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Abstract 

 

Jin Seop Shin 

 

WCU, Department of Molecular Medicine and Biopharmaceutical Science, 

The Graduate School of Convergence Science and Technology, 

Seoul National University 

 

Neuroinflammation, along with pathological amyloid and tau accumulation, 

is a major pathological hallmark of Alzheimer's disease (AD). 

Neuroinflammation is induced by Aβ deposition and promotes tau 

propagation in AD. Therefore, in preclinical AD, which is the stage of 

pathological changes before the diagnosis of cognitive impairment, 

understanding the pathologic changes is important for pathogenesis, 

diagnosis, and prevention, and it is necessary to understand the changes as a 

mediator in AD progression. To confirm pathological changes in preclinical 

AD, the expression of proteins related to reactive microglia and astrocytes 

was measured in 5XFAD with beginning Aβ formation. To observe the 

pathology in preclinical AD, Immunohistochemistry was performed in the 3- 

and 7-month-old 5XFAD animal model. As a result, glial cell reactivity and 

degraded myelin proteins were increased in white matter (WM) of 3-month-

old 5XFAD, and lysosomal enzymes and lipid droplet were also observed. 

These results show that microglia and astrocytes failed to degrade myelin 

fragments after phagocytosis in preclinical AD. Taken together, the major 

pathological changes in preclinical AD occur in WM, and pathological 
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changes appearing in the early stages of AD are expected to provide 

information for early diagnosis, and development of preventive treatment. 

 

 

Keywords: Alzheimer’s disease, white matter, lipotoxicity, reactive 

astrocyte, reactive microglia  
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Introduction 

 

 

Alzheimer's disease (AD) is a progressive neurodegenerative disease that accounts 

for approximately 60-80% of dementia cases. AD patients have difficulties with 

memory, language, problem-solving and other thinking skills. 1 In postmortem brain 

tissue of AD patients, pathological features are extracellular Aß accumulation, 

intracellular tau accumulation, and neuroinflammation. 1,2 Based on pathologic 

processes, the diagnosis of AD using biomarkers is grouped into ATN (amyloid, tau, 

and neurodegeneration) classification system published by the National Institute on 

Aging and Alzheimer's Association Research Framework. 3 AD-related pathological 

changes are expected to occur due to dysfunction of glial cell-associated immunity, 

lipid metabolism and endocytosis. 2 

 

Aß is a cleavage product of amyloid precursor protein by β-secretase and γ-secretase 

and initiates amyloid plaques formation pathway through oligomerization and 

fibrillization.4 This amyloid deposition begins in the basal part of the frontal, temporal, 

and occipital lobes. 5 As amyloid accumulation progresses, it is observed in the limbic 

and allocortical structures, and follows by in subcortical structures including basal 

ganglia, selected nuclei in diencephalon and brainstem, and the cerebellar cortex. 6 

Aß oligomer can promote the Aß aggregation, by fibril-forming pathway. 

Extracellular Aß oligomers can bind neuronal membrane receptors, and disrupts their 

signaling pathway, so that change the neuronal membrane permeability and integrity. 
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This effect can damage the cell membrane, inducing calcium influx in neuron, 

mitochondrial ROS production and promote tau pathologies. 7 Also Aß plaque and 

diffuse form of Aß can damage synapses and neurites by damaging glucose and ion 

transporters. 8  

 

Increased pathological tau in AD patients with Aß correlates with cognitive 

impairment. 9,10 Tau protein maintains the cytoskeletal structure of neuron through 

phosphorylation and dephosphorylation. In AD, excessive hyperphosphorylated tau 

increases in the intracellular space and forms neurofibrillary tangles (NFTs). 11 And 

pathological tau, like prion proteins, is propagated from neurons to the next neurons 

by exosomes, synaptic releases, and tunneling nanotubes. 12,13 Pathological tau in 

neuron directly interacts with DNA and interferes the transcription factor attachment, 

disrupts mitochondrial function by destabilize the microtubule, inhibiting 

Nicotinamide Adenine Dinucleotide Hydrogen (NADH) reduction thereby increasing 

the reactive oxygen species (ROS). 14-16 Also, pathologic tau induces normal tau 

detachment from microtubule and influences membrane permeability. 17 As a result, 

calcium homeostasis disruption, synapse loss, and cell death occurred. 18,19 

 

Furthermore, neuroinflammation is reported to play an important role in AD 

pathology as a mediator of tau protein propagation. 20 Microglia and astrocytes are 

involved in neuroinflammation, and reactive cells are observed near the Aß and tau 

deposits. Single-cell transcriptome studies in the AD mouse model show that 

homeostatic microglia transition to disease-associated microglia (DAM) with disease 
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progression. 21,22 In AD, DAM cannot completely degrade cellular debris and 

abnormal proteins, and secretes pro-inflammatory cytokines and chemokines to 

induce chronic neuroinflammation. 23 As AD progression, homeostatic microglia 

transits to DAM, with gene transcription changes, translational changes such as 

nuclear factor kappa light chain enhancer of activated B cells (NF-κB) activation and 

morphological changes and shows autophagy activity when Aß and tau exposure. 

However, in chronic neuroinflammation condition by Aß or tau, phagocytosis at the 

synapse is occurred by DAM and reactive astrocyte. Also, pro-inflammatory 

cytokines including tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6) are 

released in microglia. As a result, DAM contributes to synaptic toxicity and spine loss. 

24,25 

 

The most abundant glial cells of the central nervous system (CNS), astrocyte also 

performs play an important and has wide range of functions, including formation of 

blood-brain barrier (BBB) and regulating blood flow, sensing neuronal activity, 

transporting debris, and sensing the microenvironment. 26 Under chronic 

inflammation environment, reactive astrocyte alters morphology and cytokine release 

pattern. This cascade includes antigen presenting pathway, complement cascade. In 

particular, microglia influence astrocytes by cytokine/chemokine receptors directly. 

That receptor senses pro-inflammatory cytokine, including interferon-gamma (INF-

γ), TNF-α, IL-6. This results NF-κB cascade in astrocytes, triggering excessive nitric 

oxide (NO) expression. 27 Also, astrocyte is impaired their ability of glutamate uptake 

by inflammation, and eventually induces positive feedback of neuroinflammation. 28-
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30 

 

In particular, the formation and removal of myelin is maintained through cholesterol 

recycling, and clearance of myelin fragments by phagocytosis of microglia and 

astrocytes is an essential step in the process of demyelination and remyelination 

balance. 31 An increase in myelin debris of white matter (WM) is observed with aging. 

32 The loss of clearance function in glial cells increases glial cell reactivity and 

proinflammatory cytokine release. 33 And degraded myelin basic protein (dMBP) 

induces plaque formation by promoting the binding of Aβ fragments. 34,35 As disease 

progresses, the AD patient tends to increase the number of myelin fragments 

compared to the healthy control, and this change results in WM damage.27 

 

WM damage is associated with aging. Lipid debris and droplets increases with aging, 

and insoluble lysosomal inclusion in microglia and lipid contents in cell increase. 36 

Lipid droplets store fatty acid, and protect cells from lipotoxicity, mitochondrial 

damage and dysfunction. 37 However, microglia which phagocytosis excessive lipid 

debris reduces phagocytosis and lysosomal activity and induces transition to reactive 

microglia. And these reactive microglia induce chronic inflammation. 38 In addition, 

the increase lipid-containing cells in brain suppresses neurogenesis and affects glial 

phagocytosis by elevating pro-inflammatory cytokine. Lipid-containing cells impair 

antioxidant enzyme and autophagy pathway, which affects neuronal survival and 

synaptic plasticity. 41 Therefore, lipid debris derived from WM damage may influence 

chronic inflammation and AD progression. 
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Additionally, increased WM hyperintensities (WMH) on T2-weighted magnetic 

resonance imaging (T2-weighted MRI) scans, reflecting small vessel cerebrovascular 

disease (CVD), are commonly observed in AD patients. 42 WM damage, including 

impaired WM connectivity, is observed in patients with early-stage AD. 43 WMH is 

associated with cortical atrophy by aging, cognitive impairment, and transition to AD. 

44-46  

 

Our research team analyzed the spatial transcriptome in 3- and 7-month-old 5XFAD 

models and found that the glial reactivity in WM was increased at the stage of 

initiation of amyloid deposition. At 3-month-old, 5XFAD transgenic (TG) model 

increased cathepsin S (CTSS), myelin associated glycoprotein at WM. 53 At 7- month-

old, 5XFAD TG model increased apolipoprotein E (ApoE), complement C4b, 

transmembrane immune signaling adaptor (TYROBP) and triggering receptor 

expressed on myeloid cells (Trem2) in WM, and this upregulation was similar to GM 

changes. This means that changes of 3-month-old TG in WM activated neuronal 

ensheathment and gliosis. Also, 7-month-old TG increased reactive glial marker. 

These results provided clues for the WM changes in early-stage AD at RNA level and 

suggested the direction of the changes in preclinical AD. However, it is necessary 

validation at the protein level for changes in brain region-based transcriptome. 

 

Therefore, these results help to understand WM damage and glial cell activity in 

early-stage AD animal models and provide information to understand the meaning of 
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WMH on MRI and expected to be utilized not only for mechanism research in early-

stage AD, but also for diagnosis and early treatment research. 
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Materials and Methods 

 

 

Subjects and experimental design 

Male Tg6799 were maintained on a mixed C57BL/6 x SJL background and had three 

APP K670N/M671L + I716V + V717I mutation, two PS1 M146L + L286V mutation. 

3-month-old 5XFAD, when amyloid deposition begins without changes in cognitive 

function, was used as a preclinical AD model. 54  

 

Immunohistochemistry (IHC) 

1 month after BCAS surgery, mice were anesthetized with 2.5 % isoflurane 

delivered in 1L/min oxygen flow. And perfused with 30 mL of Saline and then fixed 

with 4% paraformaldehyde (PFA) and then embedded in paraffin. 4 µm thick coronal 

slices were used for IHC. All the slices were deparaffinated with Xylene and xylene 

was removed by sequential concentration of ethanol. After dehydration of Ethanol, 

rehydration was performed by dH2O and Tris-Buffered Saline (TBS). Then, for 

antigen retrieval, boil the tissue at 85 °C, 0.01M, pH 6.0 of citric acid for 10 minutes 

to increase the permeability of tissue using 0.5% TritonX-100 in TBS. Non-specific 

antigens were blocked by 5% bovine serum albumin (BSA) in TBS for 1 hour at room 

temperature and tissues were incubated with primary antibody, all the primary 

antibody was diluted in 5% BSA in TBS, overnight in the cold room. the dilution rate 

was as follows; S100ß [1:100; abcam, 52642], glial fibrillary acidic protein (GFAP) 

[1:200; cell signaling, #3670], cystatin F (CST7) [1:100; invitrogen, PA5-103772], 
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ionized calcium-binding adapter molecule 1 (Iba1) [1:200; abcam, ab153696], Aß 

[1:200; cell signaling, #8243], CTSS [1:100; invitrogen, PA5-103772], cathepsin E 

(CTSE) [1:100; Invitrogen, PA3-16821], dMBP [1:1,000; sigma-aldrich, AB5864], 

lysosomal-associated membrane protein 1 (LAMP1) [1:50; abcam, ab208943]. 

Tissues were fully washed with TBS and incubated with secondary antibody. all the 

secondary antibody was diluted in TBS, 1 hour at room temperature. The dilution rate 

was as follows; Alexa Flour 488 Goat anti-mouse immunoglobulin G (IgG) [1:200; 

invitrogen, #A11001], Alexa Flour 555 Donkey anti-rabbit IgG [1:200; invitrogen, 

#A31572], Goat anti-rabbit IgG [1:200; invitrogen, #A32733]. After secondary 

antibody staining, all the tissues were fully washed with TBS and mounted, and cover 

slipped. Images were captured by LEICA confocal microscopy SP8, and Metamorph 

image analysis software was used for quantification. 

 

3, 3’-diaminobenzidine (DAB) staining 

DAB staining kit [abcam, ab64238] is used for DAB staining. Frozen free-floating 

3-and 7-month-old 5XFAD samples in glycerol were washed with phosphate-

buffered saline (PBS) and treated hydrogen peroxide block for 10 minutes at room 

temperature and for antigen retrieval, boil the tissue at 85 °C, 0.01M, pH 6.0 of citric 

acid for 10 minutes to increase the permeability of tissue using 0.2% TritonX-100 in 

PBS. After antigen retrieval, apply protein block solution and incubate for 10 minutes 

at room temperature. After protein block solution treatment, tissues were incubated 

with primary antibody, all the primary antibody was diluted in 2% bovine serum 

albumin (BSA) in PBS, overnight in the cold room. After overnight, tissues were fully 
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washed with PBS and incubated with Biotinylated Goat anti-Polyvalent for 10 

minutes at room temperature. And after apply streptavidin peroxidase 10 minute at 

room temperature, DAB solution is treated and incubate at room temperature. After 

washing, hematoxylin staining was performed 1 minutes at room temperature and 

washed. After hematoxylin staining, all the tissues were fully washed with PBS and 

mounted, and cover slipped.  

 

 

Statistical analysis  

For visualization and summary of the confocal image and behavioral test, Prism 

Graphpad was used and presented as mean ± standard deviation55, unpaired t-test by 

a group. Indicated significant difference was presented as p < 0.05 (*), p < 0.005 (**). 
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Results 

 

Changes in reactivity of glial cells in the brain of AD model for preclinical AD. 

 

Aß deposition begins without cognitive impairment in the 3-month-old 5XFAD AD 

model similar to preclinical AD, and the 7-month-old AD model is accompanied by 

cognitive impairment. In the 3- and 7-month-old AD models, the expression of S100ß 

and CST7 was confirmed by brain region (Fig. 1a). S100ß, one of the markers of 

reactive astrocytes, functions as calcium flux, gliosis, and neurite extension, and 

CST7, whose expression is increased in reactive microglia, is a cysteine peptidase 

inhibitor and responds to neurotoxicity.  

S100ß and CST7 protein expression was increased in WM both I.CC and E.CC of 

the 3-month-old TG model. However, the expression of these proteins was slightly 

increased, and no morphological changes were observed in GM (Fig. 1b, c). The 

expression of S100ß and CST7 was significantly increased in WM and GM of the 7-

month-old TG model compared to those of 3-month-old TG model. In particular, 

there were significant changes in both expression level and morphology in the I.CC 

and E.CC (Fig. 1b). These changes showed that reactive glial cells were increased in 

the WM of preclinical AD model and were observed in WM and GM by AD 

progression. In order to observe pathological changes in the preclinical AD model, 

the CC and CA1 regions were selected as representative regions of WM and GM. The 

reason for selecting two regions is that 100ß and CST7 were significantly changed in 

CC, and CA1 is the brain region that first affected by AD, and the number of synapses 
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is halved in MCI, making it the most vulnerable region as AD progression.56 

 

Pathological changes in the WM of the preclinical AD model. 

 

As a result of observing amyloid pathology in CC and CA1 of AD model, Aß 

aggregates in CC and cytoplasmic Aß expression in CA1 were observed in 3-month-

old AD model. In contrast, extracellular Aß accumulation was observed in CC and 

CA1 of the 7-month-old AD model (Fig. 2). In the 7-month-old TG model, I observed 

that the expression of S100ß and GFAP, reactive astrocyte markers, and CST7 and 

Iba1, reactive microglia markers, in line with increased Aß deposition. Reactive glial 

cell-associated proteins were increased in CC of 3-month-old TG, and their 

morphologic change was also observed. On the other hand, although cytoplasmic Aß 

accumulation was observed, reactive glial cell was not significantly increased at CA1 

region of 3-month-old TG. (Fig. 2, 3). These changes demonstrated that the glial cells 

in WM were functionally as well as structurally altered in the preclinical AD model. 

 

To investigate the reactivity of glial cell, I stained the lysosomal enzyme, CTSS and 

CTSE. Lysosomal peptidase for degrading pathogens such as Aß also increased with 

AD progression. CTSS, which associated with major histocompatibility complex 2 

(MHC2) -related antigens representation, increased with increasing reactive glial 

cells at CC of 3-month-old TG. And CTSE, which degrades bulk proteins in the 

lysosome, CTSE expression was also significantly increased in CC of 3-month-old 

TG compared to age-matched WT (Fig. 4). However, CTSS and CTSE expression 
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did not change in CA1 of 3-month-old TG model (Fig. 4b). On the other hand, CTSS 

and CTSE expression was significantly increased in CC and CA1 of 7-month-old TG 

compared to age-matched WT (Fig. 4). Therefore, the expression of lysosomal 

enzymes increased, similar to the pattern of increased reactivity of glial cells. 

 

To demonstrate the cause of the increase in reactive glial cells and lysosomal 

enzymes, myelin proteins were observed. MAG, a myelin protein that anchors axons 

and myelin sheath, was increased in CC of both 3- and 7-month-old TG models 

compared to age-matched WT as spatial transcriptomics data demonstrated. Also, I 

observed the disorganized MAG was increased in the CC and subcortical region. And 

MAG expression in GM was only increased at 7-month-old TG model. Also, I stained 

dMBP. A degraded form of MBP indicate myelin damage because MBP constitutes 

myelin sheath. dMBP was significantly increased in both CA1 and CC of 7-month-

old TG model, but dMBP was not significantly increased in GM at 3-month-old TG. 

In addition, dMBP was significantly increased at CC and subcortical region of CC. 

As a result of observing myelin damage, myelin damage started to increase in at 3-

month-old TG as the expression of reactive glial cells increased. (Fig. 5).  

 

At last, factors that affect the increase of reactive glial cells were investigated. 

Insoluble lipid droplets in reactive glial cells induce the chronic inflammation and 

induce homeostatic glial cells into reactive glial cells. 36 Insoluble lipid droplets, 

lipofuscin was increased at CC of both 3- and 7-month-old TG compared to age-

matched WT. In CC, lipofuscin was also found in subcortical regions. And lipofuscin 
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was increased in CA1 of 7-month-old TG. And, I stained with cell markers to 

determine which cells had increased lipofuscin. In 7-month-old TG, the tissue was 

stained with NeuN, a neural marker, GFAP, a reactive astrocyte, or Iba1, a microglia 

marker, and overlap with lipofuscin was confirmed. The formation of lipofuscin was 

usually observed in neuron with aging and was increased in neuron of 7-month-old 

TG. Specifically, an increase in lipofuscin was also observed in reactive glial cells t. 

(Fig. 6) 

 

In addition, LAMP1, a lysosomal membrane protein, was stained to confirm the 

state of neurons when Aβ accumulates in the cytoplasm and WM damage appears. 

Staining of LAMP1 in axons around amyloid indicates dystrophic neurites. The 

accumulation of LAMP1 was significantly increased in CC at 3-month-old and 7-

month-old TG. However, LAMP1 expression was not significantly increased at CA1 

of the 3-month-old TG. (Fig. 7) Therefore, pathological changes in preclinical AD 

were observed with myelin damage in the WM and an increase in lysosome-related 

degrading enzymes. It was characterized by increased glial cell reactivity and axonal 

damage. 
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Discussion 

 

In AD progression, Braak stage was suggested based on the results of observation 

of pathological changes, and it is divided into mild cognitive impairment, mild-, 

moderate-, and severe-AD based on symptoms. With development of biomarkers, 

changes in Aβ occur 20 years before the onset of symptoms. Therefore, individuals 

with no symptoms and changes in Aβ are called preclinical AD in AD continuum. 

Early diagnosis and prevention of AD, before irreversible brain damage or cognitive 

impairment, is focused on attention as a new treatment strategy. Consequently, 

understanding the brain cell changes that occur in preclinical AD provides basic 

information for earlier diagnosis and prevention. 

 

In this study, 5XFAD was used as an animal model to understand preclinical AD. 

5XFAD mice have Swedish (K670N/M671L), Florida(I716V), and London (V717I) 

mutation in APP and M146L and L286 mutation in presenilin-1 (PSEN1). 

Intracellular Aß42 is detected at about 6 weeks, and reactive astrocytes and microglia 

are detected about 8-week-old mouse. 57 Also, hippocampal atrophy and global 

neuron death can be seen about 6-month-old, accompanied by cognitive impairment. 

54,58 Since amyloid deposit begins first, it is a suitable model for early diagnosis. 

Therefore, a model in which amyloid deposition is the main change is suitable for 

preclinical AD research and early diagnosis. 

 

Pathological changes in AD were considered GM disease in the past. However, 
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neuroimaging studies have revealed that demyelination and WM damage precede to 

GM damage and cognitive impairment. 59-61 Myelin sheath tends to damage and 

thinned by aging and AD progression. On the other hand, thin myelin sheath increases 

unmyelinated fiber and demyelination, and the exposed unmyelinated fibers are 

vulnerable to harmful substances such as Aß and oxidative stress, resulting 

neurotoxicity and neuronecrosis. 62  

 

To observe pathological changes in animal models reflecting preclinical AD, I 

observed various WM and GM regions to select representative images. I analyzed 

GM including dentate gyrus, CA1, CA3, retrosplenial cortex, somatosensory cortex, 

thalamus. At 7-month-old TG, reactive glial cells were increased in all GM areas, but 

no significant change was observed at 3-month-old TG. (Fig. 1b, c) Among the 

various regions, I selected CA1 because CA1 is important for memory and selectively 

degenerated in early-stage AD. The CA1 region of the hippocampus is vulnerable to 

abnormal amyloid and tau proteins and especially pyramidal neurons within CA1 are 

vulnerable in AD. And synapse number of pyramidal neurons is significantly decrease 

as AD progression. 56,63 Also, exposed afferent dendrite of GABAergic interneuron at 

CA1 region cause dendritic loss and neuronal loss by Aß toxicity. 64,65 And I also 

analyzed WM including corpus callosum, fimbria, internal capsule, cerebral peduncle. 

I selected corpus callosum because significantly increased expression pattern of 

reactive glial cells was observed in the CC of 3-month-old TG. Also, corpus callosum 

connects the left and right cerebral hemispheres and is the largest WM region in the 

brain. And this region is known as a vulnerable area in AD patients, and lesion can be 
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detected early-stage AD. 66,67 It was confirmed that the reactivity of glial cells 

proceeded in the corpus callosum in the initial stage of amyloid deposition. (Fig. 2a) 

Also, increase in neuroinflammation has been reported with amyloid deposition in 

the early-stage AD. (Fig. 2, 3) To observe the characteristics, markers of reactive glial 

cells were observed. The morphological change of astrocytes was measured by GFAP 

staining. The expression of GFAP, a type III intermediate filament protein, is 

upregulated in the astrocytes of glia limitans and in reactive astrocytes. Also, GFAP 

is involved in cell communication and the blood brain barrier function. And GFAP 

expression is regulated by physiological stimuli such as physical activity, enriched 

environmental exposure, and glucocorticoids, and fluctuates according to the 

circadian rhythms in the suprachiasmatic nucleus. 

Changes in GFAP expression may also reflect physiological adaptive plasticity and 

abnormality rather than being simply a reactive response to pathological stimuli. 

55,68,69 Although the increase of GFAP expression indicates changes in astrocytes 

through morphological remodeling, I also observed S100ß related to cell signaling to 

further confirm functional changes. 53 Cytoplasmic enzyme S100ß staining does not 

exhibit small processes like GFAP staining but can visualize somatic and proximal 

processes in astrocytes. S100ß regulates calcium flux, gliosis, and neurite extension. 

It interacts with cytoskeletal proteins such as GFAP to regulate cytoskeletal structure 

and inhibits polymerization of GFAP dimers. 70 In pathologic condition, S100ß 

expression increases and S100ß induces neuritic plaque formation. 71 In addition, 

increased expression of Iba1 is a marker for ramified and reactive microglia. This 

molecule is involved in microglial movement and phagocytosis by crosslinking of 
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actin and membrane ruffling. Thus, an increase of Iba1 expression appears in the 

morphological change from quiescent branched microglia to activated amoeboid 

microglia in the disease condition. 72 CST7 is a highly expressed cysteine peptidase 

inhibitor in microglia in response to neurotoxicity and is one of the genes increased 

in DAM. It functions as a negative regulator of protease binding and peptidase 

activity in the extracellular region. 73 Therefore, morphological changes and CST7 

expression indicate altered microglial reactivity. And it has been reported that the 

ferritin light chain (FTL), iron storage protein, is condensed in Aß or tau-loaded glial 

cells, and FTL-positive glial cells represent reactive microglia. 74 As a result of 

staining using these markers, reactive microglia and astrocytes appeared earlier in 

WM than in GM when amyloid began to accumulate. 

 

In order to confirm the lysosomal characteristics of reactive glial cells in WM, I 

observed the protease of the endosomal-lysosomal system. (Fig. 4) CTSS is a cysteine 

protease that degrades antigenic proteins to present MHC2 molecules and plays an 

important role in antigen-presenting and pro-inflammatory cytokine release. 75,89 For 

this reason, CTSS expression is observed mainly in antigen presenting cell such as 

reactive glial cells. 76 And the main function of CTSE, an aspartic endopeptidase, is 

to degrade proteins by bulk proteolysis in lysosomes. CTSE is only detected in 

pathological tissues, including AD brain, not detected in young and healthy brain. 77 

Microglia expressing CTSE induces neuroinflammation, plaque deposition, cognitive 

impairment in mouse and patients with AD. 78 Expression of these peptidases was 

increased in WM of 3-month-old TG and was increased lysosomal enzyme expression 
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level in GM of only 7-month-old TG according to the increase in the expression of 

reactive glial cell. 

 

I tried to figure out the agents which affects the increased level of lysosomal 

enzymes and increased level of reactive glial cells. As the reactivity of glial cells 

increase, myelin protein damage was observed in WM. (Fig. 6) Oligodendrocytes in 

the CNS can generate myelin sheath and express myelin proteins, including myelin 

proteolipid protein (PLP), myelin basic protein (MBP), MAG and CNP 2′,3′-cyclic 

nucleotide 3′-phosphodiesterase (CNP). 69 Myelin surrounds the axon with a 

multilayered membrane of lipids. Myelin protects axons and insulates neurons, 

helping them conduct electrical signals. 79 MAG is located in the inner membrane of 

oligodendrocytes and interconnects the myelin sheath and the axon membrane. PLP 

and MBP are distributed within the myelin sheath and interact between the 

multilayered structures of myelin for compression. And the half-life of myelin 

membrane components varies from several weeks to several month. 33 Microglia and 

astrocytes play important roles in degraded myelin phagocytosis and proper 

myelination for degeneration and regeneration of the myelin sheath by cholesterol 

recycling. 80 The recent study shows that myelin damage occurs before Aß and NFT 

deposition in preclinical AD. Reduced myelination and MBP increase Aß42 

accumulation, and demyelination are associated with AD progression. 81-83 Local 

demyelination was observed near Aß in the neocortex in patients with AD, suggesting 

that Aß-mediated demyelination induces neuronal and axonal damage. 84 In addition, 

accelerated remyelination in the AD mouse model improved cognition and 
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hippocampal atrophy. 85 In this study, I observed increases in lipofuscin concurrently 

with MAG and degraded MBP in 3-month-old TG (Fig. 6). These results imply that 

myelin sheath damage at WM and an overload of glial degradation function. As aging, 

myelin fragmentation increases and the burden of myelin degradation on microglia 

increases. Thus, microglia demonstrate the characteristics of senescence with 

increased lysosomal inclusions such as lipofuscin. 33 Additionally, in chronic 

neuroinflammatory conditions such as AD, clearance function of immune cells is 

reduced.67 As a result, excessive myelin debris induced by WM damage can 

overburden the glial cells which phagocytosis and degrades myelin debris, so that 

lysosomal activity was increased. However, glial cell cannot digest all the myelin 

debris, so lipofuscin can be increased in glial cells. Increased lipofuscin in 

homeostatic glial cells induce chronic inflammation and transit homeostatic glial cells 

to reactive glial cells. Therefore, changes in WM occur in the early-stage AD, and 

these changes are manifested in increased glial cell reactivity. 

 

 Finally, I was observed axonal damage to determine the state of neurons in the 

presence of WM damage. LAMP1 is a pre-mature lysosomal marker, and premature 

lysosomes are expressed by neuronal autophagy and endocytic pathway. Pre-mature 

lysosomes become mature lysosomes near the cell body by retrograde transport. 

However, when pathologic substances such as plaques are present around the axon, 

blockade of pre-mature lysosomal vesicle transport occurs, resulting in LAMP1 

accumulation in the vicinity of Aß. 86,87 Axonal damage was detected in 3-month-old 

TG following increasing WM damage and reactive glial cell. And axonal damage was 
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significantly increased in CA1 of 7-month-old TG compared to age-matched WT. 

Therefore, it was found that axonal damage occurred earlier in WM than in GM. 

 

Understanding the characteristics of preclinical AD through spatial transcriptome 

analysis has limitations in identifying causes and consequences over time. In other 

words, the results of verifying the changes in the transcriptome of the tissue section 

were analyzed by synthesizing the literatures studied so far. As a result, it was 

observed that WM damage induces phagocytosis of glial cells, and lysosomal activity 

of glial cells also increases. However, glial cells cannot digest all phagocytosed 

myelin debris, thereby insoluble lipid droplet, lipofuscin increases in the glial cells. 

Increased lipofuscin in glial cells induces chronic inflammation, and dystrophic 

neurons are also increased in the WM. Therefore, the pathological changes in WM 

are characteristic changes of preclinical AD, and these changes are associated 

initiation of AD progression. In addition, these features of preclinical AD can be 

utilized as information for early diagnosis and prevention 
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Figures 
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Figure 1. Reactivity of glial cells by brain region in AD model. 

 

Immunostaining with S100β was performed on coronal sections of the brain in 3- 

and 7-month-old AD models. WM (white box) and GM (red box) areas where glial 

cells were observed for reactive changes are indicated (a). Representative images of 

S100β for observing reactive astrocytes and CST7 for observing reactive microglia 

(b, c). The corpus callosum 88 region of WM and CA1 region of GM, where changes 

in reactive glial cells are observed, were selected as representative regions, 

respectively. scale bars represent 1 mm (a) and 50 μm (b, c), respectively. 
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Figure 2. Aβ accumulation and reactive astrocyte in 3- and 7-month AD model. 

Representative DAB and fluorescence images of Aß (green) or GFAP (green) and 

nucleus (blue) staining in the CC and CA1. Aβ accumulation was observed 

intracellularly in 3-month-old TG, whereas Aβ accumulation was increased and 

observed extracellularly in 7-month-old TG. Also, reactive astrocyte was increased at 

CC in 3-month-old TG, whereas reactive astrocyte was increased at CA1 in 7-month-

old TG. Scale bars = 50 µm. 
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Figure 3. Reactivity of microglia in CC and CA1 of 3- and 7-month-old AD 

model. 

  

 Representative DAB and fluorescence images of reactive glial cells in the CC and 

CA1. Reactive microglia increased in 3-month-old TG and significantly increased at 

CC in 3-month-old TG, whereas reactive microglia at CA1 was significantly 

increased in 7-month-old TG. Scale bars = 50 µm 
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Figure 4. Accumulation of lysosomal degrading enzymes in CC and CA1 of 3- 

and 7-month AD model. 

  

 Representative images of CTSS and CTSE (brown), which are lysosomal proteases, 

in CC and CA1. Expression level of CTSS and CTSE in CC were significantly 

increased in 3-month TG and at 7-month-old TG, both CC and CA1 of CTSS and 

CTSE were increased compared to WT. Scale bars=50 µm 
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Figure 5. Changes in white matter damage in 3- and 7-month-old AD model. 

 

Representative images of MAG and degraded MBP staining in 3- and 7-month-old 

TG. Increased expression and disorganization of MAG was observed at CC in 3-

month-old TG, and dMBP expression was also increased at CC in 3-month-old TG. 

At CA1 region, MAG and dMBP expression was increased only in 7-month-old TG. 

Scale bars = 50 µm 
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Figure 6. Lipofuscin in 3- and 7-month-old AD model. 

 

Representative images of lipofuscin staining in 3- and 7-month-pold TG. Lipofuscin 

expression was increased at CC in 3-month-old TG. At CA1, lipofuscin expression 

was increased only in 7-month-old TG. In addition to lipofuscin was overlapped with 

NeuN, lipofuscin was also overlapped with GFAP, Iba1 at 7-month-old TG. (e) Scale 

bars = 50 µm 
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Figure 7. Changes in axonal swelling in 3- and 7-month-old AD model. 

  

Representative images of LAMP1 in CC and CA1. LAMP1 expression was 

significantly increased near the CC of 3-month-old TG and LAMP1 expression was 

significantly increased in CC and CA1 of 7-month-old TG. Scale bars = 50 µm 
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초    록 

 

신 진 섭 

서울대학교 융합과학기술대학원 

분자의학 및 바이오제약학과 

 

병적 아밀로이드 및 타우 축적과 함께 신경염증은 알츠하이머병의 주요 

병리학적 특징이다. 알츠하이머병에서 신경염증은 아밀로이드 침착에 

의해 유도되고, 타우 전파를 촉진한다. 알츠하이머병의 초기 병리학적 

변화를 이해하는 것은 발병기전 및 진단과 예방에 중요하며, 이러한 초기 

변화는 알츠하이머병 진행의 매개체로서 연구가 필요하다. 따라서, 본 

연구는 초기 알츠하이머병의 병리학적 변화를 확인하기 위해 반응성 

미세아교세포 및 성상세포와 관련된 단백질의 발현을 아밀로이드 형성이 

시작되는 알츠하이머병 동물모델(5XFAD)에서 관찰했다. 초기 

알츠하이머병의 병리를 관찰하기 위해서, 3개월과 7개월 5XFAD 동물 

모델에서 면역조직염색법을 수행했으며, 알츠하이머병의 위험인자 중 

하나인 혈류 저하가 병리적 변화를 유발하는지 관찰하였다. 그 결과, 

3개월의 5XFAD 백질에서 반응성 아교세포들과 미엘린 단편의 증가를 

확인했다. 더불어 리소좀 분해 효소들의 증가와 분해되지 않은 지질 

방울들의 증가가 관찰되었다. 이러한 결과는 미세아교세포와 성상세포가 

초기 알츠하이머 병에서 식균작용 후 미엘린 단편을 분해하지 못한 것을 
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보여준다. 따라서 초기 알츠하이머병에서 백질 내 병리적 특징을 

이용하여 알츠하이머병 조기진단 및 예방 치료제 개발에 활용할 수 있다. 
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