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ABSTRACT OF THE THESIS 
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Brain Disorders 
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University of California San Diego, 2021 

 

 

Professor Vivian Hook, Chair 
Professor Shelley Halpain, Co-Chair 

 
 
 
 

Alzheimer’s disease (AD) is a severe neurodegenerative disease that is becoming one 

of the major causes of death worldwide. One of the main indicators of AD is neuronal death due 

to the extracellular accumulation of amyloid-beta (Aβ) plaques, one form being Aβ42 peptide 

oligomers. Previous studies have shown the involvement of a lysosomal protease called 

cathepsin B (CatB) and lysosomal leakage, and its implications in cognitive deficits and 

neuropathology of AD and other related neurodegenerative diseases. These studies show the 

potential for CatB as a therapeutic target. Here, the extent to which Aβ42 oligomers induce 
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lysosomal leakage and the translocation of CatB is investigated. It is hypothesized that Aβ42 

induces lysosomal leakage and the translocation of CatB to the cytosol associated with cell 

death. Through lactate dehydrogenase (LDH) assays, Aβ42 treatment of SK-N-MC and SH-

SY5Y human neuroblastoma cells resulted in cell death cytotoxicity. Fluorescent imaging by

acridine orange (AO) staining showed that in both SK-N-MC and SH-SY5Y cells, Aβ42 

treatment induced lysosomal leakage. Moreover, western blot analysis of the cytosolic fractions 

of Aβ42-treated BV2 microglial cells obtained via sucrose density gradient centrifugation 

showed the presence of pro- and mature CatB. Lastly, using the LES12 bifunctional probe in 

Aβ42-treated SH-SY5Y cells revealed increased activity of cysteine cathepsins in a cytosolic 

neutral pH environment. These findings advance the understanding of lysosomal leakage in AD 

and other related neurodegenerative diseases, demonstrating the new finding that Aβ42 

oligomers induce lysosomal leakage of CatB associated with cell death. 
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A. Introduction 

Cathepsin B (CatB) has been shown to participate in Alzheimer’s disease (AD) based on 

findings that CatB is elevated in AD patients, elevated CatB in serum of AD patients correlates 

with cognitive deficits (Hook et al., 2020), and knockout of the CatB gene in AD mouse models 

substantially improves memory deficits and reduces Aβ peptides (Kindey et al., 2012). These 

findings support CatB participation in severe memory deficits and the neuropathology of AD. 

It will be important to understand the mechanism of CatB involvement in AD. Therefore, 

the question that will be addressed in this project is: Amyloid beta (Aβ)-induction of lysosomal 

leakage results in what extent of CatB translocation from the lysosome to the cytosol, 

participating in neuronal cell death? It is hypothesized that Aβ-induction of lysosomal leakage 

results in the translocation of CatB protein and activity from the lysosome to the cytosol 

associated with cell death. The goal of the project is to obtain insight in the involvement of 

cytosolic CatB in the neuropathology of AD and other related neurodegenerative diseases. This 

research will allow for new mechanistic understandings of Aβ42 oligomer accumulation and 

CatB lysosomal leakage involved in AD and related neurodegenerative diseases. 

 

B. Alzheimer’s disease: critical mechanisms and therapeutics issues to be addressed in 

the field 

With the current fast-paced growth in the population, neurodegenerative diseases are 

increasingly becoming one of the major causes of death globally (GBD 2016 Neurology 

Collaborators, 2019). One of these diseases is AD. Just within the US population, it is said that 

10 percent of people aged 65 and older has AD and this number only increases with age. AD is 

one of the leading causes of dementia and it is characterized by difficulty remembering recent 

events and showing signs of apathy and depression as early symptoms. Later signs include the 

impairment in communication, as well as confusion and difficulty in walking (2020 Alzheimer’s 

Disease Facts and Figures, 2020). In short, pathologically speaking, the main indication of AD 

includes extracellular accumulation of Aβ plaque aggregates and intracellular formation of 
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neurofibrillary tangles (NFTs) made up of hyperphosphorylated tau proteins. These cellular 

changes ultimately lead to neuronal death and the progression of AD (Tiwari et al., 2019). The 

main focus will be on the pathology of AD characterized by Aβ accumulation. However, the 

pathology involving hyperphosphorylated tau will also be briefly discussed.  

The pathogenesis of AD involving Aβ first involves the amyloid precursor protein (APP). 

A deviation from a normal, regulated cleavage of APP by β-secretase (BACE1) and γ-secretase 

results in the formation of insoluble Aβ fragments that cause neurotoxic effects. There are two 

main types of the Aβ fragments responsible for playing a role in neurotoxicity. First is Aβ40, 

which is more abundant but less neurotoxic than the second form, Aβ42, which is less abundant 

but more neurotoxic due to its higher insolubility. Nonetheless, the aggregation of these Aβ 

fragments results in altered neuronal function including blocking of ion channels, imbalance of 

calcium, increased oxidative stress, and reduced glucose and energy metabolism, resulting in 

cell death. The involvement of tau in AD pathogenesis is also due to the formation of the 

insoluble Aβ fragments. Normally, the tau protein works with tubulin to form stable microtubules. 

However, due to the presence of extracellular Aβ fragments, kinases become activated and the 

tau protein becomes hyperphosphorylated as a result. This causes instability in the 

microtubules, resulting in the collapse and conversion into tau filaments. These tau filaments 

accumulate to form NFTs, which are also highly insoluble and leads to an impairment in regular 

interneural communication and cell death (Tiwari et al., 2019).  

Currently in this field, there is still extensive research going on in efforts to find viable 

therapeutic targets and methods to treat AD. A relatively new area of research looks into CatB, 

which is a lysosomal cysteine protease that may play an important role in the pathology of 

various neurological disorders. Previous studies have shown that Aβ results in lysosomal 

leakage which lead to cell death (Ditaranto et al., 2001; Ji et al., 2002). Furthermore, it was 

observed that the lysosomal leakage resulted in the release of CatB from the lysosome to the 

cytosol (Taneo et al., 2015). A schematic showing the possible involvement of CatB in the 
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pathology of AD and other related neurodegenerative diseases is shown in figure 1. These 

finding show the importance of CatB in the mechanism of the pathology of AD and other related 

neurological disorders and may be a potential drug target in treating these various neurological 

disorders. 

 
Figure 1. Hypothesis of cytosolic CatB involvement in AD and related neurodegenerative 
pathology. 
The schematic above shows the critical mechanisms and the possible involvement of cytosolic cathepsin 
B (CatB) in the neuropathology of Alzheimer’s disease (AD) and other related neurodegenerative 
diseases. The irregular cleavage of amyloid precursor proteins (APP) results in the accumulation of 
extracellular amyloid-beta (Aβ) fragments. These cause lysosomal membrane permeabilization (LMP) 
and release CatB into the cytosol, leading to cell inflammation and neuronal death and cause AD and 
other related neurodegenerative diseases. Aβ aggregates also result in hyperphosphorylated tau, which 
ultimately lead to AD and neurodegeneration. The link between lysosomal leakage of CatB and 
neurodegeneration makes CatB a promising therapeutic target for AD and other related 
neurodegenerative diseases. 

 

C. Cathepsin B mechanism in Alzheimer’s disease 

1. Evidence for cathepsin B in cognitive deficits and neuropathology of Alzheimer’s 

disease 

CatB may be a worthwhile candidate to research as a therapeutic target for AD and 

other related neurodegenerative diseases. Table 1 shows evidence from previous findings that 

indicate CatB to be elevated in patients with AD, traumatic brain injury (TBI), and other patients 

with related dementia (Hook et al., 2020).  
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Table 1. Evidence of CatB elevation in patients of AD, TBI, and related dementia. 
Table from Hook et al., showing evidence of elevated cathepsin B (CatB) in patients with Alzheimer’s 
disease (AD), traumatic brain injury (TBI), and other forms of related dementia (2020). 

 

There have also been several prior studies in mouse models that showed the 

involvement of CatB in the neuropathology of AD, as well as in the neurodegenerative 

phenotypes such as cognitive deficits. One study looked into the effects of CatB in transgenic 

mouse models of AD. It was found that by knocking out the gene for CatB, there was an 

improvement in the memory deficits in these mice. Furthermore, CatB gene deletion also 

resulted in the reduction of Aβ plaque loads in the brains of the transgenic mouse models (Kindy 

et al., 2012). Similarly, another study using mouse models exposed to Porphyromonas 

gingivalis lipopolysaccharide (PgLPS), which has previously been detected in AD patient brains, 

found that there was an improvement in learning and memory deficits with a deletion in the CatB 

gene. Moreover, the PgLPS-exposed mouse models with CatB knockout showed lower levels of 

CatB-dependent production of interleukin 1 beta (IL-1β), which is a proinflammatory cytokine 
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released in response to cell infection or injury (Wu et al., 2017; Lopez-Castejon and Brough, 

2011). TBI, which results in brain dysfunction and pathology due to an external force, can be a 

valid general model for neurodegenerative diseases including AD due to the known increased 

risk for various age-related neurological diseases from repetitive or severe TBI. With this in 

mind, studies have shown that in TBI models, an overall improvement in behavioral deficits such 

as motor dysfunction was seen as a result of knocking out the gene for CatB (Hook et al., 2015). 

Figure 2 summarizes the mentioned previous studies that showed CatB gene knockout effects 

in AD and related disease models. These findings together show that CatB is involved in the 

neuropathology and cognitive deficits due to AD and related neurological diseases, thereby 

showing the potential of CatB as a therapeutic target.  

Figure 2. Evidence of CatB in neurodegenerative disease models of AD, PgLPS, and TBI. 
Effects of CatB gene knockout (KO) observed in AD, Porphyromonas gingivalis lipopolysaccharide 
(PgLPS)-exposed, and TBI mouse models. In a study by Kindy et al., CatB gene KO in AD mice showed 
improvement in memory deficits, as well as a reduction in amyloid-beta (Aβ) load in the brain (2012). In 
PgLPS-exposed mice, CatB gene KO resulted in learning and memory deficit improvement and a 
reduction in CatB-dependent production of interleukin 1 beta (IL-1β) (Wu et al., 2017; Lopez-Castejon and 
Brough, 2011). CatB gene KO in TBI mice in a study by Hook et al. showed motor dysfunction 
improvement (2015). 

 

2. Cathepsin B and cathepsin lysosomal proteases 

Lysosomal cathepsins are important proteases as they are required for the development 

and maturation of the brain by maintaining cellular protein homeostasis via protein degradation. 

They participate in various brain disorders that occur during different developmental age 

periods. Moreover, the dysregulation of cathepsins has been seen to occur in brain disorders 

including brain injuries, lysosomal storage diseases, and neurodegeneration. The cathepsin 
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protease family consists of cysteine cathepsins (B, C, F, H, K, L, O, S, V, W, and Z), aspartyl 

cathepsins (D and E), and serine cathepsins (A and G) (Hsu et al., 2018). CatB in particular is 

an important lysosomal protease due to its various roles in cell homeostasis.  

 CatB is a cysteine lysosomal protease classified as an enzyme belonging to the papain 

family. Its mRNA is originally translated as a preprocathepsin B enzyme in the rough 

endoplasmic reticulum, where it then gets transported and translated into a procathepsin B 

enzyme in the Golgi apparatus. With the removal and the final transport of the propeptide, the 

CatB enzyme is finally activated as mature CatB in the lysosome (Mort and Buttle, 1997). A 

unique characteristic of CatB is that it has been shown to have both endopeptidase and 

exopeptidase activities depending on the environment. At a low pH, as in the lysosomes, CatB 

has demonstrated to perform exopeptidase activities. However, in higher pH levels, it has been 

demonstrated to execute endopeptidase activities (Hook et al., 2015). It is known that out of all 

of the different lysosomal protease cathepsins, CatB is among one of the most abundant in the 

lysosome. The general physiological function of CatB is that it is involved in proteolysis (Yadati 

et al., 2020). One study has shown that CatB is involved in the cleavage of a specific calcium 

channel, MCOLN1/TRPML1 in the lysosome, affecting the calcium homeostasis. In addition, 

inhibition of CatB resulted in increased levels of gene encoding of TFEB, which is known to be a 

transcription factor important in controlling the expression of genes related to lysosomal 

autophagy. These finding demonstrate the importance of CatB in lysosomal biogenesis 

regulation as well as the regulation of autophagy (Man and Kanneganti, 2016). It has also been 

discovered that CatB is involved regulating hormones and growth factors for growth and 

development-related functions. The relevance of CatB in neuronal development is highlighted in 

a study that showed how mice models that lack both CatB and L resulted in the development of 

brain atrophy in the cerebral cortex as well as in the cerebellar region, leading to lethality in their 

early stages of life (Felbor et al., 2002). Together, CatB is an important protease shown to be 
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involved in many aspects of cell homeostasis and viability. Thus, it is an area of research worth 

looking into as a therapeutic target for AD and other related neurological diseases. 

 

D. Cathepsin B and lysosomal leakage in Alzheimer’s disease and neurodegenerative 

diseases 

1. Evidence for lysosomal leakage in Alzheimer’s disease and neurodegenerative 

diseases 

Generally speaking, lysosomes are organelles within cells that are important for 

degrading and recycling extracellular and intracellular material in order to maintain cell 

homeostasis (Wang et al., 2018). In previous studies, lysosomal leakage, characterized as 

lysosomal membrane permeabilization has been found to be a part of the mechanism involved 

in the pathology of AD, as well as in other neurodegenerative diseases. Figure 3 summarizes 

these findings that will be mentioned more in detail in the next two paragraphs. 

 

Figure 3. Evidence of LMP as the mechanism in the pathology of AD and other related 
neurodegenerative diseases. 
A diagram summarizing the evidence of lysosomal membrane permeabilization (LMP) being a part of the 
mechanism in the neuropathology in models of Alzheimer’s disease (AD), traumatic brain injury (TBI) and 
ischemia is shown. In AD models, a study by Chen et al. showed LMP and cathepsin B leakage as a 
result in SH-SY5Y cells when treated with 27-hydroxycholestrol (27-OHC) (2019). In another study, LMP 
was observed when Aβ3(pE)-42 (AβpE3) oligomers were used to treat SK-NS-H cells (De Kimpe et al., 
2013). LMP was observed when controlled cortical impact (CCI) was induced in TBI mouse models 
(Sarkar et al., 2020). In an ischemic model study by Yan et al., treating the rat cortical neurons with high 
concentration of glutamate resulted in LMP (2016). 
 

 In relation to AD, one study looked into lysosomal membrane permeabilization caused 

by cholesterol because of previous studies that linked cholesterol with neurodegeneration. 
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Specifically, 27-hydroxycholestrol (27-OHC) was utilized as increased levels of 27-OHC was 

seen in the serum and cerebrospinal fluid of patients with AD in several prior studies. Using the 

human neuroblastoma cell line, SH-SY5Y, and rat glial C6 cells, they found that treating them 

with 27-OHC resulted in lysosomal deficiency. This deficiency in lysosomes was discovered to 

be due to lysosomal membrane permeabilization. Another finding to mention in this study is that 

in the SH-SY5Y cells, treating them with 27-OHC resulted in the observation of CatB leakage 

into the cytoplasm around the lysosomes that underwent lysosomal membrane permeabilization 

(Chen et al., 2019). Another study also found lysosomal membrane permeabilization in AD, but 

instead using Aβ3(pE)-42 (AβpE3), which is another variant of Aβ42 that was found to be present 

in AD and has also been suggested to be involved in the early stages of AD pathology. Using 

SK-NS-H human neuroblastoma cells, lysosomal membrane permeabilization was observed 

when the cells were treated with AβpE3 oligomers. They also found that AβpE3 treatment 

showed more extent of lysosomal leakage compared to Aβ42 (De Kimpe et al., 2013).  

 Other studies have looked into lysosomal leakage in other neurodegenerative diseases. 

One study looked into TBIs by using mouse models and inducing TBI via controlled cortical 

impact (CCI). By immunofluorescence staining of lysosomal membrane proteins and lysosomal 

enzymes, they determined there to be lysosomal membrane permeability when looking at brain 

sections from the mice after CCI induction (Sarkar et al., 2020). Another research studied 

lysosomal membrane permeabilization in regard to ischemic stroke. In such disease, as well as 

in other neurological diseases, glutamate has been seen to be involved in neuronal cell death 

because of excitotoxicity due to high glutamate concentration. By treating cultured cortical 

neurons from rats with high concentration of glutamate, they observed lysosomal membrane 

permeabilization. They also found that the lysosomal membrane permeabilization was mediated 

by reactive oxygen species (Yan et al., 2016). 
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These studies show the involvement of lysosomal membrane permeabilization in AD and 

other neurodegenerative diseases, therefore demonstrating the importance of lysosomal 

membrane integrity in maintaining neuronal homeostasis.  

 
2. Lysosomal leakage signaling induces cell death and synaptic dysfunction: 

involvement of cathepsin B 

Lysosomes are important for the overall homeostasis of cells. Figure 4 is a diagram that 

shows the different cell pathways that involves the lysosome. 

Figure 4. Lysosomal function in healthy and diseased cell. 
A diagram from Wang et al., outlining the different cellular pathways that lysosomes are involved in in 
healthy and diseased cells (2018). Lysosomes are normally important in regulating cell viability via 
autophagy, endocytosis, and exocytosis functions. In diseased cells, a dysfunction in lysosomes, such as 
lysosomal membrane permeabilization is observed. This leads to cell/neuronal death, one of the causes 
being the release of cathepsins into the cytosol.  
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Many studies have shown that the dysfunction in the lysosomes, such as lysosomal 

membrane permeabilization or lysosomal leakage is seen in numerous diseases, including 

neurodegenerative disease (Wang et al., 2018). Several studies have found the implication of 

lysosomal membrane permeabilization in inducing cell inflammation and cell death. Using rat 

models for permanent middle cerebral artery occlusion (pMCAO), which is a model for cerebral 

ischemia, the study has found that in the ischemic astrocytes, by using CA-074Me, an inhibitor 

of CatB, it prevented pMCAO-induced lysosomal release of CatB into the cytosol. They also 

observed that it prevented caspase-3 activation, which is part of the cell apoptotic pathway (Xu 

et al., 2014). Another study looked into cells of glioblastoma, which is a form of cancer in the 

central nervous system. They found that by using Thymoquinone (TQ), which is a compound 

previously seen to induce apoptosis in other cells, there was an induction of lysosomal 

membrane permeabilization, which resulted in lysosomal leakage of CatB into the cytosol. This 

mediated cell death, but was prevented when a CatB inhibitor, Cathepsin inhibitor III, was used 

(Racoma et al., 2013).  

 Lysosomes are also important in maintaining proper synapse function, as a proper 

functioning autophagy system which lysosomes are an essential aspect of, is necessary in the 

central nervous system to prevent protein aggregate accumulation and neurodegeneration due 

to synapse dysfunction (Fassio et al., 2019). Using MPS-IIIA mice models, which is 

representative of lysosome storage disorders, a study has showed that in the hippocampal 

neurons in these mice, lysosomal enlargement and lysosomal dysfunction was observed, 

resulting in a reduction in the rate of exocytosis in the presynaptic terminal. Furthermore, there 

was a loss in the SNARE complex proteins, SNAP25 and VAMP2, which are important in 

regulating synaptic vesicle trafficking in the presynaptic terminal. However, restoration of 

lysosome activity showed an increase in the SNAP25 and VAMP2 protein levels (Sambri et al., 

2016). Moreover, deletion of presenilin, which is normally important in lysosomal proteolytic 

clearance, has shown to disrupt vATPase proton pumps, which are important in maintaining 
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lysosomal pH. vATPase disruption results in deacidification of lysosomes, which leads to 

substrate accumulation. This is associated with tau hyperphosphorylation as seen in AD (Nixon, 

2017). 

 These findings outline the importance of lysosomes in maintaining cell homeostasis. A 

dysfunction, such as lysosomal leakage is evident in the involvement of cell inflammatory 

response and cell death, as well as synaptic dysfunction, which are all aspects implicated in 

neurodegenerative diseases. 

 

3. Involvement of microglial-mediated inflammation and cathepsin B participation in 

cognitive deficits and neurodegeneration 

Microglia are an important set of immune cells in the brain, making up anywhere from 5 

to 12 percent of cells in the brain. They function to maintain homeostasis in the brain and 

defend the brain against any type of pathogens and neurodegenerative diseases including AD 

(Hickman et al., 2018). Though its main function is to protect the brain, several studies have 

shown the involvement of microglial CatB in neurodegeneration. Lowry and Klegeris 

summarized how the activation of microglia as a result of pro-inflammatory stimuli eventually 

leads to the upregulation of CatB. This causes downstream effects that ultimately leads to the 

activation of IL-1β, as well as neurotoxicity (2018).  A diagram summarizing this mechanism is 

shown in figure 5a. 

 Regarding AD, in microglial BV2 cells, a study by Gan et al. found that activation of 

microglia by Aβ42 resulted in cell death. They also identified the genes that were upregulated by 

Aβ42 and found that the gene for CatB was among one of them. Further analysis was then 

performed regarding CatB where they used small interfering RNAs to specifically silence CatB 

gene expression. This showed complete eradication of the neurotoxic effects previously seen in 

the Aβ42-activated microglia. Moreover, they used a CatB inhibitor, CA-074 which also showed 

improvements, coming to the conclusion that CatB is involved in the neurotoxicity (2004). 
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Another study utilized chromogranin A (CGA), which is a peptide known to be upregulated in AD 

and other neurodegenerative diseases, to study the effects on microglia. They found that CatB 

was secreted in CGA-treated microglia. Furthermore, using the media that resulted from 

activated microglia, HT22 hippocampal cells that were treated with the medium showed 

significant cell death. However, when a CatB inhibitor, z-FA-fmk, or a CatB antibody was used, 

the neuronal death from the CGA-activated microglia media was reduced. Similar results were 

seen in cerebellar granule cells using the CatB antibody. These results show the involvement of 

microglial CatB in neuronal death (Kingham and Pockock, 2001). 

 There was also another study looked into microglial CatB in regard to Niemann-Pick 

disease type A (NPA), which is a lysosomal storage disorder characterized by 

neurodegeneration, demyelination, and the accumulation of lysosomal lipids. This disease is 

known to be caused by a loss of function mutation in the gene for acid sphingomyelinase 

(ASM). The study established that mice models with the deletion of the ASM gene result in 

amoeboid microglia in the areas prone to neurodegeneration, similar to that of NPA patients. 

Therefore ASM-knockout (ASMko) mouse models were used for their experiments. In the 

ASMko microglia, lysosomal leakage was observed, accompanied with the extracellular release 

of CatB into the media. Moreover, when hippocampal neurons from the wildtype mice was 

treated with the media of the ASMko microglia, neuronal death was observed, demonstrating 

the involvement of cathepsin B in neuronal death. They further used a cathepsin B inhibitor, 

Ca074Me in ASMko mice to observe effects on NPA phenotype in vivo and found that inhibiting 

cathepsin B resulted in no NPA phenotype based on motor performance analysis (Gabande-

Rodriguez et al., 2018).  

Together, these studies demonstrate the importance of microglial CatB studies, as they 

show how microglial CatB takes part in neurodegeneration, as well as cognitive impairment in 

neurodegenerative disease. A flowchart summarizing the general involvement of microglial CatB 
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in various neurodegenerative models from prior studies that were mentioned above is shown in 

Figure 5b.   

Figure 5. Inflammatory and neurotoxic effects of CatB in activated microglia and evidence of 
microglial CatB activity in AD and related neurodegenerative disease models. 
(a) Diagram from Lowry and Klegeris showing how activation of microglia due to inflammatory stimuli 
leads to cathepsin B (CatB) upregulation. This results in interleukin 1 beta (IL-1β) activation showing cell 
inflammation, and also neurotoxicity (2018). (b) Based on several prior studies done on microglia of 
neurodegenerative disease models including Alzheimer’s disease (AD), microglial activation has been 
shown to induce CatB release and the upregulation of the CatB gene, ultimately leading to neurotoxicity 
and cell death. Using different CatB inhibitors improved the conditions of the cell and neurodegenerative 
disease animal models (Gan et al., 2004; Kingham and Pockock, 2001; Gabande-Rodriguez et al., 2018).  
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4. Lysosomal leakage of cathepsin B in microglia leads to cognitive deficits in aging and 

periodontitis-associated Alzheimer’s disease 

The link between lysosomal leakage of CatB and microglia, and its implications in 

cognitive deficits in aging and periodontitis-associated AD is demonstrated based on two 

separate studies. The first study, as briefly mentioned previously in section C1, is the study by 

Wu et al. where they used PgLPS-exposed mouse models to demonstrate that there was an 

improvement in learning and memory deficits with the deletion of the CatB gene. They also 

showed lower levels of CatB-dependent production of IL-1β. Going more into detail, the main 

focus of the study was to look into the association between periodontitis, which is a common 

chronic oral bacterial infection, and the cognitive decline in AD, as various clinical and 

experimental studies have shown strong association between periodontitis and cognitive decline 

in AD. The study also looked into the effects of PgLPS on microglia and found that PgLPS 

induced the activation of microglia in a CatB-dependent manner. They also found that this 

activation of microglia was required for the intracellular accumulation of Aβ in primary cultured 

hippocampal neurons of wild-type mice (2017).  

For the second study, it is considered that oxidative stress and chronic 

neuroinflammation, which can occur from regular aging, cause motor and cognitive function 

deficits, with microglial activation being the main source for the oxidative stressors and 

proinflammatory mediators in the brain. With evidence from prior research, such as the 

previously mentioned first study, CatB is a candidate for this study to look into how the oxidative 

stress and neuroinflammation may arise during aging. They found that, in the hippocampus of 

CatB-deficient mouse models, there was an improvement in the age-dependent oxidation and 

inflammation. The CatB-deficient mice also showed improvement in the age-dependent decline 

of learning and memory. Further studies using microglia showed that mimicking aged microglia 

by causing lysosomal disruption via treatment with a lysosome-destabilizing agent, LLOMe, 
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results in the leaking of CatB to the cytosol, thereby increasing the generation of oxidation 

stressors and proinflammatory mediators (Ni et al., 2019).  

These findings together show the evidence of oxidative stressors and neuroinflammation 

due to lysosomal leakage of CatB in microglia, which ultimately leads to cognitive deficits seen 

in aging and periodontitis-associated AD.  

 

E. Research: Investigation of Aβ42 induction of cell death and lysosomal leakage 

1. Specific Aims 

 Aβ oligomers are neurotoxic peptides found to accumulate in brains of AD, one of these 

forms being Aβ42. In AD and other neurodegenerative diseases in general, neuronal cell death 

is the ultimate end point within the neuropathology (Tiwari et al., 2019). One of the mechanisms 

involved in neuronal cell death is lysosomal leakage as previous studies have shown that Aβ42 

induces lysosomal leakage (Ji et al., 2002). Lysosomal leakage also results in the release of 

lysosomal proteases into the cytosol. One particular group of lysosomal proteases that is of 

interest are cysteine cathepsins, specifically CatB, as there is evidence from previous research 

of its involvement in the neuropathology of AD and other neurodegenerative diseases (Taneo et 

al., 2015; Kindy et al., 2012).  

In this project the association of cell death due to Aβ42-induced lysosomal leakage is 

investigated using human neuroblastoma cell cultures, SK-N-MC and SH-SY5Y, and BV2 

microglial cell cultures. The question addressed by this research is: do Aβ42 oligomers induce 

lysosomal leakage of CatB concomitantly with Aβ42 oligomer-induced cell death? While Aβ42 

oligomers are known to induce lysosomal leakage, induction of CatB translocation from 

lysosomes to the cytosol has not yet been demonstrated. Therefore, the specific aims of the 

study are: (1) By treating neuroblastoma cell cultures with Aβ42 oligomers, the extent of cell 

death is monitored via a lactate dehydrogenase (LDH) assay. (2) Then, the degree of lysosomal 

leakage induced by Aβ42 oligomers is measured by fluorescent imaging using acridine orange 
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(AO) staining. (3) In BV2 microglial cells, sucrose density gradient centrifugation is used to 

isolate cytosolic fractions and the presence of CatB is analyzed via western blot. (4) Finally, in 

SK-N-MC and SH-SY5Y cells, using a bifunctional probe, cysteine cathepsin activity is 

measured in a cytosolic, neutral pH environment.   

 

2. Methods  

Human neuroblastoma and BV2 microglial cell cultures 

 For SK-N-MC and SH-SY5Y human neuroblastoma cell cultures, as well as the BV2 

microglial cell cultures, the same protocol was utilized, with the only difference being the 

complete media used. For both neuroblastoma cell cultures, MEMα with 10% FBS is used, and 

for BV2 microglial cell cultures, RPMI with 10% FBS is used. First, 10 mL of complete media 

was pipetted into a T25 flask. The flask was then put into the incubator for at least 15 minutes to 

equilibrate with 5% CO2 at incubator temperature of 37 °C. Next, frozen cryotube of cells from 

liquid nitrogen storage is obtained. Thaw the cells until barely thawed by placing the bottom of 

the tube in a 37°C water bath for about 1 minute. After, immediately rise tube with 70% ethanol, 

dry with kimwipe and put in the hood. Transfer the cells to 10 mL complete media in a 15 mL 

sterile tube and mix gently by trituration. Then, transfer the cells into a T25 flask and place in the 

incubator. Check the cells daily to monitor progress: if they are not growing well by the third day, 

try a new cryotube. When the cells are ready to split, with around 70-90% confluency, passage 

and transfer to 2-3 T75 flasks. Grow the cells to 70-90% confluency and freeze down the 

replacement frozen stocks.    

 

Aβ42 oligomer preparation and treatment 

For the preparation of Aβ42 oligomers, allow the 1 mg vial of Aβ42 peptide to equilibrate 

at room temperature in the manufacturer’s vial for 30 minutes to avoid condensation upon 

opening the vial. In the fume hood, resuspend the peptide in 221 μL of ice-cold HFIP to obtain a 
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1 mM solution. Vortex for a few seconds and quickly after, using a 100 μL capacity Gas Tight 

Hamilton Syringe, divide equally into 4 tubes (55 μL/tube in 2 mL tubes) so there is 0.25 mg per 

tube and seal the tubes with parafilm. Next, incubate for 2 hours at room temperature to allow 

monomerization. After, open the vials and concentrate under vacuum using the SpeedVac 

centrifuge (800g at room temperature for about 15 minutes) until completely dried down and a 

film is observed at the bottom of the vials. Make sure to monitor the temperature of the 

centrifuge at 25 °C to avoid peptide degradation. Then, add 22 μL of DMSO to each film and 

sonicate the 4 tubes in a water bath for 10 minutes to ensure complete resuspension. After, add 

550 μL of MEMα (for SK-N-MC and SH-SY5Y neuroblastoma cells) or RPMI (for BV2 microglial 

cells) to each tube (100 μM concentration) and store in the refrigerator overnight. The next day, 

vortex each Eppendorf tube for 30 seconds and dilute 1:4 in serum-free MEMα or RPMI media 

for a 25 μM final concentration. 

For the treatment of the cells with Aβ42 oligomers, obtain the prepared 25 μM Aβ42 

oligomer sample, as well as a 25 μM sample of DMSO in the appropriate media (Memα for SK-

N-MC and SH-SY5Y neuroblastoma; RPMI for BV2 microglia) to be used as the DMSO control. 

Remove the growth media from the cells and wash the flasks twice using 10 mL of PBS per 

wash. Then, add 8.8 mL of the 25 μM Aβ42 oligomer or the 25 μM DMSO control sample to the 

cells and return the cells to the incubator at 37 °C with 5% CO2.  

 

Cell death monitored by LDH in the media 

 LDH assay is utilized to monitor cell death of the neuroblastoma cell samples. Figure 6 

shows the mechanism in which the LDH assay works that allows for the monitoring of cell death. 

When the cell membrane is damaged, LDH (a cytosolic enzyme present in many cell types) gets 

released into the media. This extracellular LDH  is quantified via a coupled enzymatic reaction 

where LDH catalyzes the conversion of pyruvate from lactate through NAD+ reduction to NADH. 

Diaphorase, through NADH, is able to reduce tetrazolium salt (INT) to red formazan, which can 
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be measured at 490nm. Because formazan formation is directly proportional to extracellular 

LDH, the level of formazan, therefore, the level of NADH, is indicative of cytotoxicity. 

 

Figure 6. LDH Assay Mechanism. 
The diagram shows the overall mechanism of how the lactate dehydrogenase (LDH) assay is utilized to 
determine the extent of cell death. When there is cell death due to plasma membrane damage, LDH is 
released into the media of the cell culture. As a result, LDH catalyzes the reaction in which lactate is 
converted to pyruvate through the reduction of NAD+ to NADH. Then, NADH is utilized by diaphorase to 
reduce tetrazolium salt (INT) to formazan, which is a red compound that is measured at 490 nm. Thus, 
the red fluorescence from formazan indicates cell death because the level of formazan is directly 
proportional to the amount of LDH that is released into the media.  

 

The protocol utilized for the LDH assay is as follows: first, the reaction mixture is 

prepared. Dissolve 1 vial of the substate mix (lyophilizate) with 11.4 mL of water in a 15 mL 

conical tube and gently mixing until fully dissolved. Next, thaw 1 vial of the assay buffer (0.6 mL) 

at room temperature – make sure to protect from light and to not leave at room temperature 

longer than necessary. Finally, the reaction mixture is prepared by combining the 0.6 mL assay 

buffer with 11.4 mL of substrate mix in a 15 mL conical tube. Mix well and protect from light until 

use. The LDH assay is then performed: a summary protocol is shown is shown in figure 7. First, 

in a 96-well plate, add 50 μL of NADH standard, supernatant samples from treated cells, or 

buffer blanks. Second, add 50 μL of the reaction mixture that was prepared previously to each 

well and incubate for 30 minutes at room temperature. After incubation, add 50 μL of stop 

solution to each well. Lastly, use a spectrophotometer to measure the absorbance at 490 nm 

and 690 nm to determine the LDH activity.
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Figure 7. LDH Assay Protocol. 
The diagram shows the steps involved in the lactate dehydrogenase (LDH) assay. 50 μL of the NADH 
standard, supernatant from treated cells, or buffer blank are transferred to a 96 well plate. Then 50 μL of 
the reaction mixture is added and incubated for 30 minutes at room temperature. After, 50 μL of the stop 
solution is added and the absorbance is measured at 490 and 690 nm using a fluorescent plate reader. 
 

Lysosomal leakage measured by AO 

 To measure lysosomal leakage, AO is utilized. AO is a fluorescent dye that is able to 

cross the cell membrane easily. Due to its properties as a weak base, it can accumulate in 

lysosomes which have a low internal pH. Outside of lysosomes, acridine orange binds to cellular 

DNA as a monomer. This results in a green fluorescence when excited with blue light. However, 

acridine orange binds to lysosomes as polymers, resulting in a red fluorescence upon blue light 

excitation. The dye is protonated once it is inside the lysosomes so it will stay inside as long as 

the lysosome is intact (Vermes and Hannen, 1994; Grunwald, 1993).  

For the experimental protocol, first, a 1mg/mL stock solution of AO is made by dissolving 

in sterile in ddH2O. Then, using the SK-N-MC and Sh-SY5Y that is grown to about 50% 

confluency, aspirate old media and replace with PBS containing 5 μg/mL of AO (1:200 dilution 

of stock in media, which is 50 μL of 1 mg/mL AO stock in 10 mL media) and incubate for 5 

minutes at 37 °C. After, fluorescent images are acquired using ImageXpress Micro NTS 
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automated plate reader (company: Molecular Devices) at 20X magnification – four 20X fields 

are acquired per well. The excitation peak for green and red fluorescence are 502 nm and 460 

nm, respectively. The emission peaks are 525 nm for green and 650 nm for red. After obtaining 

the fluorescent images, they are analyzed using MetaXpress software (Molecular Devices) to 

determine the fluorescence intensity of red and green channels. Red fluorescence is set to 

determine the intensity of subcellular spot features within each cell and the green fluorescence  

is set to determine the intensity if cytoplasmic area of each cell. Finally, calculate the 

fluorescence per cell using the equation: 
(𝑅𝑒𝑑 𝑠𝑝𝑜𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦) × (# 𝑜𝑓 𝑠𝑝𝑜𝑡𝑠)

(𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑔𝑟𝑒𝑒𝑛 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦)
. 

 

Aβ42-induced translocation of lysosomal cathepsin B into the cytosol assessed by western blot 

 The cytosolic fraction samples of BV2 microglial cells for the western blot analysis was 

obtained through the sucrose density gradient centrifugation method. Sucrose density gradient 

centrifugation utilizes different density gradients of sucrose to allow for the separation of the 

sample based on their density. First, the solutions for fractionation are prepared, which are to be 

kept at 4 °C. Initially, 50 mL of 2.2 M sucrose is made by adding 37.6 g of sucrose to 25 mL of 

water, allowing it to dissolve on a stir plate for about 20 minutes, pouring into a graduate 

cylinder, and bringing the volume up to 50 mL by adding water. Then, 30 mL of 0.32 M sucrose 

is made by adding 25.64 mL of water to 4.36 mL of the 2.2 M sucrose solution. Next, 10 mL of 

0.8 M sucrose solution is prepared by adding 6.37 mL of water to 3.63 mL of the 2.2 M sucrose 

solution. Finally, 10 mL of 1.5 M sucrose is made by adding 3.18 mL of water to 6.82 mL of the  

2.2 M sucrose solution. After the solutions of sucrose at four different concentrations are 

prepared, harvest the BV2 microglial cells and suspend with 0.6 mL of 0.32 M sucrose and 

transfer to a 1 mL Wheaton tissue grinder that is placed in an ice bucket. Then, homogenize 

with tight pestle (clearance of 50 μm) with 10 strokes on ice and transfer to Thermo 10 mL tubes 

with screw caps. Balance the tubes to within 0.1 g of each other using 0.32 M sucrose. First, a 
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low-speed differential centrifugation is performed, followed by ultracentrifugation to isolate the 

cytosol. Figure 8 shows a summarized diagram for both of these centrifugation methods. For the 

low-speed centrifugation method, centrifuge the previously prepared tubes at 600 x g for 10 

minutes. Transfer supernatant (S1) to a new 10 mL screw cap tube. Then, centrifuge S1 at 800 

x g for 15 minutes. Collect the supernatant (S2) for ultracentrifugation by transferring S2 into 

chilled 1.5 mL Eppendorf tube. For the ultracentrifugation method, prepare gradients as shown 

figure 8b: 0.5 mL of 2.2 M sucrose at the bottom, followed by 2 mL of 1.5 M sucrose, and then 2 

mL of 0.8 M sucrose. Layer 0.5 mL of the S2 from last low-speed centrifugation method on top 

of the 0.8 M sucrose layer. Place weight-balance tubes in the SW-60 rotor using 0.32 M sucrose 

to bring all tubes within 0.01 g of each other. Release the vacuum on the ultracentrifuge, open 

the door, place the tubes in the rotors, and close the door. Set centrifuge speed to 100,000 x g 

and start centrifuging for 90 minutes. While centrifuging, prepare Eppendorf tubes to collect the 

fractions by pre-chilling in the refrigerator. After ultracentrifugation has finished, remove buckets 

from the rotor and place on ice. After, carefully lift out the tubes and place on the ice. Finally, 

collect 150 μL of fraction samples starting at the top of the tube and store the fractions at -70 

°C. The cytosolic fractions will be used for the anti-cathepsin B western blot. 
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Figure 8. Low-speed differential centrifugation and ultracentrifugation methods for cytosol 
isolation by sucrose density gradient centrifugation. 
The diagrams above show the summary of the methods involved in the sucrose density gradient 
centrifugation protocol. (a) Shows the low speed, differential centrifugation method where the cell 
homogenate is first centrifuged at 600 x g for 10 minutes, separating into supernatant S1, and pellets 
containing cell debris and nuclei. Then supernatant S1 is centrifuged at 800 x g for 15 minutes, 
separating into supernatant S2, which contains the cytosol, lysosomes, and large dense core vesicles 
(LDV), and pellets containing mitochondria. (b) Shows the ultracentrifugation method where supernatant 
S2 is layered on top of the different sucrose density gradients as shown in the diagram. The contents of 
S2 are separated by centrifuging at 100,000 x g for 90 minutes. This allows the isolation of the cytosolic 
fraction, as it resides in the top layer in 0.32 M sucrose, which is extracted and used for the anti-cathepsin 
B western blot.  
 
 

For the western blot, obtain a 4X lithium dodecyl sulfate (LDS) sample buffer and 

bringing it to room temperature, making sure the contents are dissolved. Then, the following 

sample are prepared in Eppendorf tubes: 1X LDS sample buffer, 50 mM of Dithiothreitol (DTT), 

and the cytosolic fraction sample. Vortex the samples and heat the sample at 95 °C in a heating 

block for 10 minutes. While heating, prepare 600 mL of 1X Invitrogen running buffer (20X stock). 

Then, obtain gel, open the sealed gel, and remove the comb and tape. Wash the wells with 1X 

running buffer using a transfer pipet and assemble the gel apparatus in a gel box. After, load the 

samples in the lanes while leaving the first and last wells empty. Run the gel at 60 V until the 

samples migrate through the stacking gel and then increase the voltage to 120 V. When the dye 

front approaches the bottom of the gel, turn the power supply off and remove the gel. Next, 

open the gel casing with a gel spatula and prepare 300 mL of 1X Invitrogen transfer buffer (20X 
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stock) with 10% methanol. For the transfer of the gel, soak 4 sponges, 4 pieces of filter paper, 

and 1 piece of nitrocellulose membrane cut to 8 cm x 9 cm. Assemble the transfer ‘sandwich’ 

starting at the bottom (cathode side) with 2 sponges, followed by 2 filter papers, gel, 

nitrocellulose membrane, 2 filter papers, and finally, 2 sponges at the top (anode side). Make 

sure to have no bubble between the gel and the nitrocellulose membrane. Then, place the 

transfer ‘sandwich’ in the transfer chamber and place in the transfer box. The current should run 

from the gel to the membrane for the transfer. Next, run the transfer at 30 V for 1 hour. After the 

transfer, place the nitrocellulose membrane in blocking solution (5% dry milk in tris-buffered 

saline (TBST)) and rock gently for 1 hour. After, rinse with TBST. Then, incubate in mouse CatB 

antibody (polyclonal goat IgG, R&D systems AF965) on a ricker in a cold room overnight. Next 

day, rinse the membrane three times with TBST and fill with fresh TBST. Place on rocker for 15 

minutes. Rinse and rock the membrane three times for 5 minutes each. After rinsing, incubate 

the membrane in secondary antibody for 1 hour at room temperature on a rocker. After 1 hour, 

obtain Femto Western detection reagent kept at 4 °C and bring to room temperature. Wash the 

secondary antibody-incubated membrane by repeating the rinse and rock step previously done 

with the primary antibody-incubated membrane. Remove TBST from the membrane completely 

and incubate in 5 mL of detection reagent on a rocker for at least 5 minutes. Finally, using a 

ChemiDoc imager, obtain the western blot image.   

 

Cytosolic neutral pH activity of cysteine cathepsins measured by bifunctional probe 

 A bifunctional probe was used to measure cysteine cathepsin activity at a cytosolic 

neutral pH. A diagram illustrating the general mechanism of a bifunctional probe is shown in 

figure 9. In a bifunctional probe, it contains 2 fluorescent reporter elements (fluorophores). The 

purpose of one (activity-dependent) fluorophore is to become fluorescent upon binding of an 

active protease, such as a cathepsin, to the probe and the other (pH-dependent) fluorophore is 

to become fluorescent and change in gradient depending on the pH. Specifically for this 
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research, a pH-dependent fluorophore that show maximal fluorescence at neutral pH is used to 

look at cathepsin activity in non-acidic areas. The activity dependent fluorophore used is sulfo-

Cy5 which was previously validated for cathepsin use when paired with a sulfo-QSY21 

quencher. Cy5 is an ideal choice as it has low fluorescent background and is more binding 

specific than other hydrophobic dyes. QSY21 is an ideal choice as it absorbs fluorescence from 

600 to 700 nm which is the entire emission spectrum of Cy5. For the pH-dependent fluorophore, 

Oregon Green 488 (OG488) is used as it is spectrally distinct from Cy5, which prevents 

fluorescent resonance energy transfer and allowing for independent measurement of protease 

activity and pH. The OG488 fluorophore is specifically used in the LES12 bifunctional probe, 

which is what was utilized for this project. Initially, when the probe is not bound to anything, 

there is no fluorescence. As it binds to a cysteine protease, there will be a red fluorescence 

indicating protease (cathepsin) activity, and the probe will have a green fluorescence when it is 

at a neutral pH. Upon obtaining the two separate images with different fluorescence, merging 

the imaging may reveal yellow fluorescence due to co-localization of the activity- and pH-

dependent fluorophores. This will indicate the protease activity occurring at neutral pH (Sanman 

et al., 2016).  

Figure 9. Bifunctional Probe Mechanism. 
The diagram shows the mechanism of a bifunctional probe, obtained from Sanman et al. (2016). A pH-
independent fluorophore and a pH-dependent fluorophore is contained in the probe. Initially, when the 
probe is not bound, there is no fluorescence. However, when it binds to a cysteine protease, a red 
fluorescence is observed, indicating protease activity. When the pH of the probe environment is increased 
to around a neutral pH, there will also be a green fluorescence. Fluorescence of both red and green, 
resulting in a yellow fluorescence due to co-localization, would indicate protease activity occurring at a 
neutral pH.  
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As for the protocol of the experiment, the 20 mM LES12 bifunctional probe (Cy5 (red)-

tagged activity probe + low pH OG488 (green) tag at 4.8 pKa) is obtained in DMSO. First, 

incubate the live cells with 5 μM probe in 100 μL media per well: with the LES12 probe, add 0.3 

μL of the 20 mM stock to 1.2 mL of MEMα for SK-N-MC cells, and add 0.3 μL of the 20 mM 

stock to 1.2 mL of MEMα/F12K for SH-SY5Y cells. Then, remove the media and replace with 

serum-free media containing the probe and incubate the probe for 2 hours at 37 °C. After 

incubation, wash with DPBS three times, then change to serum-free media without the probe 

(MEMα for SK-N-MC cells and MEMα/F12K for SH-SY5Y cells). Next, obtain two 20X images 

per well using ImageXpress Micro (company: Molecular Devices)The excitation peaks for Cy5 

(red) and OG488 (green) are 420 nm and 650 nm, respectively. The emission peak for Cy5 is 

520 nm and 670 nm for OG488. After obtaining the images, they are analyzed using 

MetaXpress software (Molecular Devices) to determine the average red and average green 

fluorescence intensity per field and calculate using the equation: 
(𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑟𝑒𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑝𝑒𝑟 𝑓𝑖𝑒𝑙𝑑)

(𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑔𝑟𝑒𝑒𝑛 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑝𝑒𝑟 𝑓𝑖𝑒𝑙𝑑)
. 

3. Results 

Aβ42 oligomers induce cell death in neuroblastoma cells 

The results for the LDH assay for SK-N-MC neuroblastoma cells is shown in figure 10. 

When SK-N-MC cells were treated with Aβ42 oligomers, based on the LDH assay, there was a 

significant increase of about 50% in the amount of NADH compared to the DMSO control 24 

hours after treatment and about a two-fold increase 48 hours after treatment. With the H2O2 

treatment, there was a slight significant increase in NADH levels compared to the water control 

24 hours after treatment. The results for the LDH assay for SH-SY5Y neuroblastoma cells is 

shown in figure 11. When SH-SY5Y cells were treated with Aβ42 oligomers, there was a 

significant increase of about 50% in NADH 48 hours after treatment. When treated with H2O2, 

there was a slight significant decrease in NADH levels compared to the control 24 hours after 

treatment.  
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Figure 10. LDH assay result of SK-N-MC cells treated with Aβ42 oligomers. 
The bar graph shows the average amount of NADH (nmol) measured per well from the LDH assay for 
SK-N-MC neuroblastoma cells treated with Aβ42 oligomers or H2O2 compared to their respective controls 
of DMSO or water (NT), 24 and 48 hours after treatment. Higher levels of NADH indicate increased cell 
toxicity. Treatment with Aβ42 oligomers showed a significant increase of about 50% after 24 hours and 
about a two-fold increase 48 hours after treatment compared to the DMSO control. Treatment with H2O2 
showed a slight significant increase 24 hours after treatment compared to water control. 
 

Figure 11. LDH assay result of SH-SY5Y cells treated with Aβ42 oligomers. 
The bar graph shows the average amount of NADH (nmol) measured per well from the LDH assay for 
SH-SY5Y neuroblastoma cells treated with Aβ42 oligomers or H2O2 compared to their respective controls 
of DMSO or water (NT), 24 and 48 hours after treatment. Higher levels of NADH indicate increased cell 
toxicity. Treatment with Aβ42 oligomers showed a significant increase of about 50% 48 hours after 
treatment compared to the DMSO control. Treatment with H2O2 showed a slight significant decrease 24 
hours after treatment compared to water control.  
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Aβ42 oligomers stimulate lysosomal leakage 

An example fluorescent imaging from acridine orange staining of SK-N-MC 

neuroblastoma cells is shown in figure 12. The results from the acridine orange staining for SK-

N-MC neuroblastoma cells is shown in figure 13. In SK-N-MC cells, acridine orange staining 

showed that, when treated with Aβ42 oligomers, there was about a significant five-fold decrease 

in the red fluorescence intensity compared to the DMSO control 24 hours after treatment. 

Treatment with H2O2 showed about a three-fold decrease compared to the no treatment control 

24 hours after treatment. The results from the acridine orange staining for SH-SY5Y 

neuroblastoma cells is shown in figure 14. With SH-SY5Y cells, acridine orange staining 

showed a about a significant five-fold decrease in intensity compared to the DMSO control 48 

hours after Aβ42 treatment. 

Figure 12. Example high-resolution image using acridine orange staining in SK-N-MC cells. 
The images are examples of representative high-resolution images obtained from acridine orange 
staining in SK-N-MC neuroblastoma cells. The left image is an example image obtained from the DMSO 
control and the right image is obtained after Aβ42 oligomer treatment. The green fluorescence indicates 
areas outside of the lysosome, and the red fluorescence indicates intact lysosomes. Thus, a decrease in 
red fluorescence indicates lysosomal leakage. Visually, it is observed that there is more red fluorescence 
in the DMSO control image compared to the Aβ42 oligomer treatment image. 
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Figure 13. AO result of SK-N-MC cells treated with Aβ42 oligomers. 
The bar graph shows the red fluorescence intensity per cell from the acridine orange (AO) staining 
fluorescence results for SK-N-MC neuroblastoma cells treated with Aβ42 oligomers or H2O2 compared to 
their respective controls of DMSO or water (NT), 24 and 48 hours after treatment. The red fluorescence 

intensity per cell is calculated by the equation: 
(𝑅𝑒𝑑 𝑠𝑝𝑜𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦) × (# 𝑜𝑓 𝑠𝑝𝑜𝑡𝑠)

(𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑔𝑟𝑒𝑒𝑛 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦)
. Lower levels indicate 

increased extent of lysosomal leakage. Treatment with Aβ42 oligomers showed about a significant five-
fold decrease 24 hours after treatment compared to the DMSO control. Treatment with H2O2 showed 
about a three-fold decrease compared to the control, 24 hours after treatment.  
 
 

Figure 14. AO result of SH-SY5Y cells treated with Aβ42 oligomers. 
The bar graph shows the red fluorescence intensity per cell from the acridine orange (AO) staining 
fluorescence results for SH-SY5Y neuroblastoma cells treated with Aβ42 oligomers or H2O2 compared to 
their respective controls of DMSO or water (NT), 24 and 48 hours after treatment. The red fluorescence 

intensity per cell is calculated by the equation: 
(𝑅𝑒𝑑 𝑠𝑝𝑜𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦) × (# 𝑜𝑓 𝑠𝑝𝑜𝑡𝑠)

(𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑔𝑟𝑒𝑒𝑛 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦)
. Lower levels indicate 

increased extent of lysosomal leakage. Treatment with Aβ42 oligomers showed about a significant five-
fold decrease 48 hours after treatment compared to the DMSO control.  
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Aβ42 oligomers induce translocation of lysosomal cathepsin B to the cytosol 

 The result from the western blot analysis of BV2 microglial cells is shown in figure 15. By 

analyzing the cytosolic fraction samples obtained from sucrose gradient fractionation, it shows 

that when the BV2 microglial cells were treated with Aβ42, there are visible bands at around 43 

and 31 kDa. In contrast, no bands are visible in the control with no Aβ42 treatment.  

Figure 15. Aβ42 induces translocation of lysosomal CatB to the cytosol in BV2 cells. 
The western blot above shows evidence of the translocation of lysosomal cathepsin B (CatB) into the 
cytosol of BV2 microglial cells as a result of Aβ42 oligomer treatment. The loaded samples are cytosolic 
fractions that were isolated and obtained via sucrose gradient fractionation. No bands were detected in 
the cytosolic fraction with no Aβ42 treatment. However, with Aβ42 treatment, bands at around 43 and 31 
kilodaltons (kDa) are visible, indicating the presence of pro-CatB and mature CatB, respectively.   

 

Aβ42 oligomers activate cysteine cathepsin activity at cytosolic neutral pH 

An example fluorescent image obtained from SH-SY5Y neuroblastoma cells using the 

LES12 bifunctional probe is shown in figure 16. The results using the LES12 bifunctional probe 

in SH-SY5Y neuroblastoma cells is shown in figure 17. In SH-SY5Y cells, using the LES12 

bifunctional probe showed that there was about a two-fold significant fold increase in cysteine 

cathepsin activity based on the average fluorescent intensity 24 hours after Aβ42 treatment. 

Moreover, there was a significant three-fold increase in neutral pH localization compared to the 

DMSO control 24 hours after treatment. 
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Figure 16. Example image using LES12 bifunctional probe in SH-SY5Y cells. 
The images show an example image obtained using the LES12 bifunctional probe in SH-SY5Y 
neuroblastoma cells. The top set of images are obtained from the DMSO control, and the bottom set of 
images of are obtained 48 hours after Aβ42 oligomer treatment. The red fluorescence indicates the 
cysteine protease activity and the green fluorescence indicates the environment of the probe to be at 
around a neutral pH. When the red and green fluorescence images are merged, it results in a yellow 
fluorescence. This is indicative of protease activity at a neutral pH. Visually, it can be observed that 
compared to the DMSO control, Aβ42 oligomer treatment images show a greater fluorescence intensity 
overall, indicating a greater cysteine protease activity at neutral pH. 
 

Figure 17. LES12 bifunctional probe result of SH-SY5Y cells treated with Aβ42 oligomers. 
The bar graph shows the results of the average fluorescence intensity per field from the LES12 
bifunctional probe used in SH-SY5Y neuroblastoma cells treated with Aβ42 oligomers compared to the 
DMSO control. The left bar graph shows the cysteine cathepsin activity and the right bar graph shows the 
neutral pH localization. Treatment with Aβ42 oligomers showed about a significant two-fold increase in 
cysteine cathepsin activity 24 hours after treatment compared to the DMSO control. Furthermore, there 
was a significant three-fold increase in neutral pH localization 24 hours after treatment compared to the 
DMSO control. 

 

The results section is coauthored with Podvin, Sonia and Ito, Gen. The thesis author 

was the co-author of this section. 
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4. Discussion   

By performing LDH assays, SK-N-MC and SH-SY5Y neuroblastoma cells both showed 

significant increase in NADH levels after treatment with Aβ42 oligomers. Moreover, 

fluorescence imaging from acridine orange staining revealed decreased red fluorescence 

intensities for both neuroblastoma cells. Lastly, LES bifunctional probe showed increased 

cysteine cathepsin activity and neutral pH localization in SH-SY5Y cells after Aβ42 oligomer 

treatment.  

The LDH assay results show that for both SK-N-MC and SH-SY5Y neuroblastoma cells, 

treatment with Aβ42 oligomers results in cell cytotoxicity as indicated by the increased NADH 

levels compared to the DMSO control. This is as expected as a study by Wang et al. showed 

that Aβ42 induces cell death in SH-SY5Y neuroblastoma cells (2010). Moreover, another study 

showed cell apoptosis induced by Aβ42 in SH-SY5Y neuroblastoma cells as well (Huang and 

Liu, 2015).  

With the confirmation of Aβ42 oligomers inducing cell cytotoxicity in the neuroblastoma 

cells, acridine orange staining was used to observe whether Aβ42 oligomer treatment would 

stimulate lysosomal leakage. The decrease in the red fluorescence intensity compared to the 

DMSO control indicate that there is lysosomal leakage. This result is consistent with a previous 

study that showed a loss in lysosomal membrane impermeability, in other words lysosomal 

leakage, in SH-SY5Y neuroblastoma cells after incubation with Aβ42 observed via Lucifer 

Yellow fluorescence monitoring (Yang et al., 1998). 

The western blot analysis showed visible bands at around 43 and 31 kDa when the BV2 

microglial cells were treated with Aβ42. According to Cavallo-Medved et al., these bands would 

represent pro-CatB and mature CatB, respectively, as the molecular weight for pro-CatB is said 

to be 43 kDa, and 31 kDa for mature CatB. These results shows that there is Aβ42-induced 

translocation of lysosomal CatB to the cytosol. This is evident due to the fact that the analysis 

was done on cytosolic fraction samples, meaning that the observed CatB is present in the 



32 
 

cytosol. Moreover, this translocation of CatB was induced by Aβ42 oligomers since no CatB was 

present in the control cytosolic fraction samples.   

The findings of cysteine cathepsin activity and neutral pH localization using the LES 12 

bifunctional probe is important as it shows a relatively new method used in the field to look at 

the activity of cysteine cathepsins in a neutral pH, which is representative of the cytosol. Though 

the results do not show specificity in the activity of what cysteine cathepsins are involved, it is a 

valid first step in verifying general cysteine cathepsin activity in the cytosol, induced by Aβ42 

oligomers. This will justify further experiments to look into specific cysteine cathepsin activity, 

such as CatB, as it has been thought to cause cellular damage when translocated into the 

cytosol from the lysosome due to the preservation of its enzymatic activity in neutral pH (Hook 

et al., 2015).  

 

5. Conclusion 

The findings from the experiments from the LDH assays and AO staining show and 

confirm the induction of lysosomal leakage and cell death as a result of Aβ42 oligomer 

treatment in SK-N-MC and SH-SY5Y human neuroblastoma cells. Moreover, the western blot 

analysis showed that Aβ42 induces the translocation of lysosomal CatB into the cytosol in BV2 

microglial cells. Furthermore, the activity of cysteine cathepsins in cytosolic neutral pH is 

observed in SH-SY5Y human neuroblastoma cells, as evident with the LES12 bifunctional probe 

experiment.  

It can be concluded that Aβ42 oligomers induce lysosomal leakage, as well as cell 

death. In addition, the Aβ42-induction of CatB translocation from the lysosomes to the cytosol is 

observed. Lastly, cysteine cathepsin activity in a cytosolic neutral pH environment is 

demonstrated. The next steps in this project can be to look at the activity of CatB in cell 

homogenates, as well as in the cytosolic fractions obtained through sucrose gradient 

fractionation. Moreover, the CatB inhibitor, CA-074 can be utilized to look at its effects on CatB 
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activity in lysosomes as well as in the cytosol. Finally, the amount of cysteine cathepsins in cells 

with and without Aβ42 treatment can be looked into through proteomics. The findings from this 

study, along with future experiments will further the mechanistic understanding of Aβ42-induced 

lysosomal leakage of CatB in the neuropathology of AD and other related neurodegenerative 

diseases, ultimately allowing for the discovery of potential therapeutic targets. 

 

F. Significance of new results 

 The new results obtained from the experiments advances the understanding of 

lysosomal leakage and CatB in AD and other related neurodegenerative diseases. The data 

from the LDH assay and the AO staining showed that Aβ42 oligomers induce cell cytotoxicity 

and stimulates lysosomal leakage. Moreover, the western blot analysis showed that Aβ42 

induces the translocation of CatB into the cytosol. Lastly, the LES12 bifunctional probe showed 

that cysteine cathepsins are active in the cytosolic neutral pH environment. Piecing these 

results together, it shows that Aβ42 stimulates lysosomal leakage, resulting in the translocation 

of CatB into the cytosol. This ultimately results in cell death, which can be attributed to the 

activity of cysteine cathepsin, such as CatB in the cytosol. This indication that CatB plays a role 

in cell death validates CatB as a potential therapeutic target for AD and other related 

neurodegenerative diseases.   
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