam. 

A1.10. Procedure 

The MWT was used to assess spatial navigation ability following seeding. As the 

mouse explores the pool they will come across a hidden platform. As they learn the 

location of the platform, there swim paths become more directed towards the target 

irrespective of the starting location. As a result, the time required to reach the platform 

and the path length swam reduce. Another result is that the average proximity the 

mouse is to the target also reduces. Due to mice being such poor swimmers compared 

to rats, using traditional measures such as latency and pathlength may not be sufficient 

to determine small changes in performance. Proximity however is the superior measure 

to assess spatial navigation in the MWT (Gallagher et al., 1993; Maei et al., 2009). The 

proximity is independent of swim speed and can account for smaller changes in 

performance. 

Especially in mice where their poor ability to make sudden stops and changes in 

direction can increase their swim time and pathlength measures while circling the 

platform. The swim speed was however also measured. In chapter 2, the mice were 

given 4, 30 sec trials for 6 days. One the 7th day they were tested suing a no platform 

probe trial. In chapter 3, the mice were given 8, 30 sec trials each day for 10 days. On 

the 11th the mice were tested using a no platform probe trial. 
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Object and recognition memory were assessed using the NOR. The ratio to 

which a mouse investigates a pair of objects can be used to determine if the mouse was 

able to remember the previously investigated object and determine the other object as 

novel. If the mouse fails to make this distinction, it suggests impairment in object 

recognition memory or exploration and information gathering abilities. To test this, the 

mice were first habituated to an open field for 10 minutes each day for 3 days. On the 

fourth day two identical objects were placed in the open field and the mice were 

allowed to explore for 10 minutes. On the fifth day one object was replaced with a 

novel object and the mice were allowed to investigate for 5 minutes. Throughout the 

experiment the box was not cleaned as to saturate it with olfactory stimuli (Ennaceur 

& Delacour, 1988). The videos were filmed and scored by an experimenter blinded to 

seeding condition. The time the mouse spent investigating the familiar and novel object 

was recorded and the investigation ratio was analyzed. The investigation ratio is the 

amount of time investigating the novel object divided by the sum of investigating both 

novel and familiar objects. A value of 1 for the novel object shows the mouse spent all 

its time investigating the novel object, whereas a value of 0.5 shows the mouse spent 

equal time investigating both objects. 

A1.11. Perfusions and sectioning. The mice were overdosed with an intraperitoneal 

injection of sodium pentobarbital and transcardially perfused with 1X phosphate 

buffered saline (PBS) and 4% paraformaldehyde (PFA). The brains were fixed for 24 

hrs. in 4% PFA before being transferred to a solution of 30% sucrose solution for at 

least three days. The brains were sectioned on a frozen sliding microtome at 40 µm in a 

1:6 series and stored in 1X PBS + 0.02% sodium azide solution until staining. Prior to 
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staining, the brain sections were mounted on super frost positively charged slides, 

allowed to dry up right for 30 mins and stored over night at 4oC. 

A1.12. Immunohistochemistry. The slides were rinsed in 4% PFA for four minutes, 

washed with 1X Tris Buffer Saline (TBS), and underwent a 70% Formic Acid wash. 

Slides were rinsed in 1X TBS, TBS-A (1X TBS+ 0.1% Triton X), and TBS-B (TBS+ 

0.1% Triton X + 2% bovine serum albumin (BSA)). The primaries used were: Anti-

82E1 (Anti-β-amyloid (N), IBL,10323, mouse) 1:1000 and Anti-Iba1 (Rabbit, 019-

19741, Wako) -20C 1:1000, 1ml/slide in TBS-B for 2 days at RT in a dark humid 

chamber, sealed in plastic wrap on the rotator at 50RPM. Following primary incubation 

TBS, TBS-A, and TBS-B washes were repeated. Secondaries used: Anti-mouse-alexa-

488 (IgG (H+ L) goat, Abcam, ab150113) 1:1000 and anti-rabbit-alexa-594 (IgG 

(H+L) goat, Invitrogen, A11037) 1:1000 (1ml/slide) in TBS-B overnight in a dark 

humid chamber sealed in plastic wrap on the rotator at 50RPM. Secondary was washed 

with 1X TBS and cover slipped with Vectashield + DAPI. For ChAT and NeuN 

staining, sections were mounted onto slides and washed with TBS. Slides were blocked 

with TBS + 0.3% Triton-X + 3% goat serum (10ml – 1ml/slide) for 2h in a TBS humid 

chamber on a leveled rotator. Sections were inoculated with primary antibodies in TBS 

+ 0.3% Triton-X. Slides were washed in TBS + 0.3% Triton-X before inoculated with 

secondary antibodies. Slides were rinsed with 1 x TBS + 0.3% Triton-X washes, TBS, 

and cover slipped coverslip with Vectashield (Vector Labs, H-1000). 

A1.13. Imaging and pathology analysis. Full slide imaging was completed on a 

digital slide scanner (NanoZoomer 2.0-RS, HAMAMATSU, JAPAN) at 20X 

magnification. The size, number, and convexity of pathology was measured using 
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Ilastik (Berg et al., 2019). Convexity is a ratio of the area of the object measured and 

the area of its convex hull. This ratio represents a measure of how deviated the object 

is from a circle. In chapter 2 sections were processed from ~AP 1.7 to -4.77 and the 

count for each section was averaged within groups. In chapter 3, ten sections of HPC, 

including dorsal and ventral HPC, three sections of Substantia nigra, medial septal 

complex, and entorhinal cortex at 240 µm intervals were assessed. One to three brains 

from each seeding condition and time point were analyzed for Ab and microglia. 

Percent area was calculated following methods outlined previously (Schenk et al., 

1999). Briefly, the region of interest (ROI) was outlined using ImageJ and total pixel 

area was calculated. and the percent of the brain region occupied by the labelled pixels 

was calculated. ChAT+ cells were quantified through the medial septal complex using 

NeuroInfo Suite. 

A1.14. Ilastik workflow. Prior to processing, high resolution NDPI images were 

exported to RGB tiff images. ImageJ was used to identify, crop, and save a standard 

5000 x 5000- pixel window for each ROI – this was done to maintain consistent pixel 

size across all images. The pixel area for each ROI identified was measured. The 

pixel/µm scale was determined for each whole slide image and was used to convert 

pixels to µm2 measurements of pathology. On average, 0.58 ± 0.01 pixels/µm was 

found as the ratio. The pixel and object classification workflow in Ilastik was used to 

segment fluorescent pathology. Ten sample images for both 82e1 and Iba1 stained 

sections were used to train the Ilastik classifier. Training was done to accurately 

identify specific fluorescent signals across each sample training image. Thresholding 
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was set at 0.4 for 82e1 and Iba1, with a size minimum of 10 pixels for 82e1 and 5 pixels 

for Iba1. 
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Fig. A1.1. Ilastik workflow for measuring Ab plaque and microglia cells. A. 82e1 and B. 

Iba1 immunoreactivity training. Grey scale images (i.) are used to segment object from 

background. A prediction map of the specific plaques and microglia cells is created (ii.). 

Individual objects are created following thresholding (iii.). The final spatial representation for 

each specific object for both plaque and microglia (iv.). 

 To compare between Ab seeds and across time, 10 sequential sections with 240 µm between 
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each section from the HPC, 5 from EC, 3 from RSc, 3 from MSB, and 5 from SNr, were sampled 

from each brain. Following processing, the sum of all pixels determined to be 82e1 or Iba1 

pathology was divided by the sum of the pixel area measured for the ROI to determine the 

percent area covered by 82e1 and Iba1 immunoreactivity. The objects identified as Ab plaque 

and microglia cells were measured, and their size and convexity (for microglia cells) were 

analyzed. 

To assess differences in regions within seeded groups, the percent area for each sampled 

section was averaged and compared between regions within brains. To assess between seeds, 

the percent area for each region was averaged such that one percent area value for each brain 

was determined. These values were used to compare group differences.  

A1.17. Protein analysis. Western blots were performed as by enhanced chemiluminescence 

as described previously by the Westaway Lab at the University of Alberta (Chishti et al., 2001; 

Citron et al., 1997), except ECL-Plus (Amersham Pharmacia Biotech) was used in conjunction 

with a “Storm” imaging system (Molecular Dynamics) for quantitative analyses. For ELISA 

analysis, three App-/- C and rpAD mice were transcardially perfused with cold 1X PBS. The 

entire brain was removed, cut in half, and snap-frozen. Cerebral Aβ was solubilized in a 5 m 

guanidine HCl, 50 mmTris-HCl, pH 8.0 buffer (Johnson-Wood et al., 1997) agitated, 

aliquoted, and stored at −80 °C. Thawed aliquots were diluted 10-fold or more and assessed 

for Aβ40 or Aβ42 using commercially available enzyme-linked immunosorbent assays 

(ELISAs) specific for either Aβ40 or Aβ42 and calibrated with synthetic Aβ peptides 

(BIOSOURCE International). The Aβ40 ELISA does not display any cross-reactivity with 

Aβ42 or Aβ43, and the Aβ42 ELISA does not react with either Aβ40 or Aβ43. Each brain was 

analyzed in duplicate or triplicate, with the average value reported for each brain. Analysis was 
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completed by Dr. D. Westaway’s lab.  

A1.18. Statistics. All statistics were done using Prism (Mac OS Version 9). Sidak’s multiple 

comparison following when appropriate. Two-way ANOVA and mixed effect models were 

used to analyze behavioural and histology data. 

 


