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Résumé 
Les principales caractéristiques de la maladie d'Alzheimer (MA) sont le dépôt de plaques 

amyloïdes (Aβ) extracellulaires et les enchevêtrements neurofibrillaires intracellulaires 

composés de protéines tau. À mesure que la maladie progresse, la mort neuronale et une 

diminution de la densité synaptique sont observées, parallèlement à une augmentation de la 

neuroinflammation et du dysfonctionnement immunitaire. Le processus de 

neuroinflammation est étroitement lié à la présence de plaques Aβ et peut affecter les 

interactions microgliales avec les structures neuronales tout au long de la progression de la 

maladie. L'activation substantielle et chronique des microglies déclenchée par la présence 

d'Aβ est supposée affecter l'homéostasie cérébrale en raison d'une altération des actions 

physiologiques microgliales, notamment au niveau des synapses. Ici, nous visons à générer 

de nouvelles connaissances sur l'implication microgliale dans la physiopathologie de la MA 

en combinant la microscopie optique et électronique pour étudier l'ultrastructure 

microgliale et les interactions neuronales / synaptiques en relation avec le dépôt de plaques 

Aβ. Des souris APP-PS1 âgées de 14 mois ont été étudiées en même temps que des témoins 

appariés selon l'âge. En outre, des sections de la MA humaine post-mortem ont également 

été examinées dans notre étude. Dans nos expériences, les plaques Aβ ont été visualisées en 

utilisant du méthoxy-XO4 qui se lie sélectivement et irréversiblement aux feuilles d'Aβ et 

permet leur détection en microscopie optique. De plus, l'immunocoloration post-mortem de 

la microglie avec le marqueur de la molécule adaptatrice de fixation du calcium ionisée 

(IBA1) et un traitement supplémentaire pour la microscopie électronique à transmission ont 

permis d'étudier la microglie à différentes proximités des plaques. Nos analyses 

ultrastructurelles ont révélé des différences significatives dans les activités phagocytaires et 

les caractéristiques morphologiques. Les corps cellulaires microgliaux de l'APP-PS1 

avaient une surface et un périmètre significativement supérieurs à ceux des témoins de type 

sauvage et présentaient des signes de stress et une activité phagocytaire diminuée. Ces 

signes de stress et de phagocytose altérée ont également été observés dans les 

prolongements microgliaux des échantillons APP-PS1. De plus, les microglies présentaient 

divers phénotypes morphologiques et réactions cellulaires physiologiques selon leur 

proximité des plaques. Les corps des cellules microgliales proches des plaques étaient plus 
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larges en surface et en périmètre que les témoins de type sauvage et les autres régions APP-

PS1 situées plus loin des plaques. Les microglies proches des plaques étaient plus 

susceptibles de contenir des dépôts Aβ et moins susceptibles de contenir ou d’encercler des 

éléments neuronaux. En outre, elles présentaient des signes de stress caractérisés par des 

corps cellulaires assombris et un réticulum endoplasmique dilaté. Tous ces résultats 

définissent les changements radicaux qui se produisent au niveau ultrastructural dans le 

cerveau en réponse à la déposition Aβ . 
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Abstract 
The main hallmarks of Alzheimer’s disease (AD) are the deposition of extracellular 

amyloid (A)β plaques and intracellular neurofibrillary tangles composed of tau protein. As 

the disease progresses, neuronal death and decreased synaptic density is observed, 

concurrent with an increase of neuroinflammation and immune dysfunction. The process of 

neuroinflammation is tightly linked to the presence of Aβ plaques and may affect 

microglial interactions with neuronal structures throughout disease progression. Substantial 

and chronic microglial activation triggered by the presence of Aβ is suspected to affect 

brain homeostasis due to an alteration of microglial physiological actions, notably at 

synapses. Here we aim to generate new insights regarding microglial implication in AD 

pathophysiology by combining light and electron microscopy to study microglial 

ultrastructure and neuronal/synaptic interactions with relation to Aβ plaque deposition. 14 

months old APP-PS1 mice were studied alongside age-matched controls. Also, post-

mortem human AD sections were examined in our study. In our experiments, Aβ plaques 

were visualized using Methoxy-XO4 which binds selectively and irreversibly to Aβ sheets 

and allows their detection under light microscopy. Furthermore, post-mortem 

immunostaining of microglia with the ionized calcium-binding adapter molecule 1 (IBA1) 

marker and additional processing for transmission electron microscopy allowed the study of 

microglia at different proximities to the plaques. Our ultrastructural analyses revealed 

significant differences in phagocytic activities and morphological features. Microglial cell 

bodies in APP-PS1 were significantly larger in area and perimeter compared to wild-type 

controls and displayed signs of stress and decreased phagocytic activity. These signs of 

stress and impaired phagocytosis were also found in microglial processes in the APP-PS1 

samples. Additionally, microglia showed diverse morphological phenotypes and 

physiological cell reactions dependent on their proximity to plaques. Microglial cell bodies 

near plaques were larger in area and perimeter compared to wild-type controls and other 

APP-PS1 regions located farther from plaques. Microglia near plaques were more were 

more likely to contain Aβ and less likely to contain or encircle neuronal elements. Also, 

they presented signs of stress characterized by darkened cell bodies and dilated 
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endoplasmic reticulum. All these findings define the drastic changes that are taking place at 

ultrastructural level in the brain in response to Aβ deposition. 
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1. Introduction 
1.1. Alzheimer’s Disease 
Alzheimer’s disease (AD) was first identified over a century ago by Alois Alzheimer where 

he reported an atrophic brain with neurofibrillary deposits and areas resistant to staining in 

the case of 51 year-old demented patient (1)(2). Alzheimer’s disease, being the most 

common cause of dementia as well as the major cause of death, accounts for 60-80% of 

dementia cases (3). There are nearly 46 million patients worldwide (world Alzheimer’s 

report). The progression of AD leads to deterioration of cognitive functions including 

memory, speech, language, judgment, reasoning, planning and other thinking abilities. AD 

has a clinical duration ranging from 8-10 years (4). The main changes seen at the level of 

the brain are neuronal death and extensive loss of synapses particularly in the neocortex and 

hippocampus (5,6,7). Numerous extracellular deposits of amyloid beta (Aβ) sheets and 

intraneuronal fibrillar tangles are the major defining indicators of the disease (8,9). The 

pathogenesis of AD appears to be extremely complex due to the involvement of multiple 

cellular and molecular interactions. Currently there are no treatments to stop, slow or 

reverse the progression of the disease. 

 

Risk factors of the disease are multifactorial. Type 2 diabetes, hypertension, smoking, 

sedentary lifestyle, obesity, and head injury are mostly preventable risk factors of AD. The 

age and genetics are the main risk factors that can not be prevented. Most of the AD cases 

are sporadic, but a rare type of AD which appears in less than 0.5% of cases is also present. 

This type is the familial form of AD (fAD) which is caused by mutations in three genes, 

amyloid precursor protein (APP), presinilin 1 (PSEN1) and presinilin 2 (PSEN2). 

Symptoms in fAD develop early between 30 and 50 years of age (10). Sporadic forms of 

AD which appear later in the lifespan are driven by a combination of genetic and 

environmental factors. Apolipoprotein E (APoE) e4 allele is linked to increased risk and 

earlier onset in AD. People having one copy of the e4 allele of apolipoprotein E (APoE) are 

in risk in developing AD by 47%, while homozygosity increased the risk to 90%. Also, 

people not having the e4 allele have a mean age onset of 84.3 years compared to 

heterozygous that have a mean of 75.5 and the homozygous with a mean of 68.4 years (11). 

Genome-wide association studies (GWAS) have pinpointed to more than 20 genetic risk 
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factors related to cholesterol metabolism and inflammatory pathways (12).  

 

Physical exercise and education may have a protective role against AD as shown in 

epidemiological studies. Midlife hypertension and diabetes in addition to vascular disease 

negatively impact the risk of developing AD (13). 

 

The pathophysiology of AD is defined by the accumulation of the extracellular amyloid 

plaques, intracellular neurofibrillary tangles (NFTs) of Tau and neuroinflammation which 

is mainly orchestrated by microglia, the immune cells of the central nervous system (CNS). 

Loss of synapses, dystrophic neurites and associated astrogliosis are widely seen as the 

disease progresses, leading to neuronal death and macroscopic atrophy in the structure and 

volume of the affected areas of the brain (14) (Figure 1.1). 

 

 

 

 
 
Figure 2.1 Comparison of a healthy brain to a AD brain, where we can see volume loss and 
thinning in the cortex which are features of advanced AD(15). 
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1.1.1 Neurofibrillary tangles 
One of the major characteristics of AD is the formation of  neurofibrillary tangles (NFTs). 

These tangles contain paired helical filaments of hyperphosphorylated tau protein (16). 

These inclusions are pathologically linked to a number of neurodegenerative diseases 

where they are seen with excessive neuronal loss and gliosis. In addition to AD these 

hallmarks are also present in Down's syndrome, several variants of prion diseases, 

progressive supranuclear palsy, amyotrophic lateral sclerosis/parkinsonism-dementia 

complex of Guam (ALS/PDC), Pick's disease, corticobasal degeneration, sporadic 

frontotemporal dementias, and familial FTDP-17 syndromes (17). 

 

Normally, tau is one of the proteins involved in the microtubule assembly, it plays an 

important role in cellular structure maintenance and proper axonal transport (18). Also, it is 

essential to axonal growth and development of neurons. Six isoforms are expressed in the 

human brain as the result of alternative mRNA splicing that yields tau proteins containing 

0–2 acidic N-terminal inserts (0 N, 1 N, or 2 N) and 3 or 4 microtubule binding repeat 

(MTBR) regions.  These regions may adopt pathological oligomers/aggregates preventing 

normal functions or leading to loss of functions of the tau protein (19,20). The suggested 

mechanism of tau induced neurodegeneration may include the discontinuity of axonal 

transport due to aggregates acting as physical blockage and synaptic malfunction (21). In 

AD, NFTs are mainly associated with amyloid plaques and located mainly in the cell 

bodies and dendrites of the neurons (18). Tau pathology typically begins in the allocortex 

of the medial temporal lobe (entorhinal cortex and hippocampus) before spreading to the 

associative isocortex. Primary sensory, motor and visual areas tend to be relatively spared. 

The progression of neuronal and synapse loss occurs in parallel to tangle formation (22). 

While the amyloid cascade hypothesis suggests that the pathology of tau is dependent on 

Aβ, studies show that tau can cause neurodegeneration independently of Aβ. For that 

reason, it is reasonable to say that both pathologies act in parallel in promoting their toxic 

effects and exacerbating AD progression (23). A study has shown that tau facilitates Aβ 

toxicity by directing the Src kinase Fyn to the N-methyl-d-aspartate (NMDA) receptors, 

increasing the interactions of Src kinase Fyn with the PSD95 proteins and resulting in 
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excitotoxicity (24). In transgenic mice carrying mutant APP overexpression of tau led to 

exaggerated pathogenesis (25). When tau was genetically removed from these mice, 

pathologic features were reduced suggesting this interrelated process between Aβ and 

NFTs (26). 

 

 

1.1.2 Amyloid beta 

Aβ peptide is the main component of the neuritic plaques in the brain of AD patients (27). 

It was first sequenced from meningeal blood vessels of individuals with AD or Down’s 

syndrome (9,28). Aβ deposition is widely believed to be the main driver of AD 

pathogenesis. Although there is a weak coexistence between accumulation of neuritic 

plaques and the severity of the clinical symptoms of the disease, studies point out to the 

important role of soluble Aβ and its accumulation in different pools in AD progression. 

 

Mainly, Aβ is formed after sequential cleavage of APP. While the precise physiological 

function of APP is not known, studies have shown that overexpression of APP has a 

positive effect on cell health and synaptic functions and is highly expressed in brain regions 

where synaptic modification occurs (29). Aβ is produced when APP is sequentially cleaved 

by β and γ secretases. β-secretase first yields a large derivative sAPPβ, which is rapidly 

cleaved by γ -secretase producing Aβ (Figure 1.2). Due to γ -secretase imprecise cleaving 

processes, numerous Aβ species exist. Aβ40 comprises 80-90% of produced Aβ followed 

by Aβ42 which comprises to 5-10% of Aβ species. Aβ42 species are more hydrophobic 

and fibrillogenic and they are the main deposited Aβ form in the brain (31). 
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Figure 1.2 Sequential cleavage of APP by two pathways where cleavage by β-secretase followed by 
γ-secretase leads to the cleavage of Aβ peptide and favors the amyloidogenic pathway (30). 

 

Genetic cases in AD revealed that the deposition of Aβ is a general event that characterizes 

both late sporadic form of AD and the early fAD which is caused by autosomal dominant 

mutation of APP (32). Autosomal dominant mutations are mainly manifested on APP, 

PSEN1 and PSEN2 genes. The occurrence of these different mutations individually or 

combined leads to increase in the production of the more toxic form of Aβ which is the 

Aβ42 (33). In addition to that, in sporadic AD cases the presence of the APOE E4 allele 

plays a major role in AD as a significant genetic component which leads to increased Aβ 

deposition (34). While ApoE2 and E3 is seen to diminish Aβ deposition, APOE E4 allele is 
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strongly associated with increased Aβ deposition and ApoE4 is found to increase the 

deposition (35).  

 

The toxicity of Aβ peptide is considered the main driving force towards the development of 

AD. Aβ is considered to be the main trigger to neuroinflamation, oxidative damage and 

NFTs deposition. In tissue cultures Aβ fibrils were found to be extremely toxic to neurons 

(36). Also, in vivo Aβ was found to cause neuronal alteration and gliosis in the CA1 

hippocampus of the PDAPP transgenic mouse model which overexpresses human amyloid 

precursor protein V717F (PDAPP minigene) (37). Also, multiphoton imaging of GFP-

labeled neurons in Tg-2576 AD mouse model revealed loss of synaptic terminals and 

synaptic function in cortical neurons (38). Another study on PDAPP mice, which show first 

the highest density of Aβ in the hippocampus, revealed abnormalities in spatial memory 

tests (39). Moreover, Aβ plaques are seen to strongly accumulate early in the hippocampus 

of CCR2 deficient Tg-2576 mice. CCR2 is a chemokine receptor expressed by microglia 

and contributes to phagocytes accumulation at site of inflammation, so these mice  which 

have alteration in the accumulation of macrophages at site of inflammation is strongly 

affected by the pathogenesis of Aβ deposition. Beside the increased deposition, increased in 

mortality of these mice is also evident. Thus, microglia play an essential role in decreasing 

the burden of deposits in these mice by their ability to recruit more cells at the site of 

inflammation (40). 

 

 

In AD patients, a clearance abnormality leads to the accumulation of Aβ in the brain. 

Removal of Aβ oligomers from the brain takes place with the aid of several pathways (41). 

These pathways include passive flow through the cerebrospinal fluid and sequestration into 

the vascular compartments by lipo-protein receptor-related protein-1 (LRP-1), phagocytosis 

by microglia and astrocytes and proteolytic degradation by neprilysin (NEP) as well as 

insulin degrading enzyme (IDE) (42). Also, the meningeal lymphatic vessels are another 

pathway that was recently discovered to be involved in the drainage of macromolecules 

found in cerebrospinal fluid (CSF) and interstitial fluid (ISF) to the cervical lymph nodes 

(43). LRP-1 receptors  interact with Aβ in order to transport it from the CNS through the 
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Blood-Brain Barrier (BBB). The BBB constitutes of compactly closed monolayer of brain 

endothelial cells that are supported by astrocytic cells end-feet. It is a highly selective 

semipermeable boundary that separates the brain and the extracellular fluid in CNS from 

the circulating blood. This barrier limits the entry of neurotoxic molecules, pathogens, red 

blood cells (RBCs) and leukocytes from entering the brain (44). Increased levels of Aβ and 

aging cause a decrease in the expression of LRP-1 leading to Aβ accumulation in the brain 

(45). Normally, the proteases NEP and IDE degrade Aβ in the brain but during aging and 

AD the expression of NEP and IDE decreases, thus favoring the accumulation of Aβ in the 

brain (42,46). The secretion of IDE in the brain is regulated by microglia. IDE and NEP 

concentration and activity decreases in the AD brain, specifically in the cortex and 

hippocampus (47). 

 

1.1.3 Oxidative stress 
Neuronal death and apoptosis are highly affected by oxidative stress (OS). OS is a common 

characteristic that appears in neurodegenerative diseases and especially in AD (48). Cell 

damage occurs in response to an imbalance between the levels of antioxidants and the 

production of reactive oxygen species (ROS) (49). Accumulation of free radicals and the 

altered activity of antioxidant enzymes such as superoxide dismutase and catalase promotes 

OS and are present in AD brain (50). Excessive presence of Aβ loads leads to increased 

production of ROS through a mechanism of activation of N-methyl-D-aspartate (NMDA) 

receptors which are involved in synaptic plasticity and are essential in memory, learning 

and modification of neuronal circuits (51). Also, reactive microglia in the context of 

inflammation in vitro can produce a variety of free radicals, pro-inflammatory cytokines 

and neurotoxic prostaglandins. Also, Aβ fibrils can activate nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase enzyme pathway in rat microglia and human 

phagocytes and neutrophils, enhancing the production of multiple reactive oxygen 

intermediates. In addition to that, reactive microglia can secrete huge amounts of nitric 

oxide in the AD brains (52). The Aβ deposits, hyperphosphorylated tau, 

neuroinflammation, and OS phenomena were proposed to augment one another in a 

combined interplay leading to AD development (53). Also, neuronal mitochondria which 
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are highly vulnerable to OS seem to show metabolic alterations leading to further increase 

in ROS levels and eventually promoting cell death through caspase activity and apoptosis 

(54). 

 

 

1.1.4 Neuronal calcium homeostasis 
Memory loss is a result of synaptic elimination that occurs in AD (55). During the stages of 

disease, calcium (Ca2+) influx and efflux regulation and its subcellular 

compartmentalization by neurons is disrupted (56). Calcium plays an important role in 

maintaining the health and integrity of neuronal cells. When Ca2+signaling is deregulated, a 

negative impact is laid on the health and stability of the dendritic spines which contributes 

to synaptic loss. Calcium disruption is the result of multiple factors including OS, 

metabolic impairment due to Aβ oligomers and presinilin (PSEN) gene mutations (57). The 

calcium alterations are characterized by abnormal function of ryanodine receptors and 

store-operated calcium channels (58) and imbalance Ca2+-calmodulin-dependent kinase II 

and Ca2+-dependent phosphatase calcineurin activities at the synapse (59,60). Also, in AD 

long-term depression (LTD), a form of activity-dependent reduction mechanism of synaptic 

transmission that is long-lasting and input-specific, is favored instead of long-term 

potentiation (LTP), a form of activity-dependent enhancement of synaptic transmission, 

causing the further elimination of synapses (61). 

 

1.2 APP mice models in AD 
In order to mimic the pathogenesis occurring in AD in human subjects, a wide number of 

transgenic (Tg) mouse models were developed. Tg mice that overexpress APP were 

generated using different promoters with or without fAD mutations. Transgenic expression 

of the human APP (hAPP) is the primary, most widely used model in AD. Numerous lines 

of hAPP exist and these models show strong amyloid deposition, memory deficits and can 

mimic synaptotoxicity of AD without significant neuronal loss. The most used models of 

APP-Tg mice include PDAPP (62), Tg2576 (63), APP 23 (64), J20 (65), and TgCRND8 

(66). The Swedish mutation (67) is the most commonly used mutation. This mutation leads 
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to overproduction of total Aβ from APP. The first generation Tg mice have Aβ plaques that 

are similar to the one seen in AD brain but with some differences. Also, these mice have 

cognitive deficits before Aβ deposition but they do not exhibit NFTs formation and 

neuronal loss that is seen in humans.  

 

However, AD pathology was not totally repeated by APP-Tg mice. So, a combination of 

APP-Tg mice and other mutant mice was performed to recapitulate AD pathogenesis. PS1 

contributes to fAD pathogenesis by being a constituent of the cleavage process that 

generates Aβ from APP (68). PS1 mutations alone did not induce Aβ pathology, but 

combining PS1 mutant mice with APP-overexpressing mutant mice lead to increase in Aβ 

pathogenesis where Aβ deposits were seen as early as 6 months of age in  mice. In addition, 

behavioral deficits and neuronal loss was also present in those mice. Several examples of 

the double Tg mice are Tg2576 and PS1M146L Tg (69), APPKM670/671NL Tg and 

PSA246E Tg (70), APP751KM670/671NL-V717I Tg and PSM146L Tg (71), and APP 

KM670/671NL-V717I and PSEN1M233T/L235P knock-in (72). Those mice are 

considered adequate to study Aβ production, deposition, and the neuroinflammation 

associated with it. 

1.3 Amyloid cascade hypothesis 
The amyloid cascade hypothesis is still dominant in the AD field 25 years after its 

introduction (73). The trigger of this cascade is the deposition of Aβ peptide in the brain 

due to overproduction and/or abnormal clearance process of the peptide. This event puts a 

foundation of successive pathogenic developments leading to dementia (Figure 1.3). Since 

the hypothesis was introduced, numerous studies offered arguments and counterarguments 

that targeted cellular and molecular mechanism of this hypothesis. 

 

Multiple arguments were presented throughout the years to support the hypothesis. 

Argumentations state that regions governing memory and cognition in the brain show 

increased Aβ deposition, where these depositions are also accompanied by degenerating 

neurons and activated glial cells in all AD patients (74). Also, genetic abnormalities in the 

APP gene impact disease progression and mimic its neuropathological features, where 
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vigorous forms manifestation of fAD are caused by the APP gene mutation. Individuals 

with Down’s syndrome have three copies of the APP gene and they develop AD 

neuropathology with the same pathogenic sequence proposed by the cascade hypothesis 

(75). Carriers of missense mutation of APP which causes reduction in the production and 

aggregation of Aβ are less prone to AD and cognition deficits linked to aging process (76). 

Moreover, Aβ deposition due to alteration of its clearance from the brain of individuals 

inheriting the APOE E4 allele shows a typical Aβ linked neuropathology (77). In addition, 

studying synaptic loss pattern which is a main characteristic of AD progression reveals that 

synaptic function mainly the LTP processes and the synaptic structures of the dendritic 

spines show extensive impairment as a result of interaction with Aβ42 oligomers (78). Aβ 

oligomers diffuse from and are present surrounding the plaque in a haloed pattern. The 

density of synapses is shown to decrease in the vicinity of these halos while having normal 

healthy states going farther away from the plaque halos (79). Besides, cultured rat neurons 

exhibit neurodegeneration and tau hyper phosphorylation as a result of addition of Aβ 

oligomers to the culture (80). Finally, the sequence of Aβ deposition, tangle formation, 

glial cells activation and neuronal degeneration is evident in imaging and biomarker 

modeling studies of human AD (81,82). 

 

The counterarguments presented against the amyloid hypothesis indicate the following 

findings : Studies in Tg-mice overexpressing Aβ42 did not show neuronal loss or cognitive 

impairment due to the presence of Aβ deposits (83,84). Aβ antibodies are seen to decrease 

the deposition Aβ but without any effect on the tau pathology or disease symptoms (85,86). 

Also, brain imaging studies in humans showed that healthy individuals may possess Aβ 

deposits and AD patients may have few concentration and distribution of these deposits 

(87,88). Also, aged healthy patients may have numerous widely distributed plaques in the 

brain mimicking demented patients without having the disease (89). This debate will 

continue while studies are trying to decipher the relation and primacy of those complex 

cascades that are taking place in different stages of the disease. 
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1.4 Neuroinflammation involvement in AD 
Numerous complex cellular and molecular mechanisms contribute to the 

neuroinflammatory responses in AD. While the main initiators of these responses are 

considered to be Aβ and tau pathologies, the domination of the amyloid hypothesis is now 

being questioned due to the multiple failures that are facing the clinical trials targeting this 

specific hypothesis. 

 

Neuroinflammation is now considered as a new mechanism that could underlie the 

pathophysiology of the disease. A large body of studies implicate inflammation as a 

potential contributor in AD progression. The brains of human AD patients and AD mice 

models have been found to possess increased markers that are linked to innate and adaptive 

immune system reactions (91,92). Also, although there is still a debate on the exact role of 

non-steroidal anti-inflammatory (NSAIDs) drugs in AD, studies have shown a decreased 

risk of developing AD in patients taking NSAIDS in stages before the disease begins to 

manifest (93). Furthermore, the involvement of neuroinflammation in AD pathophysiology 

is strongly supported by recent GWAS studies. It was found that 20 variants which are 

specific to late-onset AD concern genes related to innate and adaptive immune responses. 

The gene variants were: HLA-DRB5/HLA-DRB1 (94), CD33, MS4A, ABCA7, EPHA1 

(95,96), TREM2 (97), TYROBP (98) and CR1, CLU (99,100). 
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Figure 1.3 Successive pathogenic phenomena triggered by the amyloid cascade hypothesis. 
(90) 
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1.5 Innate immune response in CNS 
According to the amyloid cascade hypothesis, Aβ deposits in the brain can trigger a 

reactive response of microglia, the primary innate immune cells of the brain (101). The 

innate immunity process is the first line of defense issued by the body against pathogenic 

and dyshomeostatic challenges. The response is characterized as being rapid and non-

specific against those challenges and insults. Dendritic cells, neutrophils, 

monocytes/macrophages and natural killer cells (NK) cells are the main composition of the 

innate response family in the body. However, with regard to the CNS and to AD pathology, 

microglia are considered as the primary immune residents that are key players in 

neuroinflammation (102). Microglia are thought to engage themselves in the clearance 

process of the Aβ deposits over the course of prevention of the cascading events that lead to 

neuronal loss (103). The neuroinflammatory process taking place in the CNS develops from 

an acute state to a chronic state in the pathogenesis of AD (104). Scavenger receptors such 

as toll-like receptors (TLRs) which are expressed on immune cells and help in the induction 

of immune response by the ability to recognize wide range of molecules derived from 

pathogens, RAGE and CD36 are found on microglia and other cells from the innate 

immune system (105,106). These receptors can bind to Aβ leading to secretion of 

inflammatory cytokines (107). Moreover, the activation of those receptors leads to 

production of toxic molecules such as free radicals which promotes the inflammatory 

process. Overall, the chronic deposition of Aβ was proposed to result in a sustained state of 

inflammation leading to microglial functional alteration and eventual neuronal death due to 

the accumulation of toxic products and irreversible cellular dysfunction (108). 

 

By studying the involvement of the innate immune cells in the pathogenesis of AD, the 

periphery also has to be considered. Numerous studies on the BBB describe a compromised 

integrity in mouse models and human (44). This change in integrity allows a less controlled 

fashion of the peripheral immune cells entry and infiltration to the brain parenchyma. This 

infiltration is mainly due to cross signaling that is triggered by microglial reactivity after 

contacting Aβ, in which microglia adopt a pro-inflammatory profile. The chronic release of 

cytokines, chemokines and complement factors which may cross the BBB and travel to the 

periphery can cause activation and recruitment of peripheral immune cells to the site of 
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insult (108,109). In conclusion, microglia, being the immune cells responsible for the 

homeostasis of the brain, play a major role in directly responding to an insult and 

orchestrating and managing the recruitment process of the peripheral immune cells to the 

brain. Also, microglia act as a supporting guide to those cells in the process of 

inflammation. Microglia and the innate immune cells using cross signaling can have a 

beneficial and/or detrimental role in AD. 

 

1.6 Microglia 
Since they were characterized, the scientific advancement provided progressive 

comprehension of microglia role in the CNS. The understanding of this role grows in an 

exponential pattern offering us a more explicit characterization of the cells’ structure and 

function in the CNS. Early in 1856, glial cells were distinguished from neurons and were 

considered as a significant part of the whole CNS, which was previously identified solely 

as made up of neurons (110). Then, glial cells were differentiated, and they were called 

astrocytes (111). Moreover, Ramón Y Cajal identified a third type of cells and added it to 

neurons and astrocytes (112). Another cell type which exhibits a rod-like shape and 

granular features was also identified mainly in brain diseases and injury (113,114,115). It 

was with Pio del Rio Hortega that the name and distinction of microglia came to light. In 

addition to astrocytes, microglia and oligodendrocytes are now considered the main types 

of glial cells in the CNS (116). Microglia are the tissue macrophages of the brain 

parenchyma, and they constitute around 5-10% of the cellular buildup of the CNS (117). 

Other types of macrophages are present in the CNS. Perivascular, meningeal and choroid 

plexus macrophages are mainly situated at sites between parenchyma and circulation, and 

they are derived from precursor blood monocytes (118). Unlike those macrophages, 

microglia are derived from the erythro-myeloid precursor (EMP) of the yolk sac (119). In 

mice, it was shown that precursors cells travel to the brain from the primitive macrophage 

pool at embryonic day 9.5. After that, the precursors develop to immature microglial cells 

with an amoeboid morphological features (120). The presence of microglia in the 

neuroepithelium is temporally concurrent with the development of neurons and before the 

differentiation of other glial cells. For this reason, microglia are considered as a major 

player in multiple developmental events that occur in the CNS throughout life (121). Also, 
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microglia follow a specific sequence where within 48 hours of their residence in the mouse 

brain at E9.5 they start their process of maturation, proliferation and brain regions’ 

colonization (122,123). Also, in the postnatal and adult periods of life, the proliferation of 

microglia is seen to be mainly dependent on an intrinsic pool of cells found locally within 

the brain (122,124). 

 

1.6.1 Microglia during brain development  
The contribution of microglia to proper brain development and function is highly essential. 

Microglial intervention in the brain is not restricted entirely to the context of injury and 

disease. In response to an insult, microglia are recruited to the damaged site where they 

attempt to restore brain homeostasis using phagocytosis of debris and apoptotic cells. On 

the contrary, microglia can induce a pathological neuroinflammatory response by releasing 

pro-inflammatory cytokines and neurotoxic proteins (125). The contribution of microglia to 

brain disease is not entirely clear. It is not determined yet if microglia are the mediators in 

pathologic events and/or if they are affected by the pathology itself. Also, microglia in the 

healthy brain are considered to be actively surveying the brain parenchyma by retracting 

and expanding their processes and exhibit a highly dynamic state to achieve their service 

function (126). Numerous data incorporate microglia in multiple processes required for 

brain wiring and proper development. 

 

1.6.1.1 Microglia correlation with programmed cell death (PCD) 
During the early phases of brain development, microglia are directly involved in the 

shaping of the maturing CNS. Studies revealed that microglia act as both mediator and 

responder to the process of PCD, which takes place in early postnatal brain development. 

During that stage, more than half of the neuronal population colonies of the brain are 

removed (127,128). Microglial participation is evident in the way they follow neural 

proliferation in the developing regions of the CNS, in addition to their coexistence with 

dying neurons in those regions (129,130). Also, microglia are temporally and spatially 

concurrent with the waves of PCD that are seen in multiple brain regions (131). While 

microglia are strongly correlated to PCD phenomena in the CNS, they are also shaping the 

brain developmental events by supporting neuronal health, survival and providing trophic 
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factors for neuronal precursor cells (NPCs) (132,133). Cell cultures from mice lacking 

microglia showed altered proliferation of NPCs. This effect was reversed when microglial 

cells derived from wild-type mice were added to the culture (134). Moreover, removing or 

deactivating microglia at the postnatal stage of brain development resulted in excessive 

neuronal death in the cerebral cortex. This data suggests that microglia provide trophic 

support to neurons in this particular stage of development (135). Thus, microglial 

mediation and response to early brain developmental stages serve as a proof of their 

multifaceted roles in the CNS. 

 

 

1.6.1.2 Microglia and the build-up of synaptic networks 
In embryonic development, microglial spread in the brain follows a specific and complex 

pattern (136,137). Microglia gather at high densities along certain developing axonal tracts. 

For example, microglia in mice at embryonic stage 14.5 control the extension of 

dopaminergic axons by their phagocytosis with no effect on serotonergic axonal tracts 

(137). Interestingly, studies suggest that for the development of corpus callosum, microglial 

contribution is due to trophic factors secretion instead of targeted phagocytosis (138). Also, 

guiding cues signaled by microglia may be responsible for directing the pattern of 

interneurons dissemination in the development process of the forebrain (137). During the 

postnatal period, an overabundance of synaptic contacts occurs. An activity-dependent 

refinement of those contacts takes place where elimination of specific synapses is favored 

while maturation of other activity-relevant synapses is implemented (139). Also, in the 

retinogeniculate system and in the CA1 hippocampus of mouse models, microglia are 

involved in the removal of less-active synapses and maturation of functional ones. 

Impairment of this microglial response leads to decrease in synaptic transmission and 

functional brain connectivity (140,141). 

In pathological conditions, microglia strip and eliminate by phagocytosis synaptic terminals 

showing decreased activity (142). Moreover, microglia in physiological state target 

synaptic elements and remove synapses that are showing redued activity (143). Considering 

those facts, multiple studies were conducted for the aim of elucidating microglial role in 

synaptic pruning during development. In late postnatal stages in mice, microglia exhibit an 
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increase in phagocytic inclusions after sensory deprivation performed in the course of 

visual cortex development (144). Other studies, immune-stained markers of synaptic 

origins were detected in microglia cytoplasm during hippocampal region development 

suggesting microglial processes refinement of synaptic contacts by phagocytosis (145). 

Also, microglia contribute to retinogeniculate system development by phagocytosis of 

weak synapses (141,146). Microglia interact with unwanted synapses via C1q and C3 

complement proteins (147). Also, serotonin (5HT) signaling in the thalamus activates 

microglial synapse elimination through microglial 5-HT2B receptors (148). Moreover, in 

the dorsal lateral geniculate nucleus (dLGN), remodeling of axons and synaptic removal 

processes are regulated by major histocompatibility complex class 1 (MHC1) molecules 

(149). Microglia are known to express MHC1 receptors, which may link synaptic 

elimination process in this region to microglia. 

 

In addition to phagocytosis, microglia impact synaptic functions regarding development, 

functional patterning and maturation by secreting multiple mediators (150,151). The 

implication of microglia in influencing synaptic formation can also be seen during 

developmental stages. Activated microglia promote the creation of new filopodia on layers 

2 and 3 of pyramidal neurons in the developing cortex (152). Moreover, microglial 

secretion of mediators and cytokines promotes synapse formation. Addition of microglial 

interleukin IL-10 to neuronal cultures induced development of new synapses (153). Also, 

microglial depletion in adults and the third postnatal week showed alteration in activity-

dependent synapses formation in motor cortex. Similar results were reproduced by 

knocking out brain-derived neurotrophic factor (BDNF) from microglia, suggesting a 

significant role of microglial BDNF in synapse formation and function 

(154). Hypothetically, activity-dependent mediums summon microglial processes to 

targeted synapses which participate in a learning process. Microglia then release BDNF 

which act as a key mediator in the maturation of synapses during development. 

Accordingly, studies speculate on the role of BDNF in the maturation of thalamocortical 

synapses during barrel cortex development (155). Another microglial signaling molecule 

that participates in the maturation of synapses is the tumor necrosis factor alpha 

(TNFα).  TNFα is shown to impact synaptic transmission and plasticity in developing brain 
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(156). In vitro, TNFα increases the expression of α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) and NMDA receptors thus favoring excitatory synaptic 

transmission. Also, the role of gamma-aminobutyric acid (GABA) at synaptic membrane 

decreases by endocytosis is augmented by the modulatory effect exerted by TNFα, 

therefore, adjusting inhibitory synaptic transmission (157). An additional mediator 

expressed by microglia and affecting synaptic function is the pro-inflammatory cytokine 

interleukin-1β (IL-1β). IL-1β production is increased in pathological conditions. This 

mediator can modulate excitatory synaptic transmission by down-regulating AMPA 

receptors (158,159). IL-1β is an essential component of learning and memory when kept at 

low physiological levels (160). Fractelkine (CX3CR1) is a protein secreted by neural cells 

and its receptor is found on microglia, this protein aids in the communication of neural cells 

with microglia and is important for microglial cell migration. When levels of IL-

1β increase this can disrupt brain plasticity processes. Antagonizing IL-1β in CX3CR1 

knockout mice improved hippocampal synaptic plasticity and cognitive functions (161). 

Microglia also can influence synapse maturation by relocating astrocytic cells to the site of 

remodeling activating P2Y1 receptors which enhances synaptic strength by the secretion of 

astrocytic glutamate (162). Microglia participate directly and indirectly in synaptic 

maturation and function through the release of multiple mediators that exhibits a 

modulatory or trophic effect. 

 

 

1.6.2 Microglia in the adult healthy brain 
Microglia in the adult healthy brain are not dormant immune cells that only function in 

incidents of brain injury or external insult. Microglia are involved using different roles in 

the brain. These roles are intended to secure brain homeostasis profile throughout the life of 

the organism. Surveillance, neuromodulation, synaptic pruning and phagocytosis are some 

of the modes of action of microglia that take place in the healthy adult brain (163). 
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1.6.2.1 Microglia-synapse interactions 
Using their numerous ramified processes, microglia can extend these processes to the 

surrounding extracellular space in order to sample and monitor the neuronal parenchyma 

every few hours for any signs of homeostatic disruption or brain injury (126,164). 

Microglia actively interact with neuronal structures including synaptic clefts (165). The 

increased neuronal activity which is characterized by adenosine triphosphate (ATP) release 

from NMDA receptors can attract microglial processes by activating purinergic receptors 

(P2RY12), this receptor is highly expressed by microglia and it is a chemotactic receptor 

essential for oritenting microglial processes towards sites of injury (166). Neuronal loss is 

present at the level of visual cortex in P2RY12 deficient mice suggesting an essential role 

for microglia in the process of synaptic plasticity (167). Also, using in vivo two-photon 

imaging of the thalamic and cortical neuron of GFP labeled mice where neurons and 

microglia were both labeled, microglia contact the surrounding neuronal structures 

constantly in a systemic pattern where presynaptic and postsynaptic elements are also 

included in the microglia-synapse interactions (165). Therefore, microglia play a key role in 

synapse modulation of the adult brain. 

 

Microglia express multiple complement components, which normally are important 

molecules in the immune response against pathogen insult. Microglia express C1q, CR3 

and CR5 in the brain. Besides their role in immune response against bacteria and 

microorganisms, these complements are involved in synaptic pruning process carried by 

microglia for the functional development of synapses in both developing and adult brains 

(147). Also, complement induced synaptic pruning is directly related to synapse loss in 

disease and to cognitive decline during aging where levels of C1q complement tagging 

synapses for elimination by microglia are highly increased (168). 

 

 

1.6.2.2 Microglial phagocytosis and neurogenesis  
Microglia regulate the density of differentiated neurons by using their phagocytic capacity. 

Microglia engulf NPCs during embryonic and adult neurogenesis (155,169). An important 

example of ongoing adult neurogenesis in the brain is found in the hippocampus. The sub-
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granular zone (SGZ) of the hippocampal formation is a host for stem and progenitor cells 

that further differentiate to a mature granule cells which constitute in the hippocampal 

structure (170). These emerging newborn cells engage in processes of learning, memory 

and emotional behavior (171). At normal physiological conditions, most of these cells 

undergo apoptosis and they are extensively and rapidly removed by a ramified phenotype 

of microglial cells which can clear entire cells and cellular debris from the SGZ (168). 

Also, microglial phagocytic activity toward apoptotic NPCs is mediated by the expression 

of receptor tyrosine kinases AXL and MER during perinatal stage (172). Deletion of these 

kinases results in the differentiation and maturation of NPCs and their progeny without 

being contacted by microglia, thus making these cells a part of the neuronal architecture. In 

neurodegenerative disease where microglia are suspected to exhibit a deviant neurotoxic 

role the expression of AXL is elevated implicating microglia in neurodegeneration leading 

to disease pathology (172,173). 

 

 

1.6.3 Microglia in aging and Alzheimer’s disease 

AD is a neurodegenerative disease that is closely linked to aging. Microglia share some 
phenotypical similarities in both aging and AD. Microglia, being the resident immune cells 
in the brain parenchyma, initiate a striking response against the pathophysiology taking 
place in AD. According to neuropathological studies, microglial “activation” in the face of 
insult in the brain is characterized by a change of its phenotype from ramified morphology 
to an amoeboid form. This activation may cause microglia to manifest an M1 pro-
inflammatory state or an M2 anti-inflammatory and repair states. This concept of M1/M2 
polarization which was originally used to describe macrophage activation is now being 
challenged (174). Recent studies present microglial “activation” as exhibiting more 
dynamism and heterogeneity in response to pathological progression stages of the disease 
(175,176). Traditionally, microglial activation was considered a destructive event due to the 
neurotoxic activity that the cells present in vitro. However, recent data revealed that 
microglia might be neuroprotective in disease situations. Microglia in the CNS can 
encourage neurogenesis, tissue repair and decrease inflammation in multiple pathological 
conditions (177). Microglial secretion of Interleukin 10 (IL-10) and transforming growth 
factor beta (TGF−β)  which play essential roles in controlling the immune response, caused 
a decrease of neuroinflammatory response in experimental meningitis. However, inducing 
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microglial inactivation in a multiple sclerosis mouse model showed a delay in the onset of 
disease and enhanced clinical scores (178). 

 
During normal aging, an insult to the brain may cause cellular distress which leads to 
activation of microglia; this activation follows a particular mode which is known as 
priming. This mode is additionally present in multiple neuropathological conditions as a 
result of chronic neuroinflammation. This state of chronic inflammation place microglia in 
direct exposure to misfolded proteins and cellular debris of apoptotic and dying cells which 
renders microglia in a pro-inflammatory state. Also, this extensive response carried by 
microglia due to dyshomeostasis is characterized by morphological changes causing 
enlargement in microglial somas and retraction of their processes with increased release of 
the pro-inflammatory cytokines TNFα, IL-1β and IL-6 (179,180). 
 
One of the main hallmarks of neurodegenerative diseases is the aggregation and deposition 
of misfolded proteins and cellular debris (181). Microglia respond to the presence of 
aggregates and debris through the sensing of Damage-Associated Molecular Patterns 
(DAMPs) which belong to the family of Pattern Recognition Receptors (PRRs) expressed 
by microglia. Also, microglia react to pathological insult through Pathogen-Associated 
Molecular Patterns (PAMPs) which are also a part of microglia’s PRRs (182). In AD, Aβ 
diffusing from the plaques are considered as DAMPs activating microglial PRRs, this 
activation induces a sustained release of inflammatory factors considered to boost 
neurodegeneration and disease pathology (178). The PRRs that are expressed in 
neurodegenerative disease include TLRs and their co-receptors (183). In addition to PRRs 
microglia can also be activated by ATP and UTP, these molecules bind to purinergic 
receptors on microglial membranes. Moreover, in disease, microglial phagocytic capacity is 
regulated by complement cascade molecules and TREM2/TYROBP receptor complex 
which can induce myeloid cells to initiate an immune response (178). 
  
  
In adulthood, the capability of microglia to proliferate is still possible although not frequent 
while depending on certain conditions (184). However, studies show that the number and 
density of microglial cells in the brain increase with age and their even distribution is 
lessened in multiple regions of the brain (185,186). There is a gradual build-up in the 
number of microglial cells with age, suggesting a compensatory mechanism allowing to 
retain homeostatic responsibilities which may become impaired with age due to senescence 
that affects long living microglia (187). Also, the proliferation of microglial cells is 
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increased in AD where these cells accumulate near the formed plaques (188). This act may 
stress the healthy microglial cells trying to balance the outcome of the burden put from 
senescent cells which cannot participate effectively in the process of contacting, 
phagocytizing and clearing Aβ. 
 
Morphologically, upon activation, microglial processes become less ramified, and they 

undergo retraction (189). In aging human studies, the morphology of microglia was seen to 

be dystrophic with tortuous somas and de-ramified processes (190). Also, in aging animals 

microglia show increased variability in soma size while their process arborization is 

reduced in size and complexity (186). Microglial processes length, thickness, and 

ramification are significantly reduced in human brain samples from AD patients (191). 

Adult APP mice compared to their younger subjects exhibit larger somas with retracted 

processes and this phenomenon is more prominent near the plaques (192). The 

morphological changes of microglia taking place in both aging and AD suggest that the 

cells might diminish their surveillant role for a more reactive one. 

 

Microglia using their highly motile processes can cover the brain parenchyma in a couple 
of hours, this microglial feature is essential for proper surveillance that enables microglia to 
rapidly react against any insult or cellular changes which may affect brain homeostasis. 
Impaired surveillance suspected in aging and AD is concurrent with a decrease in motility 
of microglial processes seen in the mouse brain (193,194). Also, aged microglia show 
reduced feedback to exogenous ATP and to focal induced tissue injuries where cell motility 
and recruitment are affected (195). In Tg mice microglial processes motility is also 
reduced, aged microglial cells around plaques show impaired process motility compared to 
microglia in young Tg mice (192). Microglial accumulation and migration toward Aβ 
plaques are due to chemokines release by the plaques and the chemokine receptors on 
microglia causing the cells to be activated and attracted to the site of the plaque. IL-8, 
MCP-1, MIP-1α, MIP-1β, M-CSF, and VEGF are the attracting molecules which induce a 
chemotactic response against Aβ (196,197,198). Then, the cells related to the plaques can 
release chemokines attracting other cells to the site of injury localizing the inflammatory 
response (199).  
 
Phagocytic capacity of microglial cells is important for fulfilling their multiple roles in the 
brain. Whether phagocytosis is directed against pathogens, apoptotic cells, aggregated 
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proteins or aiding in synaptic modulation this feature can allow us to assess microglial 
health and contribution to the well-being of the brain. Studies in mice over 24 months of 
age showed microglia accumulating different types of cellular inclusions and condensed 
debris with lipofuscin bodies (200). The accumulation of those inclusions might suggest 
that microglia have difficulty digesting and clearing those bodies. While the process of 
aging might affect phagocytosis of myelin, Aβ and cellular debris, microglial phagocytic 
capacity is reduced in late stages of cerebral amyloidosis (201). In AD mouse models, 
microglia are considered to be more effective in Aβ phagocytosis and clearance at early 
stages of disease compared to later stages (202). Moreover, microglia from old APP-PS1 
mice exhibit reduced expression of Aβ binding receptors and degrading enzymes which 
may affect the phagocytosis of the protein (203). 
 
Protein homeostasis (proteostasis) mechanisms are essential for maintaining healthy 
cellular processes. Loss of these homeostatic mechanisms can be seen with aging and with 
disease favoring the aggregation and deposition of proteins in multiple neurodegenerative 
diseases (204). Microglia are generally linked to neurotoxic Aβ phagocytosis in AD. 
However, the question is whether microglia are capable of not only engulfing but also 
clearing the Aβ protein, thus allowing them to continue their beneficial phagocytic 
clearance of chronically accumulating plaques (205). Overwhelming disruption of 
proteostasis might overwhelm microglia with increased aggregation of plaques and hence 
alter their cellular mechanisms. 
 
The role of neuroinflamamtion in the pathophysiology of AD is strongly supported by 

experimental evidence (206). In particular, the implication of microglia is reported by their 

presence surrounding Aβ and their adoption of a pro-inflammatory profile. Also, a number 

of genes of single nucleotide polymorphisms that were revealed by GWAS and are 

considered AD risk factors are closely related to microglial functions involved in 

phagocytosis and cytokine production. Those proteins include TREM2, CD33, CR1, 

ABCA7, SHIP1, and APOE (207). Mutations in microglial genes encoding TREM2 and 

CD33 are linked to the reduced phagocytic capacity of microglia around plaques. 

Moreover, transcriptome reports and genetic mutations of microglia in AD form a 

connection between the disease pathology and immune response alterations, where 

microglial secretion of inflammatory cytokines, ROS and chemokines near the plaques 

induces further inflammatory response. 
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1.6.4 Chronic stress effects on microglia in AD  

In response to unfavorable and challenging situations, our bodies enter in a state of stress. 
Our internal adaptive mechanisms fight to overcome stressful conditions to regain 
homeostasis (208). Stress can be advantageous or detrimental depending on the type of 
stressor and its effects. Also, the duration of exposure to the stressor and its consequences 
play an important role in determining the nature of the outcome of the stressful situation 
(209). While the adaptive internal body systems can resolve acute stress, chronic stress 
creates disruptions in the homeostatic mechanisms of the body. Chronic stress is thus 
considered a risk factor for several diseases including cardiovascular diseases, depression, 
and AD (210). As a response to stress, the body activates the hypothalamic-pituitary-
adrenocortical (HPA) axis which causes the release of cortisol in the blood of humans or 
corticosterone in the blood of rodents (211). Glucocorticoids then travel by blood and cross 
the BBB where they bind to mineralocorticoid receptors (MR) and glucocorticoid receptors 
(GR) located on the membrane of several cells in the brain (212).  Microglia express both 
MR and GR receptors (213). In chronic stress, the activation of the HPA axis is sustained 
due to the loss of inhibitory feedback (214). This sustained activation leads to a 
hippocampal neuronal damage in rats (215), and it may initiate AD pathology (216). AD 
patients had 83% more cortisol in their CSF when compared to age-matched healthy 
patients (217). People with a history of early-life depression were also more prone to 
developing AD later in life, thus suggesting a possible impact of stress on brain functions 
(218). In animal models, chronic restraint stress led to elevated Aβ42 levels and plaque 
deposition in the hippocampus of female 5xFAD mice (219). Sustained social isolation of 
adult APP/PS1 transgenic mice mainly influenced AD-like pathology. In the hippocampus 
of 7 months old mice, Aβ42/ Aβ40 ratio increased and aggravated the impairment of spatial 
working memory (220). Also, 3xTgAD mice subjected to chronic mild social stress showed 
an increase in corticosterone levels matching their controls. The transgenic mice presented 
a decrease in BDNF levels and an increase in oligomeric and intraneuronal Aβ in the 
hippocampus (221). Microglia become reactive when exposed to stress signals (222). 
Microglia play a vital role as a mediator for brain response to stress. In CX3CR1 knockout 
mice, microglia are not affected by stress due to the alteration of the fractalkine signaling 
they receive from the neurons, thus rendering these mice more resistant to stress (223). 
Prevention of anxiety was seen when microglial depletion was induced in mice subjected to 
chronic stress (224). Also, in rats treated with minocycline, a drug that modulates 
microglial phagocytic activity, working memory was improved even after exposure to 
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chronic restraint stress (225). Chronic stress can affect AD pathology in multiple ways by, 
stress plays an essential role in enhancing Aβ deposition, increasing pro-inflammatory 
cytokines release, reducing the secretion of trophic factors, and triggering neuronal loss 
similar to aging as well as microglial reactivity which may cause an exaggerated immune 
response furthering neuroinflammation. 

 
 
 
 
 

 

 

1.7 Hypothesis and objectives 
 
The main objective of this thesis is to study the role that microglia is playing in the 

pathogenesis of AD. Also, this thesis characterizes the morphological and functional 

changes that are happening to microglia in an APP-PS1 mouse model and in age-matched 

control, which enables us to study these changes not only in disease but also during normal 

aging. We hypothesize that microglial reaction to Aβ pathology is heterogenous and 

depend on the context that these cells are in. We also assume that understanding this 

heterogeneity and their implications in different contexts can offer a better understanding of 

the contribution of these cells in different neurodegenerative diseases and AD in particular. 
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Resumé 

Un protocole détaillé est fourni ici pour identifier les plaques amyloïdes (Aβ) dans les coupes 

cérébrales de modèles murins de la maladie d’Alzheimer avant l’intégration de l’immunocoloration 

en microscopie électronique (EM), spécifiquement pour la molécule adaptatrice ionique liant le 

calcium 1 (IBA1). Le méthoxy-X04 est un colorant fluorescent qui traverse la barrière hémato-

encéphalique et se lie sélectivement aux feuilles plissées présentes dans les plaques Aβ. L'injection 

des animaux avec du méthoxy-X04 avant le sacrifice et la fixation du cerveau permet la 

présélection et la sélection des coupes de cerveau contenant les plaques pour un traitement ultérieur 

avec de longues manipulations. Cela est particulièrement utile lorsque l'on étudie une pathologie 

précoce de la maladie d'Alzheimer au sein de régions spécifiques du cerveau ou de couches pouvant 

contenir très peu de plaques, où elles sont présentes dans une petite fraction seulement des sections. 

Le traitement post-mortem des coupes de tissus avec du rouge Congo, de la thioflavine S et de la 

thioflavine T (ou même avec du méthoxy-X04) permet de marquer les feuilles plissées, mais 

nécessite un nettoyage intensif à l'éthanol incompatible avec notre protocole de EM. Il serait 

également inefficace de marquer l’Aβ (et d'autres marqueurs cellulaires tels que IBA1) sur toutes 

les sections du cerveau des régions d'intérêt, mais seulement produire une petite fraction contenant 

des plaques Aβ au bon endroit. Il est important de noter que les plaques Aβ sont encore visibles 

après le traitement des tissus pour le EM, permettant une identification précise des zones 

(généralement de quelques millimètres carrés) à examiner au microscope électronique.  
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2.2 KEYWORDS: 
Alzheimer’s disease, mouse model, amyloid-β, microglia, immunohistochemistry, 

fluorescence microscopy, electron microscopy 

2.3 SHORT ABSTRACT: 
This article describes a protocol for visualizing amyloid (A)β plaques in Alzheimer’s 

disease mouse models using methoxy-X04, which crosses the blood-brain barrier and 

selectively binds to β-pleated sheets found in dense core Aβ plaques. It allows pre-

screening of plaque-containing tissue sections prior to immunostaining and processing for 

electron microscopy. 

2.4 LONG ABSTRACT: 
A detailed protocol is provided here to identify amyloid Aβ plaques in brain sections from 

Alzheimer’s disease mouse models before pre-embedding immunostaining (specifically for 

ionized calcium-binding adapter molecule 1 (IBA1), a calcium binding protein expressed by 

microglia) and tissue processing for electron microscopy (EM). Methoxy-X04 is a 

fluorescent dye that crosses the blood-brain barrier and selectively binds to β-pleated sheets 

found in dense core Aβ plaques. Injection of the animals with methoxy-X04 prior to 

sacrifice and brain fixation allows pre-screening and selection of the plaque-containing 

brain sections for further processing with time-consuming manipulations. This is 

particularly helpful when studying early AD pathology within specific brain regions or 

layers that may contain very few plaques, present in only a small fraction of the sections. 

Post-mortem processing of tissue sections with Congo Red, Thioflavin S and Thioflavin T 

(or even with methoxy-X04) can label β-pleated sheets, but requires extensive clearing with 

ethanol to remove excess dye and these procedures are incompatible with ultrastructural 

preservation. It would also be inefficient to perform labeling for Aβ (and other cellular 

markers such as IBA1) on all brain sections from the regions of interest, only to yield a 

small fraction containing Aβ plaques at the right location. Importantly, Aβ plaques are still 
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visible after tissue processing for EM, allowing for a precise identification of the areas 

(generally down to a few millimeter-square) to examine with the electron microscope. 

 

2.5 INTRODUCTION: 
Amyloid Aβ plaque formation is the main neuropathological hallmark of Alzheimer’s 

disease (AD). However increasing evidence suggests important roles of the immune system 

in disease progression (226,227). In particular, new data from preclinical and clinical 

studies established immune dysfunction as a main driver and contributor to AD pathology. 

With these findings, central and peripheral immune cells have emerged as promising 

therapeutic targets for AD (206). The following protocol combines light and electron 

microscopy (EM) to generate new insights into the relationship between Aβ plaque 

deposition and microglial phenotypic alterations in AD. This protocol allows the labeling of 

Aβ plaques in mouse models of AD using in vivo injection of the fluorescent dye methoxy-

X04. Methoxy-X04 is a Congo Red derivative that can easily cross the blood-brain barrier 

to enter the brain parenchyma and bind β-pleated sheets with high affinity. Since the dye is 

fluorescent, it can be used for in vivo detection of Aβ plaque deposition with two-photon 

microscopy (228). Once bound to Aβ, methoxy-X04 does not dissociate or redistribute 

away from plaques, and it retains its fluorescence over time. It is generally administered 

peripherally to allow for non-invasive imaging of brain dynamics (229). The fluorescence 

also remains following aldehyde fixation, allowing for correlative post-mortem analyses, 

including investigation of neuronal death in the vicinity of Aβ plaques (230). 

 

This protocol takes advantage of the properties of methoxy-X04 to select brain sections 

from APPSWE/ PS1A246E mice (APP-PS1; coexpressing a double mutation at APP gene 

Lys670Asn/ Met671Leu, and human presenilin PS1-A264E variant) (70) that exhibit Aβ 

plaques in specific regions of interest (hippocampus CA1, strata radiatum and lacunosum-

moleculare) prior to pre-embedding immunostaining against the microglial marker ionized 

calcium-binding adapter molecule 1 (IBA1) to visualize microglial cell bodies and 

processes with EM. The mice are given intraperitoneal injection of methoxy-X04 solution, 

24 hours prior to brain fixation through transcardial perfusion. Coronal brain sections are 
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obtained using a vibratome. Sections containing the hippocampus CA1 are screened under 

a fluorescent microscope for the presence of Aβ plaques in strata radiatum and lacunosum-

moleculare. Immunostaining for IBA1, osmium tetroxide post-fixation, and plastic resin 

embedding are then performed on the selected brain sections. At the end of this protocol, 

the sections can be archived without further ultrastructural degradation, ready for ultrathin 

sectioning and ultrastructural examination. Importantly, the plaques are still fluorescent 

after immunostaining with different antibodies, for instance IBA1 as in the present 

protocol. They become darker than their surrounding neuropil following osmium tetroxide 

post-fixation, independently of methoxy-X04 staining, which helps to accurately identify 

the regions of interest, generally down to a few millimeter-square, to be examined with the 

transmission electron microscope. 

  

This correlative approach offers an efficient way to identify specific brain sections to 

examine at the ultrastructural level. This is particularly helpful when studying early AD 

pathology, within specific brain regions or layers that may only contain a few Aβ plaques, 

present in only a small fraction of tissue sections. During these times especially, it would be 

inefficient to use immunostaining for Aβ (and dual labeling for other cellular markers such 

as IBA1) on several brain section simply to yield a small fraction containing Aβ plaques at 

the right location. In addition, injection of live mice with methoxy-X04 prior to sacrifice 

and tissue processing does not compromise the ultrastructural preservation. Alternative 

methods such as post-mortem staining with Congo Red, Thioflavin S, Thioflavin T or 

methoxy-X04 on fixed tissue sections require staining differentiation in ethanol 

(231,232,233,234), which causes osmotic stress and disrupts the ultrastructure. Congo Red 

is also a known human carcinogen (235). 

 

2.6 PROTOCOL: 
NOTE: All experiments were approved and performed under the guidelines of the 

Institutional animal ethics committees, in conformity with the Canadian Council on Animal 

Care guidelines as administered by the Animal Care Committee of Université Laval. APP-
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PS1 male mice between 4 and 21 months of age were used. These animals were housed 

under a 12-hour light-dark cycle at 22–25°C with free access to food and water. 

 
2.6.1 Methoxy-X04 solution preparation: 
2.6.1.1) Prepare a 5mg/ml solution of methoxy-X04 (232) by dissolving methoxy-X04 into 

a solution containing 10% dimethyl sulfoxide (DMSO), 45% propylene glycol, and 45% 

sodium phosphate buffered saline (0.9% NaCl in 100mM phosphate buffer, pH 7.4). 

 

2.6.1.2.) Using a microbalance, weigh 5 mg of the methoxy-X04 compound. Under a fume 

hood, dissolve the methoxy-X04 in DMSO and stir until a clear greenish solution is 

obtained. Successively add propylene glycol and phosphate buffer saline while stirring with 

each addition. 

 

2.6.1.3) Stir the solution at 4oC on a rotator overnight. Obtain a yellowish green emulsion. 

The solution may be stored at 4oC for up to two months without degradation. 

 

2.6.2  Methoxy-X04 solution injection: 

2.6.2.1) 24 hours prior to perfusion, weigh the mice and give each mouse an intraperitoneal 

injection of methoxy-X04 at a dose of 10mg/kg of body weight using a 27 ½-gauge needle. 

 

2.6.3  Transcardial perfusion of the injected mice: 

2.6.3.1) On the day before the perfusion, prepare appropriate volumes of phosphate 

buffered saline (PBS), 3.5% acrolein, and 4% paraformaldehyde (PFA) solutions (236) and 

store them at 4°C overnight. NOTE: These solutions will be used for both perfusion and 

pre-embedding immunohistochemistry. Take special care when working with acrolein, it is 

corrosive and toxic to both researchers and the environment. In addition, since acrolein is 

corrosive to plastic, always use suitable glassware to prepare acrolein solutions. 

 

2.6.3.2) On the day of perfusion, filter the PFA and acrolein by using coarse filter paper of 

25µm particle retention. 
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2.6.3.3) During the perfusion, use a peristaltic pump to deliver 15ml of PBS, 75ml of 

acrolein, and 150ml of PFA successively into the mouse circulation, at a flow rate of 

25ml/min. CAUTION! Perform perfusion strictly inside a fume hood to avoid harmful 

fumes of PFA and acrolein. 

 

2.6.3.4) To set-up the pump, insert one end into the PBS solution, fill the tubing (holding 

approximately 15ml) with PBS, and fix a 25-gauge winged blood collection needle to the 

other end. At all times, ensure that the tubing is free from any trapped air bubbles. 

 

2.6.3.5) Place the tube directly in the acrolein bottle after setting the perfusion pump with 

the tubing filled with PBS. 

 

2.6.3.6) Anaesthetize one mouse at a time with a 90mg/kg of body weight dose of sodium 

pentobarbital injected intraperitoneally using a 27 ½-gauge needle. Assess responses to 

tail/toe pinches. Proceed only if the mouse is unresponsive to such aversive, painful stimuli. 

 

2.6.3.7) Secure the mouse in the supine position (lying on the back with face upward) by 

taping the forepaws and hindpaws to the work surface and carefully expose the heart 

without causing damage to other organs. Be sure to work quickly after puncturing the 

diaphragm. 

 

2.6.3.8) Perform an incision through the skin with surgical scissors along the thoracic 

midline beginning caudal to the ribcage and proceed rostral to the clavicle. 

 

2.6.3.9) Make two additional lateral incisions along the base of the ventral ribcage. Gently 

move and pin the two flaps of skin, making sure to expose the entire thoracic cavity. 

 

2.6.3.10) Hold the xiphoid process with blunt forceps to expose the thoracic cavity and 

steady the pointed scissors. Cut through the diaphragm and ribcage, being careful to avoid 

puncturing the lungs, and continue the incision rostral to the clavicles. Be sure to work 

quickly after puncturing the diaphragm. 
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2.6.3.11) Gently tear the pericardial sac with blunt forceps. Hold the heart steady with blunt 

forceps, cut the right atrium, and start the infusion of PBS. Immediately insert the blood 

collection needle into the left ventricle. 

 

2.6.3.12) Perfuse the mouse with PBS (in the tubing) followed by acrolein for 3 minutes 

(corresponding to 75ml) then switch to PFA for 6 minutes (corresponding to 150ml). Be 

sure to pause the pump flow before switching solution to prevent bubbles from entering the 

tube. 

 

2.6.3.13) Decapitate the mouse and extract the fixed brain and place it directly into a glass 

vial containing 4% PFA for at least 2 hours at 4°C. 

 

2.6.3.14) To extract the brain, use scissors and tweezers to cut through the skin to expose 

the skull. Carefully break the skull open in between the eyes, and chip off small pieces of it 

to expose the underlying brain. 

 

2.6.3.15) Carefully remove the exposed brain and post-fix it with 4% PFA for additional 2 

hours before proceeding for vibratome sectioning. 

 

2.6.4  Brain sectioning using a vibratome: 

2.6.4.1) Wash the fixed brain 3 times with chilled PBS. Using a sharp razor blade, remove 

the olfactory bulb (unless this region is under investigation) and cut the brain transversally 

into 2-3 pieces of approximately equal height, all of which can be sectioned simultaneously 

in order to accelerate the procedure. 

 

2.6.4.2) Glue the pieces of brain tissue vertically onto the specimen plate secured into the 

tray. Make sure that the smooth cut surface sticks firmly to the specimen plate and does not 

get dislodged during the sectioning procedure. Add enough PBS solution into the tray until 

the entire brain surface is completely submerged. It is important to keep the brain pieces 

and subsequent sections fully immersed in PBS throughout this step. 
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2.6.4.3) Place the tray in the vibratome, adjust the sectioning speed to 0.5 mm/s, the 

sectioning frequency to 90 Hz and the feed thickness to 50µm in order to yield 50µm thick 

sections. Then transfer the sections into 20ml glass vials containing cryoprotectant solution 

(40% PBS, 30% ethylene glycol, and 30% glycerol) using a fine paintbrush. Store the vials 

at -20°C until further use. Alternatively, keep the sections in PBS for immediate screening 

as described in the following steps. 

 

2.6.5  Section screening for the presence of methoxy-X04-stained plaques: 

2.6.5.1) With the aid of a stereotaxic mouse brain atlas (237), select brain sections 

containing the region of interest, for instance the hippocampus CA1 as used in the present 

example. Place each section into a well within a 24-well culture plate containing enough 

cryoprotectant solution so as to prevent the sections from drying out. 

 

2.6.5.2) Examine each section successively, to avoid drying out of the sections, using the 

following procedure: 

 

2.6.5.3) Add a droplet of PBS to a microscope slide with a disposable pipette, and place the 

section on the droplet. 

 

2.6.5.4) Examine the section under a fluorescent microscope to identify regions containing 

methoxy-X04 labeled Aβ plaques. NOTE: methoxy-X04 can be easily visualized using a 

fluorescence ultraviolet (UV) filter (excitation 340-380 nm).  

 

2.6.5.5) Capture images of regions of interest (ROI) in bright field as well as in 

fluorescence mode without moving the microscope stage, since each image must show the 

same region in both fields in order to correlate the presence of the plaques directly to the 

structural region of the tissue section. 
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2.6.5.6) Save and name the images taken according to the animal number, also record the 

well number in the plate and the field of the pictures taken. For example, Ex: 9978A1B; 

Animal number: 9978; Well number: A1; Field: Bright. Place the section back to its 

designated well once the imaging is completed. 

 

NOTE: At the end, for each section examined, two pictures are obtained, one in bright field 

and another in UV field.  

 

2.6.5.7) Open the two images of the same ROI (one in bright field and the other in UV 

field) in Image J, and using the “MosaicJ plugin” align the edges of the two images and 

save the aligned and combined image according to the well number it came from. 

 

2.6.5.8) Save the picture in a separate folder with the number of the particular animal. 

Combine the images to identify and localize the plaques in the tissue section, and have a 

full view of the whole section in the two different fields (bright and UV). 

 

2.6.5.9) After the screening process is completed, store the examined sections at -20oC in a 

24-well culture plate containing cryoprotectant until immunostaining or further processing 

is carried out. 

 

2.6.6 Pre-embedding immunostaining for IBA1: 

NOTE: Perform the immunostaining for IBA1 on freely-floating selected sections by 

placing the plate on a slowly moving rocker at room temperature. 

 

2.6.6.1) Thoroughly wash the sections 3 times with approximately 1ml PBS, each wash 

lasting for 10 minutes. 

 

2.6.6.2) Quench endogenous peroxidases with 0.3% hydrogen peroxide in PBS solution for 

10 minutes. This step prevents non-specific peroxidase activity, which is important to avoid 

background staining. 
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2.6.6.3) Wash the tissue in PBS 3 times for 10 minutes each. 

 

2.6.6.4) Incubate the sections in 0.1% sodium borohydride in PBS solution for 30 minutes. 

This step is important to reduce any remaining aldehydes from the fixation step, and is 

especially important if acrolein is used in tissue fixation. 

 

2.6.6.5) Wash the tissue in PBS 3 times for 10 minutes each time and make sure to remove 

all the bubbles. 

 

2.6.6.6) Block the sections for 1 hour. Different antibodies may require different blocking 

times and solutions. For IBA1, prepare blocking buffer containing 10% fetal bovine serum, 

3% bovine serum albumin, and 0.01% Triton X-100 in 50mM Tris-buffered saline (TBS; 

pH 7.4).  

 

NOTE: The blocking step is to prevent nonspecific binding of the primary antibody. The 

low concentration of Triton X-100 allows slight permeabilization of membranes for better 

staining, and is low enough to preserve most ultrastructural features of tissue under EM. 

 

2.6.6.7) Remove the blocking buffer from the tissue, and incubate in primary antibody 

solution (rabbit anti-IBA1, diluted [1:1000] prepared in blocking buffer) at 4°C overnight. 

 

2.6.6.8) Wash in TBS 3 times for 10 minutes each time. 

 

2.6.6.9) Incubate in secondary antibody (goat anti rabbit conjugated to biotin) [1:200] in 

0.05M TBS for 90 minutes. 

 

2.6.6.10) Wash in TBS 5 times for 5 minutes each time. 

 

2.6.6.11) Incubate in Avidin-Biotin complex solution (Avidin [1:100], Biotin [1:100]) in 

TBS solution for 1 hour. 
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2.6.6.12) Wash in TBS 5 times for 5 minutes each time. 

 

2.6.6.13) Reveal the IBA1 staining with 0.05% diaminobenzidine (DAB) and 0.015% 

hydrogen peroxide in TBS for 8 minutes.   

 

NOTE: The timing of DAB development may vary from protocol to protocol and should be 

determined by quickly examining the stained sections under a light microscope. Note: for 

IBA1, one should be able to clearly visualize the cell bodies and processes of the IBA1-

stained microglia at 20X (see Figure 2.8.2 for representative example). Be cautious using 

DAB, as it is a known carcinogen. 

 

2.6.6.14) Avoid over-developing by carefully monitoring the sections (as described above) 

during this step. Stop the reaction by washing the sections in chilled PB 5 times for 5 

minutes each time. 

 

2.6.7  Processing for electron microscopy: 

2.6.7.1) Prepare 1% osmium tetroxide solution in PBS in a glass vial. Osmium tetroxide is 

photosensitive – cover the glass vial with aluminum foil to protect the solution from light. 

CAUTION! Be cautious using osmium tetroxide, it is a very hazardous chemical. Perform 

this and the following steps inside a fume hood. 

 

2.6.7.2) Remove the PBS from the sections and spread them flat using a fine paintbrush. 

Perform this step one well at a time to avoid the sections from drying out. Be sure to flatten 

the sections immediately before adding osmium tetroxide, as any folds in the sections will 

become permanent and attempting to flatten tissue post osmium fixation will only break the 

sections. 

 

2.6.7.3) Immerse the sections in osmium tetroxide for 30 minutes at room temperature, 

adding one drop of osmium tetroxide at a time with a transfer pipette, to prevent the 
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sections from folding. Cover the well with aluminum foil to protect the sections from light. 

NOTE: This step fixes the lipids within the sections and the tissue will appear very dark 

after osmium post-fixation. 

 

2.6.7.4) While sections are in osmium tetroxide, prepare plastic resin in a disposable beaker 

by mixing 20g component A, 20g component B, 0.6g component C, and 0.4g component 

D. Combine the components together in the above order and mix them well using a 10ml 

serological pipette until a uniform color is obtained.  

 

2.6.7.5) Transfer the prepared mixture to aluminum weighing dishes. They will receive the 

tissue sections once they have been dehydrated. 

 

2.6.7.6) Dehydrate the sections in increasing concentrations of ethanol for 2 minutes in the 

following order: 35%, 35%, 50%, 70%, 80%, 90%, 100%, 100%, 100%. 

 

2.6.7.7) To remove residual ethanol, immerse the sections in propylene oxide 3 times for 2 

minutes each time. Remove the dehydrated-sections from the 24-well culture plate into 

20ml glass vials. Always use glass vials when working with propylene oxide as it dissolves 

plastic, and maintain caution as it is hazardous. 

 

2.6.7.8) Use a bent glass pipette tip or a fine paintbrush to transfer the sections from 

propylene oxide solution into the resin and leave overnight for infiltration at room 

temperature. Be careful not to dilute the resin with propylene oxide. 

 

2.6.7.9) Embed the section with the resin on poly-chloro-tri-fluoro-ethylene (PCTFE) film 

sheets:  

 

2.6.7.9.1) Place the aluminum weighing dishes containing the specimens into a 50-60°C 

oven for 10-15 minutes prior to embedding the sections on PCTFE film sheets. 

 



 

 40 

2.6.7.9.2) When embedding sections, work with one aluminum weighing dish at a time. 

Using a fine paintbrush, paint a thin layer of resin onto one PCTFE film sheet. 

 

2.6.7.9.3) Move one section of tissue at a time from the aluminum weighing dish to the 

PCTFE film sheet. Remove excess resin from around the tissue, being careful not to disturb 

it. 

 

2.6.7.9.4) After moving all the sections from one weighing dish to the PCTFE film sheet, 

place a second PCTFE sheet over the first, creating a sandwich of tissue and resin in 

between 2 sheets. 

 

2.6.7.10) Polymerize the resin in an incubator for 3 days at 55-60°C temperature. 

 

2.6.7.11) The material is now ready for ultrathin sectioning and ultrastructural examination, 

specialized techniques which are often performed by EM core facilities. Store the samples 

between PCTFE film sheets safely at room temperature without ultrastructural degradation.  

 

NOTE: The subsequent steps for ultrathin sectioning and transmission electron microscopy 

examination are explained in Preparation of mouse brain tissue for electron 

microscopy(236). 

 

2.7 REPRESENTATIVE RESULTS: 
This section illustrates the results that can be obtained at different critical steps of the 

protocol. In particular the results show examples of brain sections containing methoxy-X04 

stained plaques in specific region and layers of interest: the hippocampus CA1, strata 

radiatum and lacunosum-moleculare. The plaques and regional/lamellar organization of the 

hippocampus are successively visualized using a combination of UV and bright field filters 

(Figure 2.8.1). The selected brain sections are subsequently immunostained and processed 

for EM while keeping track of their Aβ plaques, considering that they are still fluorescent 

following immunostaining, and become darker than the surrounding neuropil following 

treatment with osmium tetroxide and embedding (Figure 2.8.1). This allows one to identify 
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the areas (generally a few millimeter-square) to examine with the electron microscope 

based on the location of plaques. Furthermore, an improved protocol for pre-embedding 

immunostaining of microglia with IBA1 is described here. This protocol yields an 

exceptional visualization of microglial cell bodies, large and small processes (Figure 2.8.2) 

as well as penetration of the antibodies within the brain sections. It thus facilitates the 

identification of microglial cell bodies and processes at the ultrastructural level, and the 

study of their interactions with Aβ  plaques (Figures 2.8.3 and 2.8.4). 
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2.8 FIGURE LEGENDS:  
 

 
 
Figure 2.8.1 Visualization of Aβ plaques in 21-month old APP-PS1 mice using light 

microscopy, following systemic injection of the fluorescent dye methoxy-X04. A-B: Dual 

imaging of one hippocampal section using bright field and fluorescence modes. The regions 

and layers of interest are visualized under bright field (A), and the Aβ plaques successively 

localized using an UV filter at a range of 340-380nm (B). C and D: Dual imaging of 

another hippocampal section before (C) and after (D) pre-embedding immunostaining for 

IBA1, followed by post-fixation in osmium tetroxide, dehydration in ethanol, and 

embedding in a plastic resin as required for transmission electron microscopy. To be noted, 

the plaque (encircled by a dotted line) is still visible upon tissue processing for electron 
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microscopy. Visualizing the plaques when trimming the tissue blocks allows for a precise 

selection of the areas to image at high spatial resolution. Scale bars=300µm for A and B, 

150µm for C and D. 

 

 
 
Figure 2.8.2 Visualization of microglial cell body and fine processes in 21-month old APP-

PS1 mice by IBA1 staining at the light microscopic level. A-B: Examples of IBA1-stained 

microglia showing a clustered distribution when they associate with Aβ plaques (identified 

by correlative fluorescence imaging of methoxy-X04; encircled by a dotted line) as 
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observed before osmium tetroxide post-fixation and plastic resin embedding. C-D: 

Examples of IBA1-stained microglia associated with Aβ plaques after osmium tetroxide 

post-fixation and plastic resin embedding. Note that the plaques become darker than their 

surrounding neuropil following osmium post-fixation, thus allowing keeping track of their 

location. Scale bar=250µm. 
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Figure 2.8.3 Dual visualization of Aβ plaques and IBA1-immunostaining in 6-month old 

APP-PS1 mice at the ultrastructural level. A: Example of dense core Aβ plaque recognized 

by its compact fibrillary structure (see inset) and association with dystrophic neurites with 

ultrastructural features of autophagy. B: Example of IBA1-stained microglial process (m; 

colored in violet) found nearby the Aβ plaque that contains amyloid deposits. 

Mitochondrial alterations (shown by asterisks) can also be seen within the microglial 

process. To be noted, this picture was acquired at the tissue-resin border (white, at the right 

of the picture) where the penetration of antibodies and staining intensity is maximal. Scale 

bars=2µm for A, 1µm for B. 

 

 
 
Figure 2.8.4 Additional examples of IBA1-immunostained microglia in 6-month old APP-

PS1 mice as observed with transmission electron microscopy. A-D: Examples of IBA1-

stained microglial cell body and processes (m) acquired farther from the tissue-resin border, 

showing an excellent penetration of the antibodies and staining intensity deeper within the 

section using this protocol. bv=blood vessel, d=dendrite, in=inclusion, s=dendritic spine, 

t=axon terminal. The arrowheads show synaptic clefts. Scale bars=1µm. 
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2.9 DISCUSSION: 
This protocol explains a correlative approach for targeting dense core Aβ plaques with EM. 

Methoxy-X04 in vivo injection allows rapid selection of brain sections that contain Aβ 

plaques within particular regions and layers of interest, for instance the hippocampus CA1, 

strata radiatum and lacunosum-moleculare. In the present example, methoxy-X04 pre-

screening was combined with pre-embedding immunostaining for IBA1 to study how 

different microglial phenotypes interact with synapses at the ultrastructural level in the 

presence of dense core Aβ plaques. 

 

Microglia are incredibly responsive to their surroundings and their inflammatory activity 

has been long studied in the context of undermining normal brain function and enhancing 

the advancement of AD. In particular, these cells were implicated in neurodegenerative 

processes due to their extensive activation and release of pro-inflammatory cytokines, 

leading to chronic neuroinflammation and disruption of normal brain homeostasis (238). In 

recent years, however, these resident immune cells were also shown to actively remodel 

neuronal circuits in the healthy brain, leading to identification of new pathogenic 

mechanisms (151,143). Their physiological roles at synapses may become dysregulated 

during neuroinflammation in AD, resulting in exacerbated synaptic loss, currently the best 

pathological correlate of cognitive decline across various neurodegenerative conditions 

(7,239). 

 

The modifications made to the previous pre-embedding IBA1 staining method (236) now 

allow better penetration of antibodies across the brain sections, as well as visualization of 

microglial cell bodies and fine processes at the ultrastructural level. Overall, the protocol 

needs to be performed rigorously from mouse perfusion until plastic resin embedding of the 

tissue sections, considering that ultrastructural degradation occurring at any in-between step 

could compromise the integrity of cellular membranes, organelles, cytoskeletal elements, 

etc.  

This protocol could be performed without any immunostaining (by omitting section 2.6.6) 

to solely visualize dense core Aβ plaques, but it also provides a powerful tool to study the 
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complex mechanisms of AD pathogenesis with relation to Aβ deposition, as different 

antibodies may be used to focus on different cell types, including peripherally-derived 

macrophages, endogenous microglia, astrocytes, oligodendrocytes and their progenitors, as 

well as many neuronal subtypes.  

 

Considering the in vivo injection of methoxy-X04, this protocol cannot be performed on 

fixed brain sections, which precludes its use with post-mortem human brain samples. Also, 

contrarily to immunostaining against Aβ which labels soluble and insoluble forms of Aβ, 

the use of dyes binding to β-pleated sheet protein structures such as methoxy-X04 only 

allows to visualize dense core plaques, which constitutes another limitation. 

Nevertheless, important applications could include studying the roles of microglia and other 

various cell types, which overlap and augment their activities, and could have direct effects 

on plaque homeostasis and neuronal function over the course of AD pathology. 
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3.3 Resumé 
La maladie d'Alzheimer (AD) est la maladie neurodégénérative la plus fréquente et se 

caractérise par le dépôt de fibres amyloïdes extracellulaires fibrillaires (fAβ) et par des 

enchevêtrements neurofibrillaires intracellulaires. Au fur et à mesure que la MA progresse, 

l’amyloïde entraîne une réponse inflammatoire robuste et prolongée via sa reconnaissance 

par les microglies, les cellules immunitaires résidentes du cerveau. La réactivité microgliale 

à aux plaques fAβ peut affecter leurs interactions avec les structures neuronales, facilitant 

la perte synaptique et la mort neuronale, la plus connue corrélation avec le déclin cognitif 

de la MA et d'autres maladies neurodégénératives. Nous avons identifié des phénotypes 

microgliaux hétérogènes dans des régions spatialement distinctes de l'hippocampe CA1 en 

utilisant la microscopie optique et électronique corrélative et avons validé nos résultats dans 

des tissus post-mortem provenant de deux cas humains de MA. Nous avons effectué une 

analyse ultrastructurelle de la microglie dans des tissus sains, des tissus dystrophiques et 

des tissus proximaux à des plaques fAβ dans l'hippocampe ventral de souris APPSwe-

PS1e9 âgées de 14 mois par rapport à des souris sauvages. Les corps cellulaires 

microgliaux des souris AD présentaient des zones de corps cellulaires plus grandes, des 

périmètres et des signes ultrastructuraux de stress cellulaire au voisinage de fAβ.Les corps 

cellulaires et les prolongements microgliaux dans les tissus apparemment sains et dans les 

zones de dystrophie neuronale étaient moins phagocytaires que les microglies sauvages, 

tandis que la capacité phagocytaire à proximité des plaques restait élevée mais aux dépens 

de la phagocytose normale du neuropile environnant. Dans toutes les régions du tissu AD, 

la dégradation extracellulaire et les interactions avec les structures dégénératives étaient 

aussi réduites. Il est intéressant de noter que les prolongements dans les régions d'apparence 

saine des modèles de souris AD étaient beaucoup plus susceptibles d'encercler les épines 

dendritiques par rapport aux autres tissus, y compris les tissus témoins. Nos résultats 

définissent ensemble l'hétérogénéité de la structure et de la fonction microgliales à haute 

résolution spatiale dans les tissus de souris et humains en réponse à la pathologie amyloïde.  
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3.4 Abstract 
Alzheimer’s disease (AD) is the most common neurodegenerative disease and is 

characterized by the deposition of extracellular fibrillar amyloid-β (fAβ) and intracellular 

neurofibrillary tangles. As AD progresses, Aβ drives a robust and prolonged inflammatory 

response via its recognition by microglia, the brain’s resident immune cells. Microglial 

reactivity to fAβ plaques may affect their interactions with neuronal structures, facilitating 

synaptic loss and neuronal death, the best known correlate to cognitive decline in AD and 

other neurodegenerative diseases. We identified heterogeneous microglial phenotypes in 

spatially distinct regions of the CA1 hippocampus using correlative light and electron 

microscopy, and validated our findings in post-mortem tissue from two human cases of 

AD. We performed ultrastructural analysis of microglia in healthy tissue, dystrophic tissue, 

and tissue proximal to fAβ plaques in the ventral hippocampus of 14 month old APPSwe-

PS1Δe9 mice versus wild-type littermates. Microglial cell bodies in AD mice had larger 

cell body areas, perimeters, and displayed ultrastructural signs of cellular stress in the 

vicinity of fAβ. Microglial cell bodies and processes in seemingly healthy AD tissue and in 

areas of neuronal dystrophy were less phagocytic than wild-type microglia, while 

phagocytic capacity near the plaques remained high but targeted fAβ at the expense of 

normal phagocytosis of surrounding neuropil. Microglia in all regions of AD tissue 

displayed reduced extracellular degradation and impaired interactions with degenerating 

structures. Interestingly, processes in healthy appearing regions of AD mouse models were 

considerably more likely to encircle dendritic spines compared with any other tissues, 

including control ones. Our findings together define the heterogeneity of microglial 

structure and function at high spatial resolution in both mouse and human tissue in response 

to amyloid pathology.  
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3.5 Introduction 

Alzheimer’s disease (AD) is the most common neurodegenerative disease, affecting 47 

million people in a demographically aging world (240). The disease causes deficits in 

memory, learning and thinking abilities (30). The best neuropathological correlates of 

cognitive decline in AD are neuronal dystrophy and synaptic loss, which are associated 

with increased network excitability, notably of the hippocampus, and precede neuronal 

death (241,7). While the hippocampus is pivotal for long-term memory formation in 

addition to its essential role in memory storage and retrieval (242), hippocampal atrophy is 

consistent in AD with a mean volume loss ranging from 20-50% (243). The main 

pathological hallmarks of AD are deposition of extracellular amyloid beta (Aβ) plaques 

comprising insoluble Aβ fibrils (fAβ) and intraneuronal fibrillar tangles of tau protein 

(244). The prefibrillar soluble amyloid beta (sAβ) that forms a halo around fAβ plaques 

was linked to neuronal dystrophy and synaptic loss, both in AD human samples and mouse 

models of Aβ  deposition (79,245,246,247,248,249). 

Genome wide association studies (GWAS) uncovered a strong genetic involvement 

in AD of over 20 gene variants related to the immune system, including triggering receptor 

expressed on myeloid cells 2 (TREM2) (94,97,250). Microglia, the resident innate immune 

cells of the brain, recognize and respond to both sAβ and fAβ using complexes of pattern 

recognition receptors (PRRs) (251). Downstream signaling causes increases in TNFα and 

IL-1β secretion which recruits nearby microglia via chemotaxis and can initiate a runaway 

inflammatory response that injures neurons as well as triggers synaptic loss 

(252,253,254,255). In the healthy brain the complement cascade mediates microglial 

pruning of less active synapses while in aging and AD this pathway takes a pathological 

role and promotes synaptic elimination (253). Microglia are thus firmly connected to brain 

inflammation and likely contribute to its harmful long-term consequences leading to 

neurodegeneration (246). Microglia are also instrumental in slowing down plaque growth 

and reducing synaptic loss by preventing Aβ diffusion and toxicity (256,257), and they 

perform valuable roles in the clearance of both sAβ and fAβ (258,259). Microglial active 

contribution to Aβ clearance can prevent the precipitation of Aβ into fibrillar plaques and 



 

 54 

reduce the brain concentration of harmful sAβ species responsible for neurodegenerative 

effects (260). 

Microglial implication in the pathological process of AD is contextual (261,262) 

and heterogeneous, as illustrated by single cell transcriptomic studies defining different 

phenotypes (263). For instance, the disease associated microglia (DAM) and microglia 

neurodegenerative (MGnD) phenotypes showed a reduction in homeostatic genes, but 

increase in phagocytic genes, and association with fAβ plaques in mouse models and 

human samples (264,265,266). These phenotypes were shown to be regulated by TREM2, 

an innate immune receptor expressed by microglia which modulates their phagocytic 

activity, suppresses the production of pro-inflammatory cytokines and is upregulated in 

plaque-associated microglia (267). However, the functional outcomes of these altered 

microglial transcriptomes largely remain undetermined. While a role in Aβ clearance and 

apoptotic neurons removal was identified, how these new phenotypes impact on neuronal 

dystrophy and synaptic loss is still unknown. Using electron microscopy, our group 

recently described the “dark” microglia characterized by their electron-dense cytoplasm and 

nucleoplasm, among other markers of oxidative stress, and extensive interactions with 

synapses. These cells which are rare during normal physiological conditions became 

abundant in aging and AD pathology, in the APPSwe-PS1Δe9 model of Aβ deposition. Dark 

microglia often associated with plaques, expressed TREM2, contained fAβ, and encircled 

dystrophic neurites as well as synaptic elements (268). Interestingly, intermediate stages 

between the “dark” and “typical” microglia were also seen, while the “typical” microglia 

displayed several ultrastructural alterations. 

The present study aimed to define the spatial heterogeneity of microglial 

ultrastructural and functional alterations with relation to neuronal dystrophy and synaptic 

loss in AD pathology, by comparing APPSwe-PS1Δe9 mice (70) with wild-type controls. 

This well-established mouse model deposits Aβ forming plaques beginning at four months 

of age, in the cerebral cortex and hippocampus, with cognitive deficits beginning at six 

months and robust memory deficits by one year of age (70,269,270). Microglial changes 

were investigated in hippocampal regions containing plaques, showing neuronal dystrophy, 

or appearing unaffected by Aβ pathology ultrastructurally, using a correlative light and 

electron microscopy method we developed (271). As in our original work defining dark 
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microglia, the CA1 strata radiatum and lacunosum-moleculare were targeted, in 14 month 

old APPSwe-PS1Δe9 mice and wild-type littermate controls. In addition, microglial 

ultrastructural and functional alterations were analyzed in the post-mortem hippocampus of 

two AD patients. Our results indicate that while some microglial changes in response to Aβ 

pathology are conserved across subregions regardless of plaques deposition, such as 

impairments in extracellular digestion or encirclement of digested cellular elements, other 

alterations are specific to areas devoid of pathology or neuronal dystrophy, such as 

impaired phagocytosis but increased contacts with dendritic spines. Taken together, our 

findings provide data supporting the hypothesis that there are global changes in microglial 

health in AD but these cells’ phenotypes are very much driven by their local environments.  
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3.6 Materials and methods 
3.6.1 Animals 

All experimental procedures were performed in agreement with the guidelines of 

the Institutional Animal Ethics committees, in conformity with the Canadian Council on 

Animal Care as administered by the Animal Care Committee of Université Laval. The 

animals were housed under a 12-hour light-dark cycle at 22-

and water. Fourteen-month old male APPSwe-PS1Δe9 mice on a C57Bl/6J background 

(n=4) were compared with age-matched wild-type littermate controls (n=3). The transgenic 

mice coexpress human presenilin one variant (A246E) and a chimeric mouse/human 

amyloid precursor protein (APPSwe) (70). 

APPSwe-PS1Δe9 mice were injected with Methoxy-X04 (10g/kg; Tocris Bioscience) 

24 hours prior to sacrifice as previously described [38]. Methoxy-X04 is Congo Red 

fluorescent derivative that binds to  sheets with high affinity. Mice were anaesthetized with 

sodium pentobarbital (80 mg/kg, i.p.) and transcardially perfused with ice-cold phosphate 

saline buffer (PBS; 50 mM at pH 7.4) followed by 3.5% acrolein and 4% paraformaldehyde 

both diluted in phosphate buffer (PB; 100mM at pH 7.4). Transverse sections of the brain 

(50-µm thick) were cut in PBS using a vibratome (Leica VT1000S) and kept in 

cryoprotectant at -20oC until use (236,271). 

3.6.2 Brain sections screening for Methoxy-X04-labeled plaques 
With the aid of a stereotaxic mouse brain atlas (237), brain sections containing the 

ventral hippocampus (Bregma -2.75 to -3.5) were selected and placed into a 24-well culture 

plate. Each section was assigned an individual well. Using an ultraviolet filter with a range 

of 380-480 nm, an inverted Nikon Eclipse TE300 microscope was used to visualize the 

methoxy-X04 stained plaques at a magnification of 4X. Pictures of the sections were 

captured both in bright and fluorescent field modes, naming the images according to the 

numbering of their position into the 24-well plate (271). Brain sections from the age-

matched controls containing the same level of ventral hippocampus as the Methoxy-X04-

labeled sections were selected for comparison. 
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3.6.3 Human tissue 
Hippocampal sections containing the dentate gyrus and CA1 from two human cases 

of AD (C-0032, 76 years of age, 24 hours postmortem delay; H-17, 81 years of age, 6 hours 

postmortem delay) were obtained from the brain bank established at the CERVO Brain 

Research Center. Brain banking and postmortem tissue handling procedures were approved 

by the Ethic Committee of the Institut Universitaire en santé mentale de Québec and by 

Université Laval. The brain was obtained with written consent and the analyses were 

performed in conformity with the Code of Ethics of the World Medical Association 

(Declaration of Helsinki). The brain was first cut in half along the midline and hemibrains 

were sliced into 2 cm-thick slabs along the coronal plane. These slabs were fixed by 

immersion in 4% paraformaldehyde at 4°C for 3 days. They were then stored at 4°C in a 

0.1M phosphate-buffered saline (PBS, pH 7.4) solution containing 15% sucrose and 0.1% 

sodium azide. The slabs containing the hippocampus were then cut with a freezing 

microtome into 50 µm-thick sections that were serially collected in PBS and stored at  

–20°C in a solution containing glycerol and ethanediol until immunostaining against the 

microglial marker IBA1. 

3.6.4 Brain sections immunostaining and processing for electron microscopy 

Hippocampal sections from the human cases, wild-type control and APPSwe-PS1Δe9 

mice, containing Aβ plaques in the CA1, were selected. They were washed in PBS, 

quenched with 0.3 % hydrogen peroxide (H2O2) in PBS, and washed again. Sections were 

then incubated with 0.1 % solution of NaBH4 for 30 min at room temperature (RT). After 

washing the tissue was incubated in a blocking buffer of Tris-buffered saline (TBS; 50 mM 

at pH 8.0) containing 10 % fetal bovine serum, 3 % bovine serum albumin, and 0.01 % 

-

IBA1 antibody (1:1000 in blocking solution; Wako Pure Chemical Industries) and rinsed in 

TBS. The sections were afterwards incubated for 1.5 hour in goat anti-rabbit IgGs 

conjugated to biotin (1:200 in TBS; Jackson Immunoresearch) and for 1 hour in A and B 

reagents of the ABC Vectastain system kit (1:100 in TBS; Vector Laboratories) for 

immunoperoxidase staining. The staining was revealed using diaminobenzidine (DAB; 0.05 

%) and H2O2 (0.015 %) in TBS for 8 min. Sections were post-fixed flat in 1 % osmium 

tetroxide in PB for 30 min and dehydrated in increasing concentrations of ethanol, 
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immersed in propylene oxide, impregnated in Durcupan resin (Electron Microscopy 

for 72 hours. Areas of interest were excised from the embedded sections, glued to resin 

blocks (271), sectioned at 70-80 nm using a Leica UC7 ultramicrotome, and collected on 

bare square mesh grids (EMS). 

3.6.5 Transmission electron microscopy (TEM) imaging 
Ultrathin sections were imaged using a FEI Tecnai Spirit G2 microscope running at 

an accelerated voltage of 80 KV and equipped with an ORCA-HR Hamamatsu (10MP) 

camera. Microglial cell bodies were identified using a series of distinctive features that 

comprise their electron density, association with extracellular space pockets, characteristic 

long stretches of endoplasmic reticulum (ER), numerous vacuoles and intracellular 

inclusions, irregular contours with obtuse angles, and small elongated nucleus delineated by 

narrow nuclear cisternae (144,186,272). In most cases, they were also identified by their 

IBA1 immunoreactivity. This analysis did not distinguish between yolk-sac derived 

microglia and circulating myeloid cells known to infiltrate the ageing or diseased brain 

(273). 

For qualitative analysis, pictures were acquired at magnifications ranging between 

1400X and 13000X. Both mouse and human hippocampal samples were analyzed 

qualitatively to investigate microglial interactions with the synaptic neuropil, including 

contacts with dystrophic neurites and dendritic spines, as well as phagocytosis. For 

quantitative analysis in mouse, pictures of microglial cell bodies and processes were 

randomly acquired, at 6800X and 9300X respectively. In the APPSwe-PS1Δe9 mice, three 

different subregions were differentiated. The first subregion contained one Aβ plaque with 

some rare cases showing two Aβ plaques, the second region displayed neuronal dystrophy 

characterized by clusters of swelled neurites containing autophagic vacuoles and electron 

dense bodies, and the third only comprised ultrastructurally unaffected neuronal 

compartments with intact delineating plasma membranes and organelles. In the latter 

subregion, myelinated axons were also surrounded by a compact sheaths of myelin with no 

signs of alteration. The same number of microglial cell bodies and processes was imaged in 

the wild-type controls, ranging from 5-20 microglial cell bodies and a minimum of 100 
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microglial processes. 

3.6.6 Quantitative ultrastructural analysis of microglia 
The analysis of microglial cells and processes comprised several ultrastructural 

measures of morphology, phagocytic activity, cellular stress, and physiological function. 

Experimenters were blinded to the experimental conditions throughout the analysis. For 

each microglial cell body and process, inclusions (containing partially to completely 

digested cellular elements versus cellular elements still intact), lysosomes (primary, 

secondary, versus tertiary), lipid bodies, fAβ, ER dilation, vacuoles (diameter <100 nm), 

and extracellular digestion were counted, according to the quantitative code 0, 1, 2, and 3+ 

(designating 3 and more elements). For inclusions, empty versus cellular elements visible 

were pooled together, in which case the quantitative code 0, 1, 2, 3, 4, 5, and 6+ 

(designating 6 and more elements) was used instead. Lysosomes were identified by their 

dense, heterogeneous content made of hydrolytic enzymes and acid phosphatases, enclosed 

by a membrane (274). Primary lysosomes possessed a homogenous granular content and a 

diameter ranging from 0.3 to 0.5 µm (275). Secondary lysosomes were 1 to 2 µm across, 

and their content was heterogeneous showing fusion with intra- or extracellular vacuoles. 

Tertiary lysosomes ranged in diameter between 1.5 and 2.5 µm and were usually fused to 

one or two vacuoles associated with lipofuscin granules, as well as lipid bodies showing 

signs of degradation (276). Lipid bodies were identified as round organelles with an 

electron dense, either opaque or limpid, cytoplasm enclosed by a monolayer phospholipid 

layer. Lipofuscin granules were identified by their oval or round shapes, finely granular 

composition, and association with amorphous materials. They also contained small 

inclusions and several lipid droplets (276) fAβ was identified as densely packed fibrils and 

filaments, according to previous descriptions (277). ER dilation was recognized by a 

swelling of the cisternal space ranging from 50 to 300 nm (278). Extracellular digestion, 

which is also termed “exophagy” and refers to the degradation of cellular constituents by 

lysosomal enzymes released extracellularly, was defined by the appearance of digested 

materials (including cellular membranes and other subcellular constituents) in the 

extracellular space associated with the microglia (279). They were scored using the 

quantitative code 0, 1, 2, and 3+ (designating 3 and more elements). 
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Microglial processes were analyzed using the same parameters. Additionally, their 

encirclement of neuronal compartments (myelinated axons, axon terminals, dendritic 

spines, synapses between axon terminals and dendritic spines, cellular elements undergoing 

degradation) was quantified. Encirclement was defined as microglial interactions with these 

compartments that displayed at least two points of contact, with their juxtaposition 

sometimes extending over several hundreds of nanometers. They were scored using the 

quantitative code 0, 1, 2, and 3+ (designating 3 and more elements). The encircled elements 

were identified according to the following criteria, as described previously (280). 

Myelinated axons were recognized by their compact myelin sheath. Axon terminals 

contained synaptic vesicles and were frequently seen branching from axons or making 

synapses onto dendritic branches and spines. Dendritic spines were identified as extensions 

from dendrites often forming synapses where a postsynaptic density was seen. Also, 

microglial processes encirclement of synapses was scored when the process encircling 

presynaptic terminals and postsynaptic spines extended its contact to the area of synaptic 

cleft. Moreover, microglial encirclement of partially degraded cellular elements with a 

shrunk appearance within the extracellular space and/or showing an accumulation of 

membranes in advanced stage of digestion was determined. 

3.6.7 Statistical analysis 

GraphPad Prism 7 was used for the analysis. APPSwe-PS1Δe9 mice were compared 

to age-matched wild-type littermate controls using unpaired two-tailed Student’s t-test. 

Microglial cell bodies and processes were compared between plaque-associated, neuronal 

dystrophy associated, and ultrastructurally healthy tissue of APPSwe-PS1Δe9 mice by 

ordinary one-way ANOVA without matching using Tukey's multiple comparisons post-hoc 

test. Data are expressed as mean +/- SEM. Significant differences are indicated by *p<0.05, 

**p<0.01, ***p<0.001, and ****p<0.0001. 
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3.7 Results 

3.7.1 Microglial ultrastructure is altered in proximity to fAβ 
 While several studies have uncovered the intimate relationship between microglia 

and amyloid plaques in AD human samples and mouse models, as well as changes in 

microglial function in AD mouse models, we focused on determining how proximity to fAβ 

plaque and neuronal dystrophy affects the phenotypic heterogeneity of microglia. We 

developed a correlative light and electron microscopy method to characterize at high spatial 

resolution alterations of microglial ultrastructure and cellular function among subregions 

containing amyloid plaques (within 113 x 113 microns), displaying neuronal dystrophy, or 

appearing ultrastructurally healthy in the CA1 strata radiatum and lacunosum-moleculare 

of 14 months old APPSwe-PS1Δe9 mice versus wild-type littermate controls (Figure 3.9.1). 

Transgenic mice were injected with Methoxy-X04 24 hours prior to tissue collection to 

label amyloid plaques. Fifty micron thick transverse sections of the brain containing fAβ 

plaques within the ventral hippocampus CA1 were selected and stained for IBA1 to identify 

microglial cell bodies and processes at the ultrastructural level as described previously 

(268). 

Microglial cell bodies in all four conditions displayed characteristic bean-shaped 

nuclei containing patches of dense heterochromatin, while their cytoplasm showed 

immunoreactivity for IBA1 (Figure 3.9.2A-D). In line with previous descriptions of 

microglial ultrastructure, cell bodies also contained numerous mitochondria often in close 

apposition to characteristically long stretches of ER, occasional Golgi apparati, and 

phagocytic vesicles (281). When investigating whole-region changes in microglial 

ultrastructure, only cell body area was significantly different between wild-type and 

transgenic mice, showing an increase in APPSwe-PS1Δe9 animals (Table 3.9.11). However, 

by separating APPSwe-PS1Δe9 investigations into three distinct subregions: ultrastructurally 

healthy, dystrophic, and plaque-associated, we were able to discern region-specific changes 

in microglial cell bodies and their processes. Microglial cell bodies had larger areas and 

perimeters when closer to amyloid plaques than any other subregion, implying a response 

to fAβ accumulation (Figure 3.9.2E-F). In contrast, the cell bodies in APPSwe-PS1Δe9 

hippocampi were significantly rounder than those found in wild-type animals, regardless of 

their proximity to dystrophic neurons or amyloid plaques (Figure 3.9.2G), implying a 
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global phenotypic change. Similar microglial morphological changes were previously 

described in vivo in mouse models of amyloid pathology (282). 

 While microglial cell bodies in WT and APPSwe-PS1Δe9 model mice were 

significantly different in size and shape, the ultrastructure of their processes remained 

largely unchanged. Numerous in vivo two-photon imaging studies have confirmed that 

microglial processes are incredibly dynamic as they survey the brain neuropil via 

continuous extension and retraction (126,164). Microglial processes are long, thin, often 

ramified, discontinuous from cell bodies in ultrathin sections, and are identified by 

immunocytochemical electron microscopy (immunoEM) staining for IBA1, which labels 

their cytosol (Figure 3.9.3A-D). They often accumulate phagocytic vesicles, and more 

proximal processes also contain mitochondria, occasional ER and/or Gogli apparati, as well 

as lysosomes. The area and perimeter of microglial processes were relatively unchanged in 

our analyses when comparing wild-type with APPSwe-PS1Δe9 mice (Table 3.9.12). 

Although their gross ultrastructural features were not significantly different between 

wild-type and APPSwe-PS1Δe9 tissue, microglial processes interacted differently with the 

surrounding neuropil depending on their localization and genotype. Unsurprisingly, 

processes in regions of fAβ plaques were more likely to encircle amyloid fibrils (Figure 

3.9.4F). Processes in APPSwe-PS1Δe9 animals were significantly less likely to encircle 

cellular elements undergoing extracellular digestion compared with wild-type littermates 

(Figure 3.9.4G). Strikingly, microglial processes in ultrastructurally “healthy” neuropil of 

APPSwe-PS1Δe9 were significantly more likely to encircle dendritic spines than processes 

in either pathological or wild-type tissues (Figure 3.9.4E). This increase in encirclement 

was also noted in conjunction with myelinated axons, though the trend did not reach 

significance. In addition, microglial processes in APPSwe-PS1Δe9 mice had significantly 

rounder and more solid shape descriptors (Figure 3.9.3E and Table 3.9.12). Increases in 

solidity are considered a readout of reduced plasma membrane ruffling, linked to lower 

process motility and fewer incidents of macropinocytosis (283) or phagocytosis (284,285). 

This finding is in agreement with previous observations from in vivo two-photon imaging 

that microglia in AD mouse models display reduced process motility at steady-state and in 

response to injury (201,282). 
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3.7.2 Microglial phagocytosis and extracellular degradation is reduced in AD 
animals 
 One of microglia’s most pivotal roles in the development and maintenance of the 

brain is their capacity to recognize and actively phagocytose and degrade extraneous 

synapses, apoptotic cells, and invading pathogens. Microglia often contain phagocytic 

inclusions in both their cell bodies and processes, associated with the degradation of 

neuronal compartments and fAβ. Using immunoEM, we are able to identify cargos 

contained within the phagocytic vesicles of microglia. Completely digested elements 

appear as electron lucent vesicles, while partially digested or intact elements appear 

electron dense, and sometimes display recognizable ultrastructural features of cellular 

membranes, vesicles, myelin sheaths, etc. (Figure 3.9.5A). Interestingly, microglial cell 

bodies in healthy regions of APP tissue as well as in regions of neuronal dystrophy 

contained significantly fewer phagocytic inclusions than either microglia in wild-type or 

within plaque-containing regions of APP tissue (Figure 3.9.5A-D). However, microglial 

cell bodies from all regions of APPSwe-PS1Δe9 tissue investigated contained significantly 

fewer digested vesicles than wild-type microglia (Figure 3.9.5F) in agreement with 

previous findings from in vivo two-photon imaging (201). In contrast, microglial cell 

bodies located in regions of neuronal dystrophy or near fAβ plaques were the only ones to 

contain amyloid in phagocytic vesicles (Figure 3.9.5G, H), suggesting that microglia in 

APPSwe-PS1Δe9 mice do not migrate, instead they remain in close proximity to amyloid 

after recognizing it via cell-surface receptor complexes, as supported by previous two-

photon in vivo imaging observations in cerebral cortex of AD mouse models (282). 

 Microglial phagocytosis begins with a microglial membrane wrapping and 

engulfing its phagocytic target. The vesicle is then trafficked to the cell soma through the 

phagolysosomal pathway, undergoing degradation along the way. As such, depending on 

the distance from the cell soma, phagosomes within microglial processes are often more 

likely to contain intact or partially digested elements than phagosomes located within 

microglial soma (Figure 3.9.6A-D). 

 Upon investigation, we discovered that microglial processes in healthy regions of 

APPSwe-PS1Δe9 mice as well as regions of neuronal dystrophy were significantly less 

phagocytic than processes in wild-type animals (Figure 3.9.6E-G). In fact, microglial 
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processes in healthy tissue of APPSwe-PS1Δe9 mice were the least likely to contain 

phagocytic vesicles (Figure 3.9.6E). However, microglial processes within regions 

containing fAβ contained the same number of phagocytic inclusions as wild-type animals 

(Figure 3.9.6 E-G). Interestingly, wild-type microglial processes contained nearly twice as 

many fully digested phagosomes than any processes in APPSwe-PS1Δe9 animals, regardless 

of their proximity to dystrophic neurons or fAβ plaques (Figure 3.9.6H). This directly 

parallels the ratio seen in microglial cell bodies (Figure 3.9.5F), and could imply general 

impairments among the phagolysosomal system of APPSwe-PS1Δe9 animals.  

 In addition to phagocytosis, microglia contribute to maintaining brain homeostasis 

by performing extracellular degradation. Extracellular degradation by microglia is 

recognized in TEM by pockets of extracellular space juxtaposing the microglial membrane 

containing sparse and degraded cellular elements. These pockets are electron-light, empty 

of visible contents save partially digested elements (Figure 3.9.7A, E). Occasionally 

extracellular space is found next to microglial cell bodies and processes in the mature brain 

without noticeable digestion (144). Extracellular degradation is likely a different process 

from the one used for process extension and retraction, as it is often visible at the cell soma, 

which does not move as much as processes except in cases of injury or other stimulus 

(286), and it is always accompanied by debris. This debris is made up of partially digested 

elements often recognizable as cellular membranes, sometimes forming myelin sheaths 

(Figure 3.9.7E). In addition to their phagocytosis impairments, microglia in APPSwe-

PS1Δe9 animals overall display reduction in extracellular degradation. Microglial cell 

bodies and their processes in wild-type animals readily perform extracellular degradation, 

while cell bodies and processes in any region of APPSwe-PS1Δe9 animals have impaired 

levels of extracellular degradation (Figure 3.9.7 I, J, Table 3.9.11, 3.9.12).  

To provide additional insights into the alteration of microglial degradation activity, 

we next investigated the number and stage of lysosomes within microglial cell bodies and 

their processes. While primary lysosomes are not commonly found in microglial cell soma 

(0.095 per cell body, Table 3.9.11), secondary and tertiary lysosomes are often present in 

both wild-type and APPSwe-PS1Δe9 animals (between 0.38 and 0.553 per cell body, Table 

3.9.11). Although the number of phagosomes per cell was reduced in APPSwe-PS1Δe9 

animals (Table 3.9.11), the numbers of primary, secondary, and tertiary lysosomes per cell 
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body and process were not significantly different upon Aβ pathology (Table 3.9.11). 

However, upon separating cell soma into ultrastructurally healthy, dystrophic, and plaque-

associated subregions, it becomes clear that the number of tertiary lysosomes is decreased 

in microglial cell bodies only in regions of dystrophy and fAβ deposition (Figure 3.9.8). 

Microglial cell bodies in close proximity to plaques display significantly fewer tertiary 

lysosomes than those in healthy subregions of APPSwe-PS1Δe9 animals (Figure 3.9.8C). 

 

3.7.3 Effects of Aβ on microglial cell stress 
 The best characterized ultrastructural marker of cellular stress is ER stress, read out 

in high spatial resolution as a lumen dilation of ER and Golgi apparatus cisternae. It has 

been described in several neurodegenerative diseases, including amyotrophic lateral 

sclerosis (ALS) and AD (287,288). ER dilation is also a characteristic of “dark microglia”, 

a subtype upregulated in pathology including AD (268). We were interested in 

investigating intermediate stages between healthy, “typical” microglia, and the dark ones. 

Various hallmarks of dark microglia were examined in the hippocampus CA1 strata 

radiatum and lacunosum-moleculare of wild-type and APPSwe-PS1Δe9 animals, including 

the presence of dilated ER among microglial cell bodies and processes, alterations to 

various organelles including mitochondria, as well as condensation of cytoplasmic and 

nucleoplasmic contents (which results in a “dark” electron-dense appearance), and the loss 

of heterochromatin pattern. Healthy ER in microglial cell bodies and processes is 

characterized in EM images by long stretches of parallel membranes with very little space 

between them, and is often located near mitochondria (Figure 3.9.9, white arrowheads). 

Dilated ER appears as it is described, with the parallel membranes no longer parallel, and 

containing bloated stretches of electron-light material (Figure 3.9.9, black arrows). 

Interestingly, microglial cell bodies in the APPSwe-PS1Δe9 animals contained nearly twice 

the dilated stretches of ER that were visualized in wild-type animals (0.834 versus 0.425 

per cell body, Table 3.9.11). When separating analysis into subregions, healthy, neuronal 

dystrophy, and fAβ plaque, in APPSwe-PS1Δe9 animals, it became clear that this increase in 

dilated ER is only present in the plaque-associated microglial soma (Figure 3.9.9 A-D, I). 

Cell bodies in subregions near fAβ plaques contain significantly higher levels of stressed, 
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dilated ER (Figure 3.9.9D, I). Interestingly, microglial cell bodies often display reduced 

levels of IBA1 immunoreactivity in APPSwe-PS1Δe9 animals, across the three subregions 

(see Figure 3.9.9B-D), while it was previously shown that dark microglia downregulate 

IBA1 in the same hippocampal region of 14 months old APPSwe-PS1Δe9 mice (268). 

Microglial cell bodies endowed with dilated ER, as seen nearby plaques, sometimes 

appeared “darker” also (see Figure 3.9.9D for an example), suggesting a slight 

condensation of the cytoplasmic and nucleoplasmic contents. These cells however had a 

clearly defined heterochromatin pattern as compared with the dark microglia. Furthermore, 

the increase in ER dilation observed in microglial cell body was recapitulated in processes 

(Figure 3.9.9 E-H, J), especially striking as most microglial processes do not contain any 

stretches of ER in ultrathin sections (0.03 dilated ER per process in wild-type animals, 

Table 3.9.12). 

 

3.7.4 Microglial ultrastructure in human cases of AD 
 In an effort to determine the clinical relevance of our microglial ultrastructure 

studies conducted in mouse hippocampus, we investigated tissue gathered from the 

hippocampus of two postmortem AD cases. 50 micron thick sections within the 

hippocampal formation were stained against IBA1 to identify microglial cell bodies and 

processes. As we were not able to perform staining to identify fAβ prior to processing for 

immunoEM staining, it was impossible to focus our investigation on plaque-containing 

tissues. However, the hippocampal tissue of human AD cases contained abundant numbers 

of dystrophic neurons, identifiable by the presence of small, regularly packed dense bodies 

and abundant autophagic vacuoles (289) within their cytoplasm (Figure 3.9.10 B-D). Our 

identification of dystrophic neurites in human cases of AD is consistent with the literature 

(290,291,292). As such, the regions of tissues we investigated from AD individuals most 

closely paralleled that of microglia in regions of neuronal dystrophy in the APPSwe-PS1Δe9 

animals. Microglia in human AD cases were found to be immunoreactive for IBA1 

throughout their processes and cell bodies and display the same characteristic nuclei as 

those seen in mice (Figure 3.9.10 A). Their heterochromatin pattern nevertheless appears 

more heterogeneous than that of mouse microglia, with smaller and more numerous pockets 

of euchromatin (Figure 3.9.10 A). Microglial processes contacted both dystrophic neurites 
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and dendritic spines (Figure 3.9.10 B-D). Interestingly, one microglial process made many 

contacts and encircled several sides of a dystrophic neurite containing an accumulation of 

autophagic vacuoles (Figure 3.9.10 B). Microglia in human tissue were also phagocytic, 

with many processes comprising one or more phagocytic inclusions (Figure 3.9.10 C-E). 

The inclusions contained partially degraded membranes and organelles, consistent with the 

microglial phagocytic inclusions seen in mice. Lysosomes were also frequently seen in 

microglial processes, showing intact granular structure, and sometimes contacting an 

inclusion, thus suggesting a probable fusion to produce a phagolysosome (Figure 3.9.10C). 

In addition, microglial cell bodies and processes frequently associated with pockets of 

extracellular space containing cellular elements at various stages of digestion, which 

supports their involvement with the removal of debris (Figure 3.9.10 A-D). It appears 

microglia in human AD cases recapitulate much of the ultrastructural alterations seen in the 

mouse model, particularly their intimate interactions with dystrophic neurites and dendritic 

spines. 

3.8 Discussion 
Unraveling the role of microglia has been complicated by the heterogeneity 

displayed by these cells across brain regions, stages of the lifespan, and contexts of health 

and disease. The past decade has been a boon in the discovery of microglial phenotypic 

diversity and plasticity, investigated using in vivo two-photon microscopy, single cell 

RNA-sequencing, and positron emission tomography to find hotspots of microglial activity 

within the human brain (293). These techniques have been invaluable in teasing apart the 

temporal and molecular mechanisms used by microglia, but were unable to investigate 

intimate microglial interactions with their surrounding brain environment. We have utilized 

TEM in order to uncover region-specific roles of microglia in the APPSwe-PS1Δe9 mouse 

model of AD pathology. Our data revealed striking disruptions of microglial function 

among hippocampal CA1 subregions containing fAβ plaques, dystrophic neurons, or 

appearing healthy in the APPSwe-PS1Δe9 mouse model, as well as individuals suffering 

from AD. 

Studies in humans with mild cognitive impairment as well as in mouse models of 

AD have found links between memory impairment and hyperactive neuronal networks 
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within the hippocampus (241,294,295,296). The loss of dendritic spines in CA1 strata 

radiatum and lacunosum-moleculare was identified as one of the mechanisms leading to 

neuronal network hyperactivity, in 10 to 14 months old ARTE10 model mice using a 

combination of super resolution STED microscopy, electrophysiology, and computational 

modeling (297). Our analyses in healthy subregions of hippocampus devoid of fAβ plaque 

or dystrophic neurons revealed microglial characteristics of impaired phagocytosis and 

extracellular degradation, together with an increased encirclement of dendritic spines. 

Interestingly, the encirclement of dendritic spines was validated using our human 

hippocampal samples. It is thus tempting to hypothesize that impaired functions of 

microglia could be responding to unhealthy network trafficking within the hippocampus, 

thus exacerbating cognitive impairment. Numerous in vitro and in vivo studies in various 

mouse models of AD have identified profound synaptic alterations in response to small 

oligomeric and sAβ (65,79,298,299,300,301,302). Increased levels of sAβ are hypothesized 

to predispose neurons to hyperactivity and excitotoxicity, accompanied by increases in 

local microglial response (246,303). Recent human studies have even implicated fAβ 

plaques as amyloid sinks which lower levels of circulating sAβ, thus preventing synaptic 

alterations early in the disease pathology (304). These changes of functional plasticity and 

excitability are not visible in EM without complex and extensive synaptic analysis and are 

the focus of future investigations in this area. 

While our studies separate plaque-associated tissue from morphologically healthy 

tissue, we cannot overlook the probability that soluble amyloid is likely present throughout 

the CA1. Amyloid plaques are electron-dense, but soluble amyloid is not distinguishable 

ultrastructurally without immunostaining. Three-dimensional EM studies focused on fAβ-

neuronal interactions found intimate contacts of amyloid with dendritic membranes in the 

hippocampus of 3XTg model mice and in the prefrontal cortex of aged canines (305). It is 

possible the phenotypic changes we identified in ‘healthy’ hippocampal regions of our 

transgenic mice are driven by soluble amyloid. This is particularly interesting when 

interpreting the increased microglial encirclement of dendritic spines in APPSwe-PS1Δe9 

mice, and interactions with the synaptic neuropil in human AD hippocampus. 

Our studies have shown a nonzero percentage of microglia and their processes 

found in regions with plaques or dystrophic neurites contain intracellular fAβ. This is in 
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line with numerous in vitro and in vivo studies demonstrating microglial capacity to 

phagocytose both soluble and fibrillar forms of Aβ (306,307,308). While microglia are 

proficient at phagocytosing amyloid, when presented with chronic high levels of fAβ such 

as those seen in AD animal models and human pathology, their phagolysosomal system 

becomes overloaded and is unable to properly acidify phagolysosomes in order to degrade 

the fAβ (309). In fact, in vitro studies have found intact fAβ remains within microglial cell 

bodies as long as 20 days after incubation with amyloid (310). This may explain both the 

high prevalence of fAβ within microglial soma and processes and the reduced numbers of 

tertiary lysosomes we reported. It may also explain the differences in phagocytosis seen in 

healthy versus dystrophic versus plaque-associated subregions of CA1 – perhaps the 

increased phagocytosis seen in plaque-associated areas is actually due to impaired digestion 

of phagocytosed amyloid. 

It is important to note, however, because our TEM imaging protocol is on single 

ultrathin sections, we cannot overlook the possibility that these vacuoles may be pockets of 

extracellular digestion not yet fully engulfed. Another group has performed 3D EM 

reconstructions showing no intracellular amyloid in cerebral cortex of the APP23 mouse 

model (311). However, the differences in mouse model, age of animals, studied region, and 

sample preparation make it difficult to compare with our own findings. Additionally, this 

study did not investigate microglial phagocytosis within the synaptic neuropil and instead 

focused on Aβ alone, and it is known that microglia readily internalize and degrade 

numerous targets in healthy and diseased tissue (312,313,314). 

Recent transcriptome analysis of tissue from human AD subjects has revealed 

similarities and differences in the innate immune response when compared to animal 

models of AD (315).  Nearly all amyloid mouse models of AD suffer from overexpression 

of human APP protein, often with multiple mutations driving Aβ42 expression to drive 

plaque formation (316). These models do not express intracellular tau depositions and often 

do not recapitulate the extensive neuronal loss seen in human cases of AD. It is thus crucial 

to verify findings in human studies whenever possible. For the first time, we have 

investigated microglial interaction with synaptic neuropil at ultrastructural resolution in 

postmortem hippocampal tissue derived from individuals suffering from AD, which 

allowed us to validate our findings with respect to microglial extracellular degradation, 
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encirclement of dystrophic neurites and dendritic spines, as well as functional alterations in 

the phagolysosomal pathway. 

 

 

 

 

 

 

 

 

 

 

 

 

3.9 Figure  & legends 
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Figure 3.9.1 Defining healthy, dystrophic, and plaque-associated neuropil. 
An example EM image displaying several microglial cell bodies in healthy (APP-H), 

plaque-associated (APP-P), and dystrophic-associated (APP-D) regions of the ventral 

hippocampus CA1 in APPSwe-PS1Δe9 mice. Abbreviations: m=microglia, p=fAβ plaque, 

dn= dystrophic neurite. 
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Figure 3.9.2 Microglial ultrastructure is changed by proximity to fAβ plaques. 

(A) EM image of a wild-type animal showing oval shaped IBA1-positive microglial cell 

body. (B, C and D) EM images of IBA1-positive microglial cell bodies taken respectively 

in regions proximal to healthy (B), dystrophic (C) and fAβ (D) containing areas in the CA1 

of the ventral hippocampus of APPSwe-PS1Δe9 mice. Scale bars=500 nm. (E) Change in 

microglial cell body area of wild-type controls compared to APPSwe-PS1Δe9 animals. (F) 

Change in microglial cell body perimeter in wild-type and APPSwe-PS1Δe9 animals. (G) 

Change in the microglial cell body roundness in wild-type and APPSwe-PS1Δe9 animals. 

All error bars are mean±SEM ∗, p<0.05; ∗∗, p<0.01; ∗∗∗, p<0.001; ∗∗∗∗, p<0.0001. 
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Figure 3.9.3 Microglial processes lose arborization in the presence of dystrophic neurons in 
APP-PS1 mice. 

(A) EM image of a IBA1-positive process in a wild-type control showing a branched 

structure. (B, C and D) Examples of IBA1-positive processes images in taken respectively 

in regions proximal to healthy (B), dystrophic (C) and fAβ (D) containing areas in the CA1 

of the ventral hippocampus of APPSwe-PS1Δe9 mice. Scale bars=500 nm. (E) 
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Quantification of process circularity in wild-type controls compared to APPSwe-PS1Δe9 

animals (mean±SEM). ∗, p<0.05. 

 

 

Figure 3.9.4 Distinct changes in process encirclement in APP-PS1 animals 
(A) Example image of IBA1-positive microglial process in close proximity to a synaptic 

terminal (t, synaptic terminal, s, dendritic spine). (B) Example image of a microglial 



 

 75 

process in healthy neuropil of APPSwe-PS1Δe9 hippocampus encircling synaptic terminals 

and a dendritic spine (points of contact are shown with black arrows). (C) Example of a 

microglial process in a WT animal encircling an element undergoing extracellular digestion 

(d) with points of contact shown by black arrows. Scale bars=500nm. (D) Example image 

of a microglial process encircling a fAβ plaque (p) with various thin ramifications shown in 

black arrows. (E) Quantification of dendritic spine encirclement by microglial processes. 

(F) Quantification of fAβ encirclement by microglial processes. (G) Quantification of 

digested element encirclement by microglial processes. Error bars represent mean±SEM. *, 

p<0.05; ****, p<0.0001. 
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Figure 3.9.5 Microglial cell bodies in APP-PS1 animals show reduced phagocytosis in 
areas far from plaque deposition. 

(A) Example of IBA1-positive cell body image in a wild-type control performing 

extracellular digestion (ed) and containing numerous digested inclusions (d) and 

intact elements (Black arrows). (B, C and D) EM images of IBA1-positive 
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microglial cell bodies taken respectively in regions proximal to healthy (B), 

dystrophic, containing lipid bodies (lip) (C) and fAβ containing contacting 

dystrophic neurites (dn) and containing fAβ inclusions (white arrows) (D) areas of 

APPSwe-PS1Δe9 mice. Scale bars=500 nm. (E) Change in total number of 

inclusions in wild-type and APPSwe-PS1Δe9 microglial cell bodies. (F) Change in 

number of digested elements contained in wild-type and APPSwe-PS1Δe9 

microglial cell bodies. (G) Change in number of amyloid-beta containing vesicles 

in wild-type and APPSwe-PS1Δe9 microglial cell bodies. (H) Example of IBA1-

positive cell body image in plaque region containing numerous inclusions of Aβ 

(white arrows) and a surrounding a plaque (p), with dystrophic neurites in contact 

(dn) with various microglial processes. Scale bar=2 µm. All error bars are 

mean±SEM. ∗, p<0.05; ∗∗, p<0.01; ∗∗∗, p<0.001; ∗∗∗∗, p<0.0001. 
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Figure 3.9.6 Microglial processes are less phagocytic and display poorer digestion of 

inclusions in APP-PS1 animals, even in regions far from Aβ deposition. 

(A) Example of IBA1-positive microglial process in a wild-type control containing multiple 

digested (d) and intact inclusions (black arrows). (B-D) Example of IBA1-positive 

microglial process in healthy (B) dystrophic (C), and fAβ containing (white arrows) (D) 

neuropil of APPSwe-PS1Δe9 hippocampus. Scale bars=500 nm. (E) Change in percentage of 

phagocytic microglial processes (F) Change in score of inclusions within processes. (G) 

Change in score of intact element inclusions within processes. (H) Change in score of 

digested element inclusions within processes. (I) Change in score of Aβ inclusions (white 

arrows, D) in processes. Scale bars display mean±SEM. ∗, p<0.05; ∗∗, p<0.01; ∗∗∗, 

p<0.001; ∗∗∗∗, p<0.0001. 
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Figure 3.9.7 Microglia in APP-PS1 mice perform less extracellular degradation regardless 
of their proximity to plaques. 

(A) Example of IBA1-positive microglial cell body in a wild-type control performing 

numerous acts of extracellular digestion (black arrows) at different points between 
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its plasma membrane and its adjacent neuronal structures. (B, C and D) EM images 

of IBA1-positive microglial cell bodies taken respectively in regions proximal to 

healthy (B), dystrophic (C) and fAβ containing (D) areas of APPSwe-PS1Δe9 

hippocampus. (E-H) Example images of IBA1-positive microglial processes 

performing extracellular digestion (black arrows, E) in WT (E), healthy (F), 

dystrophic (G) and fAβ containing (H) areas of APPSwe-PS1Δe9 hippocampus. 

Scale bars=500 nm (I) Quantification of extracellular digestion performed by 

microglial cell bodies. (J) Quantification of extracellular digestion performed by 

microglial processes. Error bars depict mean±SEM. **, p<0.01; ∗∗∗, p<0.001; 

∗∗∗∗, p<0.0001. 

 

 

 

 



 

 81 

 

Figure 3.9.8 Microglia in dystrophic and plaque-associated neuropil have reduced numbers 
of tertiary lysosomes. 
(A) Example image of IBA1-positive microglial process in a healthy region of APPSwe-

PS1Δe9 hippocampus, containing numerous tertiary lysosomes with lipofuscin 

accompanying lipid bodies (tlys). (B) Example image of IBA1-positive microglial process 

in a plaque-associated region. Scale bars=500 nm. (C) Change in the score of tertiary 

lysosomes in microglial cell bodies  Error bars represent mean±SEM. ∗, p<0.05. 

 



 

 82 

 

Figure 3.9.9 Proximity to Aβ plaques correlates with increased ER dilation. 

(A) Example of IBA1-positive microglial cell body in a wild-type control. (B-D) Example 

of IBA1-positive microglial cell bodies containing healthy (white arrowheads) and dilated 

(black arrows) ER in apparently healthy (B), dystrophic (C), and fAβ containing (D) areas 
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of APPSwe-PS1Δe9 hippocampus. (E-H) Example images of IBA1-positive microglial 

processes in WT (E), healthy (F), dystrophic (G) and fAβ containing (H) areas of APPSwe-

PS1Δe9 hippocampus. Scale bars=500 nm. (I) Quantification of instances of dilated ER in 

microglial cell bodies. (J) Quantification of instances of dilated ER in microglial processes. 

Error bars represent mean±SEM. ∗, p<0.05; ∗∗, p<0.01; ∗∗∗∗, p<0.0001. 
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Figure 3.9.10 Microglial ultrastructure in post-mortem samples from human AD patient(s). 
(A) Image of an IBA1-immunopositive microglial cell body in post-mortem tissue from the 

hippocampus of an individual diagnosed with AD. m = microglia, mt = mitochondria. (B) 

Image of an IBA1-positive microglial process making contacts with a dystrophic neurite (d) 

and synaptic terminal (s). (C) Image of an IBA1-positive microglial process containing 

numerous inclusions (in) and lysosomes (lys). (D) Image of a microglial process containing 

numerous inclusions (in) and making contacts with a synaptic terminal (s) and dystrophic 
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neurite (dn). (E) Microglial process (mp) encircling a dystrophic neurite (dn) and making 

contacts with a synaptic cleft (“s”). Scale bars=500nm. 

 

 

 

 

 

Table 3.9.11 Mean comparison of ultrastructural analysis of microglial cell bodies in wild-
type and APP-PS1 mice with the depiction of its p values. n is number per microglial cell 
body. 

 Wild-type APP-PS1  
 Mean ± SEM  Mean ± SEM P value 
Area (µm2) 18513.875 ± 750.061 21544.724 ± 776.927 0.009 
Perimeter (µm) 22.186 ± 0.651 23.991 ± 0.839 0.132 
Circularity (a.u.) 0.495 ± 0.015 0.511 ± 0.012 0.409 
Roundness (a.u.) 0.590 ± 0.016 0.622 ± 0.013 0.163 
Solidity (a.u.) 0.844 ± 0.009 0.852 ± 0.007 0.516 
Lipid body (n) 0.521 ± 0.094 0.426 ± 0.069 0.414 
Aβ (n) 0 ± 0 0.401 ± 0.068 <0.0001 
Phagocytic cells (%) 82.8 ± 3.9 0.769 ± 0.033 0.271 
Inclusion (n) 3.161 ± 0.223 2.647 ± 0.174 0.071 
Intact element (n) 1.548 ± 0.160 1.365 ± 0.119 0.356 
Digested element (n) 1.617 ± 0.129 0.891 ± 0.079 <0.0001 
ER dilation (n) 0.425 ± 0.074 0.834 ± 0.082 0.0009 
Extracellular digestion (n) 1.702 ± 0.1351 0.777 ± 0.090 <0.0001 
Primary lysosome (n) 0.095 ± 0.048 0.108 ± 0.038 0.841 
Secondary lysosome (n) 0.553 ± 0.107 0.535 ± 0.076 0.888 
Tertiary lysosome (n) 0.521 ± 0.102 0.388 ± 0.069 0.267 
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Table 3.9.12 Mean comparison of ultrastructural analysis of microglial processes in wild-
type and APP-PS1 mice with the depiction of its p values. n is number per microglial 
process 

 Wild-type APP-PS1  

 Mean ± SEM  Mean ± SEM P value 
Area (µm2) 655.163 ± 53.645 678.559 ± 34.591 0.732 
Perimeter (µm) 3.986 ± 0.087 4.073 ± 0.148 0.625 
Circularity (a.u.) 0.460 ± 0.008 0.488 ± 0.005 0.007 
Roundness (a.u.) 0.478 ± 0.007 0.491 ± 0.004 0.168 
Solidity (a.u.) 0.756 ± 0.006 0.772 ± 0.003 0.041 
Lipid body (n) 0.013 ± 0.005 0.019 ± 0.004 0.492 
Aβ (n) 0 ± 0 0.021 ± 0.005 0.019 
Phagocytic process (%) 37.18 ± 2.007 27.06 ± 1.039 <0.0001 
Inclusion (n) 0.769 ± 0.054 0.538 ± 0.026 <0.0001 
Intact element (n) 0.323 ± 0.032 0.255 ± 0.016 0.050 
Digested element (n) 0.445 ± 0.035 0.261 ± 0.015 <0.0001 
ER dilation (n) 0.030 ± 0.009 0.042 ± 0.005 0.310 
Extracellular digestion (n) 0.435 ± 0.033 0.255 ± 0.013 <0.0001 
Primary lysosome (n) 0.010 ± 0.004 0.018± 0.004 0.284 
Secondary lysosome (n) 0.056 ± 0.013 0.051 ± 0.007 0.755 
Tertiary lysosome (n) 0.008 ± 0.004 0.020 ± 0.005 0.219 
Encirclement (n) 0.617 ± 0.038 0.613 ± 0.021 0.920 
Encircled synapse (n) 0.037 ± 0.008 0.040 ± 0.005 0.774 
Encircled digested element (n) 0.167 ± 0.018 0.089 ± 0.007 <0.0001 
Encircled Aβ (n) 0 ± 0 0.022 ± 0.005 0.022 
Encircled myelinated axon (n) 0.003 ± 0.002 0.006 ± 0.001 0.462 
Encircled dendritic spine (n) 0.137 ± 0.016 0.188 ± 0.011 0.024 
Encircled axonal terminal (n) 0.194 ± 0.020 0.215 ± 0.011 0.391 
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4. Discussion: 
 
In Chapter 2, we described a new protocol that enabled us to study microglial 

ultrastructural phenotypes and their interactions with synapses and other neuronal structures 

in their environment in the presence of Aβ plaques. Microglia and their interactions were 

studied in different contexts, covering several areas where microglia were proximal to 

the Aβ plaques, proximal to dystrophic elements, and to regions appearing healthy in the 

APP-PS1 mouse model. The designed approach utilized correlative techniques of light and 

electron microscopy to localize the dense core Aβ plaques. Using fluorescent light 

microscopy, brain sections containing Aβ plaques in regions and layers of interest to our 

study, in the hippocampus CA1, strata radiatum and lacunosum-moleculare, were rapidly 

selected from samples of mice injected with the congo red derivative Methoxy-X04. The 

rapid selection and screening made possible by the in-vivo injection of Methoxy-X04 were 

followed by pre-embedding immunostaining for the microglial marker IBA1 to allow 

localization and visualization of microglial phenotypes and interactions in the presence of 

Aβ plaques or neuronal dystrophy at the ultrastructural level (271). 

 

Analysing microglial phenotypes and interactions with relation to Aβ plaques is extremely 

important to provide novel insights into microglial involvement in the progression of AD 

pathology. Microglial inflammatory activity, extensive reactivity, and the release of pro-

inflammatory cytokines are implicated in the disruption of normal brain homeostasis and 

AD pathophysiology (180). In the healthy brain, microglia modulate and mediate neuronal 

circuits remodeling and synaptic plasticity (143,151). Taking into account that AD is 

characterized by a progressive synaptic loss in the brain (7,239), microglia are believed to 

be involved in the pathogenesis and synaptic loss due to the dysregulation in their 

physiological roles in the remodeling and maintenance of neuronal circuits. 

 

This protocol we established allows better penetration of antibodies to the brain sections 
due to the improved technique of pre-embedding IBA1 immunostaining method. This 
improvement renders an enhanced visualization of microglial cell bodies and processes. 
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Each step of the protocol must be performed thoroughly to avoid any compromise in the 
integrity of the sample structure and to permit a favorable visualization of cellular 
membranes and components (271). Also, although this protocol was mainly designed to 
study microglia in the presence of Aβ plaques, several cell types can also be targeted by 
using their complementary antibodies with the utilization of this protocol. Astrocytes, 
oligodendrocytes, peripheral macrophages and neuronal subdivisions can be studied in the 
presence of Aβ plaques. This versatility allows a better understanding of alterations in 
morphology and cellular interactions due to Aβ plaques deposition. 
 
However, this protocol can be only used in experiments enabling in-vivo injection and can 
not be used on fixed brain sections. Thus it can not be performed on post-mortem human 
sections. Moreover, Methoxy-X04 only binds to β-pleated sheets proteins of the plaques 
and is not able to attach to soluble forms of Aβ which represents another limitation of the 
protocol application. 
 

The pathophysiology of AD is deeply linked with Aβ plaques deposition in multiple 
regions of the brain (245,246,247,248,249). Microglial cells were seen to surround and 
interact with these plaques in several studies of AD mouse models (251). Microglia 
undergo various changes in morphology, function, and gene expression inscriptions during 
the progression of AD (94,97,250). Also, microglia appear to acquire a heterogeneous 
response characterized by multiple cellular and functional changes that impact the 
homeostatic roles that these cells can offer to their brain environment. In our aim to 
understand better the changes occurring to the resident immune cells of the brain, we 
employed our specific correlative protocol to study the proposed heterogeneity in 
microglial phenotype and cellular functions by using high spatial resolution electron 
microscopy that enabled us to assess those emerging features at the ultrastructural level. 
Because memory loss is one of the main symptoms of AD which is linked functionally to 
the alterations taking place in the hippocampus during disease progression (242), we 
mainly focused on the CA1 region of the hippocampus examining 
strata radiatum and lacunosum-moleculare  of 14 months old APP-PS1 mice and age-
matched controls. We imaged IBA1 immunostained microglial cell bodies and processes in 
the ventral part of the hippocampus amid regions located near the plaques, among areas of 
neuronal dystrophy, and in regions appearing healthy regarding neuronal structures’ 
integrity.  
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In Chapter 3, our study which used this method reported significant changes in the 

ultrastructure of microglial cell bodies and processes in the vicinity of the plaques. Using 

quantitative analysis, results showed that the area and perimeter of microglial cell bodies 

were larger when studied proximal to the plaques than in areas of dystrophy, apparently 

healthy or in wild-type controls. This finding indicates a microglial response to the fAβ and 

is concurrent to the results of a previous study where microglia in the PDAPP transgenic 

AD model were visualized using in-vivo multiphoton microscopy between 14 and 17 

months of age. The results revealed that microglia in areas containing Aβ plaques had 

larger cell body areas and smaller processes when compared to cell bodies from younger 

(3.5 months) transgenic mice or from the same age group where microglia were in areas 

devoid and distant from the plaques (282). Also, in a study where an optic nerve crush was 

performed on wild-type mice, microglial cell bodies showed a significant increase in their 

areas as a reaction to this procedure when compared to naïve mice (317), suggesting that 

these morphological changes are linked to their reactivity to damage resulting from 

mechanical or chemical insults. Moreover, microglia in plaque and dystrophy regions had 

more round cell bodies compared to wild-type cells, suggesting a decrease in process 

arborization which is also reported where microglia near plaque had decrease in the size of 

processes compared to areas devoid from plaques at the light microscopic level in PDAPP 

mouse model (282). By comparing microglial processes between APP-PS1 and wild-type 

mice, there was no significant difference in the ultrastructure of these processes. Normally, 

IBA1-immunostained microglial processes are narrow, long and ramified when examined 

in ultrathin sections. However, microglial processes in APP-PS1 were significantly rounder 

and more solid in structure when compared to wild-type controls. This may suggest a 

decrease in motility of these processes which may impact their normal interactions with 

neuronal elements and decrease the incidence of macropinocytosis (283). Also, microglial 

processes in 14 months PDAPP mice were more stable and presented less process 

movement when compared to 3 month old mice which might also be linked to their rounder 

and solid shape (282). 

 

One of the essential tasks of microglia is their ability to perform phagocytosis in both 

standard physiological homeostatic and developmental processes in the healthy brain or in 
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fighting pathogenic insults. Using our immunoEM protocol, we studied the phagocytic 

capacity of microglia in wild-type and the already described regions of APP-PS1 mice. The 

results revealed that microglia in both healthy and dystrophy regions of the APP-PS1 mice 

were less phagocytic when compared to microglia from wild-type and plaque region cells. 

Microglial phagocytic capacity in the plaque region of APP-PS1 mice was mainly targeted 

towards Aβ plaques where numerous inclusions of Aβ fibrils were located inside the cell 

bodies and processes of these cells. Also, the fact that Aβ fibrils inclusions were mainly 

restricted to cell bodies and processes located mostly in plaque regions and a lesser extent 

in dystrophy regions, suggesting that microglia do not relocate after engulfing Aβ fibrils. 

Microglial processes in wild-type mice were significantly more phagocytic containing 

intact, partially digested and fully digested vacuoles. However, microglial processes in 

healthy APP-PS1 regions were less likely to contain phagocytic inclusions. Digested 

inclusions were significantly less frequent in all APP-PS1 areas when compared to wild-

type. These results indicate alteration of the phagocytosis process in its different steps, 

starting with the ingestion of those elements and ending in degradation. Microglia in the 

three regions of APP-PS1 seem to have functional impairments in the phagolysosomal 

system. Moreover, microglial cell bodies and processes in wild-type animals were 

significantly linked to and engaged in extracellular degradation that was evident by the 

presence of partially digested membranes and organelles surrounding microglia. This 

phenomenon of extracellular degradation was substantially lower in all APP-PS1 studied 

regions. A study in a rat model of abdominal wall repair showed that the contribution of 

blood monocytes is essential for the degradation of extracellular matrix scaffolds and is 

necessary to fulfilling extracellular matrix mediated tissue remodeling (318). The immune 

cells of the brain may also be a part of the process mediating extracellular matrix 

degradation to ensure proper neuronal circuits remodeling in the healthy brain which is also 

seen disrupted in APP-PS1 mouse model. 

 

Cellular stress is an important feature that determines functional status and activity of cells. 

The signs of stress are usually seen during aging and in pathological conditions such 

as AD. One of the characteristics of cellular stress is the alteration that takes place in the 

Golgi apparatus and rough endoplasmic reticulum the organelles which are responsible for 
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the production and transport of proteins in the cell. Modifications of these organelles are 

determined by a dilation of the small narrow membranes that are present commonly. Our 

study of this cellular stress feature revealed that microglial cell bodies and processes in the 

plaque regions of APP-PS1 showed significant stress features by the presence of numerous 

dilated structure of endoplasmic reticulum. Microglia in all the APP-PS1 regions combined 

showed twice the number of dilated endoplasmic reticulum when compared to wild-type, 

with microglia in the plaque regions having the highest contribution to this score. The 

phagolysosomal system was another cellular function feature examined in the study. 

Results from the quantification of primary, secondary and tertiary lysosomes revealed a 

significant accumulation of tertiary lysosomes in microglial cell bodies from the healthy 

region of APP-PS1. These tertiary lysosomes collection indicates that those cells are having 

difficulties in the phagolysosomal pathway which is a complementary part of the process of 

phagocytosis. This finding can be linked to another result of our study where digested 

elements inclusions were significantly lower in microglial cell bodies suggesting altered 

phagocytosis in its different steps in the healthy region of APP-PS1.  

 

Microglial processes interactions with synapses, dendritic spines, axon terminals, 

myelinated axons, Aβ and digested extracellular elements were also studied. Processes in 

APP-PS1 plaque region significantly increased their contact and encirclement of 

Aβ plaques. Processes in wild-type animals were considerably encircling digested or 

degenerating extracellular elements frequently when compared to all regions from APP-

PS1. Also, processes in healthy regions of APP-PS1 contacted and encircled the dendritic 

spine at a higher rate than other studied groups. A recent study on wild-type mice using a 

light sheet fluorescence microscopy augmented 3D ultrastructural characterization using 

correlative light, and electron microscopy (CLEM) showed that microglia 

selectively trogocytose (partially phagocytose) presynaptic elements and contacting 

postsynaptic elements with no evidence of phagocytosis as an outcome of this contact. 

Interestingly postsynaptic elements formed filopodial extensions after microglial contacts 

implicating microglia in development and maturation of neuronal circuits (313). 

Therefore, significant microglial encirclement of the dendritic spines in the healthy region 

of APP-PS1 might suggest a prolonged and increased contact compared to other regions 
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and especially to wild-type which may result in abnormal developmental and remodeling 

processes. 

 

Microglia were also examined in human post-mortem AD samples. Where IBA1 
immunostaining was performed on those samples and then processed for visualization with 
transmission electron microscopy. Interestingly, microglial cell bodies and processes were 
seen to contact areas of dystrophic neurites and to contain several inclusions with partially 
degraded structures which recapitulates the what we have seen in the APP-PS1 mouse 
model. 
 
Microglia roles in health and disease are diversified depending on the context in which 
these roles are examined. Developmental stages of microglia, brain region localization and 
pathological processes in the brain all contribute to the microglial response that shows 
heterogeneity in morphology, cellular process, and cell to cell interactions. Although many 
studies were conducted on microglia in health and disease to offer a better understanding of 
their different physiological roles and using multiple experimental techniques such as 
single cell RNA-sequencing, in-vivo two photon imaging and multiple other methods, there 
is still a necessity for studying microglia phenotypes and interactions with their 
environment on a high spatial resolution ultrastructural level in order to delve into the 
implications of this heterogeneity. 
  
The study we conducted characterised and categorized the some of the different 

morphological, cellular, and functional processes that microglia undergo in wild-type mice 

compared with different regions of APP-PS1 animals. The heterogeneity that is evident in 

the differences of ultrastructure, phagocytic capacity, cellular features and cell interactions 

through contact between wild-type mice and APP-PS1 and even between different regions 

of these transgenic mice can further elucidate that microglial diversity in their reactions and 

interactions may influence physiological and pathological processes.  

 

While microglial ultrastructure and functions were examined in the presence of Aβ plaques. 

The contribution of soluble Aβ was not examined in this study. The implication of soluble 

Aβ in the progression of AD is very crucial in further understanding its impact on 

microglial response that may influence the disease progression. 
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