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Abstract 

 

 

The misfolded amyloid-β (Aβ) peptide is generated in higher amounts in Alzheimer’s disease 

(AD), making this peptide a clinical hallmark for AD. A major site to produce Aβ is the lipid rafts, 

which are integral part of the cell membrane and enriched with cholesterol and sphingolipids. 

These rafts contain proteins and enzymes that are involved in the production of Aβ, in addition to 

other proteins such as synaptic markers and transport proteins. To isolate these rafts, in the first 

project, I developed and optimized a density-based separation method utilizing discontinuous 

sucrose gradient with ultracentrifugation. Different factors could control the efficiency of rafts 

fractionation, such as type of detergent, ultracentrifugation time and speed, rotor type, and cells or 

tissue type, thus, these factors were initially optimized to isolate lipid rafts containing proteins of 

interest in one fraction. Consequent to the optimization, membrane rafts were successfully isolated 

and localized in one fraction, which contained proteins related to my second project objective 

including proteins related to Aβ production, synaptic markers and gangliosides.  

Several studies have reported the protective effect of amylin pramlintide against AD. On the other 

hand, other studies demonstrated amylin rather worsen AD pathology. In either case, the 

mechanisms by which amylin improved or deteriorated AD pathology are not well investigated. 

In addition, studies evaluated the effect of pramlintide against AD are limited. Thus, the purpose 

of this work was to investigate the effect of amylin and pramlintide on Aβ-related pathology in 

TgSwDI mice as a model for AD, and to investigate the predisposing mechanism for the observed 

effect. Therefore, in the second project, we explored the effect of amylin and pramlintide on Aβ-
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related pathology in TgSwDI mice. After chronic intraperitoneal treatment for 30 days with amylin 

or pramlintide, brains were collected and evaluated. Findings from immunostaining and ELISA 

demonstrated increased accumulation of Aβ in mice brains treated with amylin or pramlintide 

when compared to vehicle treated mice. To explain the observed effect, findings from total brain 

homogenate didn’t provide a clear justification for Aβ increase, thus lipid rafts were used for 

further studies. Results from lipid rafts analyses demonstrated that both peptides increased Aβ 

burden by increasing the level of amyloid precursor protein (APP) and γ-secretase, an Aβ 

producing enzyme, in lipid rafts. One major pathway that control the localization of APP and γ-

secretase activity in lipid rafts, and increased Aβ production and aggregation is the increased level 

of gangliosides, such as GM1 and GM2 gangliosides. Pramlintide increased GM1 and GM2 levels 

in lipid rafts and total brain homogenate, respectively. As expected, increased Aβ burden in mice 

brains was associated with synaptic loss, apoptosis, microglial activation, and increased Aβ 

deposition on brain microvessels. In conclusion, findings from this work demonstrated amylin and 

pramlintide increased Aβ levels and related pathology in TgSwDI mice brains, implying that the 

increased amylin level or the therapeutic use of pramlintide might increase the risk of AD. 
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CHAPTERS 

 

 

1. REVIEW OF LITERATURE 

 

 

 

1.1.   The case of Augusta D 

 

Augusta D was the first patient to credit the dementia diagnosis by Dr. Alois Alzheimer (1). Her 

condition was known later as Alzheimer’s disease (AD). Alzheimer described the case in a 

conference as women aged 51 years having ‘peculiar disease of the cerebral cortex’ with escalating 

language and memory deterioration, delusion, and hallucination (1, 2). These features are the basic 

for AD symptoms these days. 

1.2.   Alzheimer’s disease types 

The amyloid hypothesis of AD is built on the accumulation of amyloid β (Aβ) protein which causes 

synapse deterioration and neuronal cell destruction (3). The prevalence of AD due to autosomal 

dominant mutations is less than 1% according to Alzheimer’s Association (4). Most commonly, 

these mutations are encoded in the genes of Aβ producing proteins (5-7), which cause familial AD 

in subjects younger than 65 years of age (8, 9). In contrast, most of the etiological features that 

trigger the development of late onset AD are not well characterized (10).   
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1.2.1.    Early-onset AD (EOAD) and genetic mutations 

Aβ is generated from amyloid precursor protein (APP) after its processing by the β-site APP 

cleaving enzyme 1 (BACE1) followed by γ-secretase, a complex protein of different subunits 

including presenilin 1 and 2 (PSEN1/2), APH1, PEN2, and nicastrin. It was observed that 

mutations in APP, PSEN1, or PSEN2 will lead to the development of EOAD in most cases (5-7). 

These mutations initiate overproduction of Aβ which eventually will form oligomers and senile 

plaques (SP) which are neurotoxic (11, 12). Human subjects younger than 45 years of age have 

the highest possibility for developing EOAD due to mutations in these three genes, which is 

strongly associated with family history (8).   

1.2.2.    Late-onset AD (LOAD)  

LOAD is considered a typical AD due to the different pathological and etiological factors that are 

involved in the development of the disease (13-16). Patients with LOAD express different 

biomarkers including the levels of tau and Aβ in the cerebrospinal fluid (CSF) and the incidence 

of carrying apolipoprotein ε4 (APOEε4) allele (17). The allelic frequency of APOε4 is 20-25% 

among general people; however, patients with LOAD have 50-65% chance to be APOEε4 carriers 

(8), highlighting APOEε4 as the most common genetic factor for sporadic AD (18). Moreover, 

homozygote APOEε4 decrease the age of initiating AD by 10 years compared to noncarriers (19). 

On the other hand, ε2 allele provides some protection against AD (20).  

1.3.   Alzheimer’s disease diagnosis 

The current methods help in diagnosing AD and other forms of dementia separately (21) and they 

are based on using the positron emission topography (PET) scan that utilizes different radiolabel 

tracers which detect Aβ plaques in living human brains (22). The PET scan has 96% sensitivity 
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and 100% specificity in AD diagnosis (23). Another diagnostic method include measuring the level 

of Aβ42 and p-tau in the CSF (24) which has 85-95% accuracy (22). Multiple research groups are 

trying to find less invasive diagnostic procedures such as blood test (25) or microRNA profiling 

(26).  

1.4.   Clinical presentation of Alzheimer’s disease 

In AD, the overall cognitive impairment is designated by impairment of memory, language, praxis, 

visuospatial and executive functions; however, memory might be retained in AD cases with focal 

cortical symptoms (8). In addition, the posterior cortical atrophy (apraxic or visual presentations) 

seems to be associated with younger subjects at onset with mean around 60 years than does typical 

AD (amnestic presentation or LOAD) (27-29). Non-memory phenotypes in early-onset AD is seen 

roughly in one fourth of cases in whom language phenotypes and visual or apraxic are most 

frequent (30, 31).  

1.5.   Neuropathology of AD  

AD causes significant structural and functional disruption of healthy brain. There is a progressive 

loss of pyramidal cells in the cortex which mediate higher cognitive functions (32). Moreover, 

early synaptic dysfunction and impairment of neuronal circuit communication are also observed 

in AD (3). Neurodegeneration starts in the entorhinal cortex and hippocampus (33), triggering 

early memory impairment and learning shortage in AD (34). Subsequently, the neurodegeneration 

spread throughout the temporal cortex and parietal areas, then to the frontal cortex and eventually 

to the remaining of neocortex (34). Furthermore, AD causes damage to the limbic system (35) 

including the hippocampus and the fibers that connect the hippocampus to the cerebral cortex, 

thalamus, amygdala, and cingulate gyrus (34), which result in behavioral changes and cognitive 
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impairment (35). Beside cognitive impairment, AD patients can’t perform daily life activities and 

they experience emotional, personality, and psychiatric disturbances (34).    

In AD, the neuropathological findings are characterized by extracellular deposition of SP and 

intracellular neurofibrillary tangles (NFT) of hyper-phosphorylated tau protein (36). Deposition of 

SP starts in the basal region of the temporal, frontal, and occipital lobes and spread to affect the 

primary sensory areas (36). In contrast, NFT first affects  the transentorhinal regions and progress 

to the limbic system and eventually to the neocortex (37). One study described 3 patterns of 

distribution for NFT in AD: the typical pattern as mentioned above, hippocampal spread with less 

atrophy (more NFT in the cortex compared to hippocampus), and finally the predominant limbic 

pattern (38). In contrast, SP density is consistent between the three patterns (36). The preserved 

hippocampal pattern is correlated with early onset AD which is more aggressive with higher 

prevalence of atypical pre-sensation (36). Although the formation of NFT occurs earlier and its 

pattern is different, the onset of AD would also be determined by Aβ deposits (39). Generally, 

typical EOAD cases have increased NFT (40, 41) and SP (42) and higher neuronal death as 

compared to atypical EOAD (43) or  LOAD cases (31).Therefore, it seems that LOAD requires a 

less pathological load compared to EOAD to exhibit AD symptoms (41).   

The soluble oligomeric Aβ in LOAD and EOAD are more toxic to neuronal cells than fibrillary 

Aβ (36). Few studies have shown good correlation between neurotransmitter activity and the level 

of oligomers (44). Moreover, these studies showed a different oligomeric pattern between LOAD 

and EOAD: LOAD has less pentamers in the insoluble fraction compared to EOAD (44) which 

could be another explanation for the difference in the pathogenesis of LOAD and EOAD. In 

elderly, the association of amyloid load and dementia is not strong compared to younger patients, 

because in old patients, vascular diseases have a significant contribution in dementia (45).  
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1.5.1.    Aβ peptide and synaptic dysfunction  

The synaptic dysfunction induced by Aβ is still an important factor in AD (46-48) and there is 

unstoppable effort to understand how it contributes to AD development and progression.  The 

monomeric Aβ which is produced from APP forms fibrils, protofibrils, and annular structure (49), 

and oligomers (50, 51). Aβ oligomers can organize into dimers, trimers, tetramers, and high orders 

arrays which form annular structures (52). The fact that oligomeric Aβ, compared to Aβ plaques, 

disrupts synaptic function and induce memory loss came from the report by Lambert et al (1998) 

who showed that soluble Aβ oligomers, interfered with synaptic function, triggered loss of 

dendritic spines and disrupted NMDAR dependent long-term potentiation (LTP) (53). Since then, 

different research group confirmed that Aβ oligomers facilitate NMDA dependent long-term 

depression (LTD) and disrupt NMDA dependent LTP (54-57). It is apparent that Aβ at higher 

concentrations interferes with pre-and postsynaptic transmission (58). Initially, it was 

hypothesized that Aβ directly affects post synaptic processes after the finding that Aβ localized in 

spines of dissociated hippocampal neurons (59) suggesting the synaptic dysfunction could be a 

result of agonist effect on NMDARs (60). Moreover, the localization of Aβ in post synaptic ends 

in AD cases further confirmed this hypothesis (61). Aβ was also detected inside the neuronal cells 

in healthy subjects (62), implying that intraneuronal accumulation of Aβ peptides preceded NFT 

or SP formation (63, 64).   

Multiple reports demonstrated that Aβ42 is the major intraneuronal Aβ peptide (64). Intraneuronal 

Aβ was also found at the presynaptic endings of glutamatergic neurons in AD cases (65, 66) and 

it was observed that brief exposure of neurons to a low concentration of Aβ increased basic 

transmission and LTP, whereas higher concentration or longer exposure inhibited NMDAR 

dependent LTP and diminished the excitatory postsynaptic potential (67). These observations were 



 6 

supported by the findings that soluble Aβ oligomers gradually increased the amount of glutamate 

at the synaptic cleft and providing an agonist effect on NMDARs (65, 67, 68). This hypothesis 

was confirmed by the findings that synaptic deficits was induced after acute exposure of neurons 

to low concentrations of Aβ, whereas postsynaptic alteration was induced after prolonged exposure 

to higher concentrations of Aβ (69). In addition, Aβ oligomers accumulate in the presynaptic 

terminals of glutamatergic neurons (70). 

The ultrastructural assessment study by Gibson (71) was the first study that reported a possible 

decline in AD. Gibson reported the absence of decline in the superior frontal cortex in few AD 

cases compared to healthy subjects. One year after Gibson report, a study that was specifically 

designed to assess AD-related synaptic changes showed a loss of synapsin I, a synaptic protein, 

only in the hippocampus (72). Subsequent studies reported changes in specific synaptic proteins 

in the hippocampus (73, 74), temporal (75), frontal (76) and parietal lobes (77). These changes 

include both presynaptic (SNAP 25, synapsin I, synaptobrevin, synaptophysin, syntaxin, rab3a, 

VAMP2, and synaptotagmin) and postsynaptic (PSD-95 and drebrin) markers. 

Synaptic damage begins very early in AD, and patients with MCI have shown loss of pre-synaptic 

proteins such as: SNAP-25, VAMP2, Synapsin 1, and synaptophysin and post-synaptic markers 

such as PSD-95 and Shank1 (78). Moreover, ultrastructural reports elucidated the progressive 

alteration of synapses at earlier stages of AD and in APP transgenic models (79, 80). In addition, 

the synaptic loss is much greater than cortical neuronal loss, suggesting that synaptic loss comes 

before the death of neuronal cells (81) with the remaining synapses compensating for the loss (82). 

1.6.   Risk factors of Alzheimer’s disease 

The risk factors of AD provide important aspect to AD predisposition prior to onset and provide 

designation of subjects who may be at higher risk. Aging is the most significant risk factor, also 
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other genetic, non-genetic, and modifiable risk factors are considered determinants of AD. The 

genome wide association studies (GWAS) have shown multiple new genes that increased AD 

disposition (83).   

1.6.1. APOE 

APOE is a 34 kDa protein produced from astrocytes, and it is encoded on chromosome 19q13 and 

it has three alleles which provides ε2, ε3 and ε4 isoforms (18). One major function of APOE in the 

CNS is to transport cholesterol to neurons (84). APOEε3 is present in approximately 60% of the 

population and it does not carry a risk of AD (85, 86). In contrast, the second most common allele 

is ε4 followed by the ε2 allele. The GWAS have identified the ε4 allele of APOE gene as the 

greatest risk for AD (87, 88); in addition, APOEε4 homozygosity or APOEε4/APOEε3 

heterozygosity has a significant risk of AD disposition from 8-12 to 3 fold, respectively (89). 

APOEε4 is identified in 40% of AD cases (90) and subjects with APOEε4 have deprived cognitive 

functions in childhood and develop AD earlier than those with APOEε3 (91). The Multi 

Institutional Research of Alzheimer Genetic Epidemiology (MIRAGE) study revealed that 

subjects with head injury had a significant increased risk to develop AD (92) and patients who 

carried APOEε4 allele and had suffered a head injury had a ten-fold increased risk to develop AD, 

unlike APOEε4 non-carriers who have two-fold increased risk (93). Interestingly, ε2 isoform 

protects from developing AD and has a decreased risk than ε3 allele (86) which could be explained 

by the high frequency of ε2 allele among centenarians (94).  

1.6.2. APP and Presenilin Mutations 

As mentioned above mutations in the genes (PSEN1/2 and APP) are associated with the 

overproduction of Aβ. The 695 amino acid protein is the most common transcript variant of APP 
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in the CNS (95). More than 30 coding mutations in the APP have been recognized to cause 

autosomal dominant EOAD due to the overproduction of Aβ, increased susceptibility of Aβ to 

form aggregates, and shifts in the synthesis of pathologic Aβ42 (96). In contrast, one mutation in 

APP was found to protect from AD development (96). Mutations in presenilin 1, the active subunit 

in γ-secretase, are the most common genetic factor that triggers the development of EOAD (97). 

These mutations in presenilin alter its activity toward favoring more Aβ42 production (97).   

1.6.3. Down syndrome 

Down Syndrome (DS) is characterized by trisomy 21 and it is the most frequent chromosomal 

abnormality of 1 per 733 live births (95). This trisomy will result in three copies of APP protein, 

and that causes overproduction of Aβ and the development of EOAD in many of these subjects. 

Seventy percent of DS cases will develop AD with a lifespan 55-60 years of age (98). 

1.6.4. Cardiovascular Health 

Studies have reported substandard cognitive performance in patients suffering a cardiovascular 

disease (CVD) compared to healthy subjects (99). However, studying the role of CVD in AD is 

complexed by several issues, particularly severe CVD and dementia may favor a diagnosis of 

multi-infarct dementia and prohibit the clinical diagnosis of AD (100). Interestingly, in a 

population-based study, it was reported that the cohort groups with AD had lower risk of coronary 

artery disease and ischemic stroke (101). Different studies have shown discrepancy and 

inconsistency about the effect of hypertension due to the differences in study design such as 

variation in the age and time between measuring blood pressure and assessment of cognitive 

function (102-104). In contrast, observational studies showed consistent correlation between 

increased blood pressure in mid-life and later-life cognitive impairment, dementia, and AD (105). 
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The potential of hypertension to induce substandard performance could be explained by the 

increased injury of brain capillaries and increased protein infiltration (106), which in turn will 

trigger neuronal injury and Aβ accumulation (107). Interestingly, with increasing age, the elevated 

blood pressure becomes protective from developing AD. These observations were based on the 

fact that after AD development, the blood pressure decreased because of stiffening blood vessels, 

weight loss, and changes in blood flow (108).  

1.6.5. Diabetes mellitus 

Patients with type 2 diabetes mellitus (T2DM) have double the risk to develop AD (109, 110). The 

association of T2DM with sporadic AD is not well understood. The fact that T2D is associated 

with infarcts, but not with LOAD (111) suggests that infarcts decrease the threshold for amyloid 

to cause cognitive decline which could explain the link between T2D and LOAD (108). The 

Religious Orders Study has shown that patients with DM (> 55 years of age) have 65% greater 

risk to develop AD after mean age of 5.5 years period (112). Those patients had cognitive 

impairment particularly in perceptual speed (112). The molecular mechanism behind poor 

cognitive function with DM relies on the competition between insulin and Aβ for insulin degrading 

enzyme (IDE), thereby increases Aβ accumulation (89). Also, peripheral insulin infusion increased 

the level of Aβ42 in the CSF, Aβ deposition and tau hyperphosphorylation in LOAD (113, 114). 

Moreover, Aβ aggregation is increased by the increased age-related advanced glycation end-

products that can occur in DM (89). Peripheral hyperinsulinemia was shown to decrease insulin 

uptake into the brain because of saturation, an effect which would result in downregulating the 

expression of IDE and decreasing Aβ clearance (108). These observation encouraged the use of 

insulin sensitizer, rosiglitazone, and intranasal insulin against sporadic AD (115). However, other 
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clinical studies have shown that the anti-inflammatory effect of antidiabetic is responsible for 

restoring the cognitive performance in patients who were diagnosed with AD and DM (89).  

1.6.6. Traumatic brain injury  

Traumatic brain injury (TBI) becomes significant healthcare problem (116, 117). Patients with 

TBI suffer chronic psychological and neurological morbidities (118). The ‘punch drunk syndrome’ 

is the first syndrome due to TBI that grab attention to neurodegeneration, and it is known as chronic 

traumatic encephalopathy (CTE) which affects sport professionals and veterans (119, 120). CTE 

shares common features with AD and TBI has been recognized to reduce AD onset time (121). 

Recent studies showed that AD and TBI share chronic inflammation features within the brain 

parenchyma (122). Following TBI the level of Aβ increases because of multiple factors. Firstly, 

the expression of APP increases post-TBI (123), secondly, upregulation of BACE1 and γ-secretase 

enzymes (124, 125). These factors offer explanation to how TBI increases the risk of AD 

development (126).  

The degree of amyloid insult post-TBI is affected by neprilysin (89). Neprilysin is a membrane 

zinc metalloprotease that cleaves Aβ within the brain (89). In one study by Johnson and colleagues, 

it was shown that amyloid burden in post-TBI patients was the highest among those with more 

than 41 GT repeats in the promotor region of neprilysin gene, resulting in impaired Aβ clearance 

(127). However, neprilysin expression is increased post-TBI which would increase the amyloid 

clearance, although there is an increase in the expression of intra-axonal APP and PSEN1 (128). 

1.6.7. Plasma lipid levels 

Same as blood pressure, studies that link dyslipidemia to late life AD are inconsistent (129, 130); 

however, studies have shown a harmful effect of lipid profile measured in mid-life and risk of AD 
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development (108). These findings were supported by multiple genetic studies which revealed the 

susceptible genes in AD including APOE, ATP-binding cassette subfamily A member 7 (ABCA7), 

apolipoprotein J (APOJ), and sortilin-related receptor (SORL1). Functional studies have 

demonstrated the role of lipid rafts cholesterol in modulating APP processing by BACE1 and γ- 

secretase which lead to altered Aβ production (108). In contrast, epidemiological studies showed 

discrepancy in the association between dyslipidemia and the risk of AD, molecular studies showed 

little exchange between plasma and brain cholesterol, and randomized controlled trials showed no 

beneficial effect of statin therapy against AD (108).   

1.6.8. Smoking 

A meta-analysis explored the association between smoking and AD while accounting for tobacco-

industry affiliation found no association in cross-sectional studies (131). However, studies with 

industrial affiliation showed protective effect of smoking against AD. Cohort studies, lacking 

tobacco-industry affiliation, found increased risk of AD due to smoking (108) especially in APOE4 

non-carriers (132). Even though the relative risk for AD is small (RR = 1.2-1.6), 14% of AD cases 

are attributed to smoking due to its high prevalence (133). Smoking may affect inflammation, 

leading to activation of phagocytes and oxidative damage, or increase the free radicals, resulting 

in oxidative stress (134). In addition, smoking could increase AD risk by triggering CVD (108). 

On the other hand, tobacco may have protective effect, suggesting that nicotine induces increase 

in nicotinic acetylcholine receptors (nAChR) which opposing the loss of nAChR observed in AD 

(108).  
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1.7.   APP processing by secretases 

APP is a type I integral membrane proteins and it is ubiquitously expressed (135-137). The 

cleavage of APP occurs at many different cellular sites including plasma membrane, mitochondrial 

membrane, and trans-Golgi network (138). The parent protein, the 695-770 amino acid APP, is 

cleaved in most cell types by α-secretase (non-amyloidogenic pathway) to release sAPP-α and 

leaving the C-terminal fragment APP-CTFα or C83 peptide (139-141). The C83 peptide is then 

cleaved by γ-secretase to release APP intracellular domain (AICD) and 16 amino acid peptide, 

termed P3 (142).  However, the amyloidogenic version of APP processing includes cleavage by 

BACE1 leaving the C-terminal fragment as APP-CTFβ or C99 within the membrane and releases 

sAPP-β into the extracellular space followed by γ-secretase processing of C99 fragment, releasing 

the 40-43 amino acid Aβ and AICD (140, 141) (Figure 1.7.1). Aβ42 has higher aggregation 

behavior and more neurotoxic than Aβ40. Despite that fact that APP is highly conserved 

evolutionarily, the peptide sequence of Aβ is not; in addition, non-human derived Aβ does not 

have aggregation behavior (142). 

 

 

 

 

 

 

 

 

 

Figure 1.7. 1. APP processing pathways. Modified from reference (143). 
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1.7.1.  Secretases  

The cleavage function of α-secretase is not limited to APP, but it includes the processing of other 

peptides, for instance, TNF-α, TGF-α, and L-selectin (144). The processing of APP by α-secretase 

depends on A disintegrin and metalloproteinase domain-containing protein 10 (ADAM10) and 

MDC9 (145, 146). ADAM10 is expressed in different cellular organelles such as Golgi apparatus 

as well as the cell membrane, suggesting the processing of APP by α-secretase in these 

compartments (147, 148). 

BACE1 is type I integral membrane aspartyl proteinase that functions at low pH (149). It has 

higher affinity for APP with Swedish type missense mutation (K595M596 to N595L596) which 

causes EOAD (familial AD) (150). BACE1 is usually expressed in Golgi apparatus and endosomes 

(151). These findings supported the notion that BACE1 cleaves APP, after its trafficking from cell 

membrane, in endosome to generate Aβ (152). However, opposite results were obtained from APP 

harboring the Swedish mutation where they demonstrated generation of Aβ independent of 

endocytosis (152-154).  

γ-secretase is aspartyl protease and its complex is composed from different subunits including 

presenilin 1, presenilin 2, nicastrin, presenilin enhancer 2 (PEN2), and anterior pharynx defective 

1 (APH1). PSEN1 and PSEN2 contain eight transmembrane domains (155) and they are localized 

in the membrane of endoplasmic reticulum, cis-Golgi apparatus (156, 157), and cell membrane 

(158, 159).  

1.8. Role of IAPP in Alzheimer’s disease  

 

1.8.1.   Synthesis of IAPP  
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The highly conserved human amylin or Islet Amyloid Polypeptide (IAPP) is a 37-amino acid (aa) 

that is coded by a single-copy gene on chromosome 12 (160, 161). Amylin is first synthesized as 

89-aa pre-proIAPP containing a 22-aa signal peptide (162, 163). The 67-amino acid proIAPP is 

produced after the removal of signal peptide (164). ProIAPP is processed to IAPP via consequent 

cleavage of the C-terminus by prohormone convertase (PC) 1/3 in the Golgi apparatus followed 

by PC2 mediated cleavage of the N-terminus in the secretory vesicles (165). Then, the dibasic 

amino acids are removed by carboxypeptidase E at the C-terminus (166). In addition, post-

transcriptional modifications such as amidation of C-terminus tyrosine, O-glycosylation of 

threonines, and disulfide bridge formation occur before the release from the islet β-cells (167, 168). 

IAPP is co-stored with insulin in a ratio of 1-2:50 and they are secreted together (169, 170). IAPP 

has a half-life of 13 min when measured in rat and it is eliminated primarily by the kidney (171); 

in addition, IAPP is cleared by the action of IDE (172). 

1.8.2.   IAPP receptors 

IAPP receptor is a seven transmembrane domain G-protein coupled receptor (GPCR) that is 

composed from a heterodimer complex of the calcitonin receptor (CTR) and a receptor activity 

modifying protein (RAMP) (173, 174). RAMP is a non-receptor protein that has three isoforms 

RAMP1-3 (164). IAPP has low affinity to CTR, but by forming the heterodimer complex CTR-

RAMP, the receptor activity increased significantly (175, 176). IAPP has shown high selectivity 

to CTR complexed with RAMP2 or RAMP3 (164). IAPP has a broad distribution in the brain 

which explains its physiological effect in the CNS (177). 
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1.8.3.   Physiological role of IAPP and its analogue pramlintide  

IAPP has multiple physiological rules including controlling glucose level by decreasing the post-

prandial glucagon release (169, 178), without affecting the release of glucagon as a response to 

hypoglycemia (179). Furthermore, IAPP inhibits the gastric emptying, which delays the intestinal 

absorption of glucose (180), an effect of its clinically available analogue pramlintide as well (181). 

The most important function of IAPP is to serve as a satiating hormone (182) by binding to 

different brain regions including the area postrema, hypothalamus, and the nucleus of solitary tract 

(183), thus IAPP controls food consumption (184, 185). In addition, IAPP lowers body weight and 

increases energy expenditure as shown in rats (186). Mechanistic studies have shown that IAPP 

increases the brown adipose tissue activity (187) and pretreatment with IAPP receptor antagonist 

AC187 eliminated the effect of IAPP on brown adipose tissue (187).  

Because of the self-aggregation behavior of IAPP, which lead to toxic effect, pramlintide was 

developed to replace amylin in the treatment of DM (188). The amino acids sequence of 

pramlintide is similar to rodent IAPP amino acid sequence (Figure 1.9.1.); however, it does not 

form aggregates like hIAPP and it keeps the same physiological activity of hIAPP (189). 

Pramlintide was used in several studies against obesity and T2DM. It increases the level of leptin 

sensitivity, resulting in decrease meal volume (190), and it control blood glucose and insulin 

demand (191).  

1.8.4.   IAPP aggregation  

 

The misfolded IAPP, was first isolated from pancreatic extracts from T2DM patients in the form 

of elongated fibrils with many stranded β sheets (192). Although IAPP is highly conserved, the 

middle amino acid sequence (aa22-29aa) is different between species. In mice and rats, the middle 

sequence of IAPP has three proline residues which prevent the formation of β-sheet conformation 
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that is required for IAPP aggregation; however, the amyloidogenic region in human IAPP (hIAPP), 

does not have proline residues (193, 194). The amyloidogenic region (aa22-29aa) of hIAPP is 

important for in vitro and in vivo aggregation (Figure 1.8.1)  (195-197). On the other hand, IAPP 

aggregation can result from overexpression or impaired processing of proIAPP (198-200).  

Human IAPP 

 

 

Pramlintide 

 

 

Rat/Mouse amylin 

 

 

Figure 1.8. 1. Primary amino acid sequence for human amylin, pramlintide, mouse and rat 

amylin. Adapted from reference (193).  

 

1.8.5. IAPP aggregates pathology in AD development 

IAPP fibrils and oligomers were identified in patient with T2DM and cognitive decline (201), as 

well as in rodent models expressing hIAPP, which led to neurological defects (202). Importantly, 

IAPP was observed to co-precipitate with Aβ to form diffuse and dense SP (201, 203). The de 

nova IAPP produced in the brain is undetectable (201, 202), indicating that cerebral amylin is 

obtained from peripheral source. This notion was confirmed by demonstrating that IAPP deposits 

were detected in the pericapillary spaces and blood vessels walls in the brain (201). Moreover, 

Lys-Cys-Asn-Thr-Ala-Thr-Cys-Ala-Thr-Gln-Arg-Leu-Ala-Asn-Phe-Leu-Val-His-Ser-
Ser-Asn-Asn-Phe-Gly-Ala-Ile-Leu-Ser-Ser-Thr-Asn-Val-Gly-Ser-Asn-Thr-Tyr-NH2 

Lys-Cys-Asn-Thr-Ala-Thr-Cys-Ala-Thr-Gln-Arg-Leu-Ala-Asn-Phe-Leu-Val-His-Ser-
Ser-Asn-Asn-Phe-Gly-Pro-Ile-Leu-Pro-Pro-Thr-Asn-Val-Gly-Ser-Asn-Thr-Tyr-NH2 

Lys-Cys-Asn-Thr-Ala-Thr-Cys-Ala-Thr-Gln-Arg-Leu-Ala-Asn-Phe-Leu-Val-Arg-Ser-
Ser-Asn-Asn-Phe-Gly-Pro-Val-Leu-Pro-Pro-Thr-Asn-Val-Gly-Ser-Asn-Thr-Tyr-NH2 
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IAPP oligomers access the brain from blood by inducing inflammatory response that destroys BBB 

integrity (204, 205). There are different pathways through which IAPP aggregates could accelerate 

the progression of AD which are discussed below:  

1.8.5.1. Interaction with Aβ 

The co-precipitation of IAPP and Aβ in SP indicates that they exert toxic effect synergistically  

(201, 203). There are two regions of hIAPP (aa 8 to 20 and aa 21 to 37) that have increased binding 

affinity for Aβ. Accordingly, Aβ has two regions that have high binding affinity to hIAPP (aa 11 

to 21 and aa 23 to 37) (206). Furthermore, hIAPP and Aβ can form β-sheet-rich U-bend fibrillar 

structure (207, 208).  

1.8.5.2. Exerting independent toxic effect  

Amyloid aggregates from different proteins have global toxic responses (209-211). IAPP shares 

similar cytotoxic effect with Aβ (212-214), suggesting that IAPP aggregates have neurotoxic effect 

and can provoke AD pathology. The independent toxic effect of IAPP can occur through different 

pathways including interaction with lipid components of cell membrane and inducing disruption 

of cell membrane (215-217). The interaction of IAPP with cell membrane introduces a channel-

like pore on the cell membrane which destabilizes the intracellular homeostasis and induces cell 

death (218, 219). Moreover, IAPP oligomers have induced astrocytes and neuronal cell death by 

altering Ca2+ homeostasis (213, 220). Other cytotoxic pathways have been reported such as 

activating pro-inflammatory IL-1β (221, 222), which induces pancreatic β-cells death (223). IL-

1β has been observed to increase BACE1 expression (224), stimulate Aβ production, and disrupt 

synaptic function (225). One recent study used a rat model overexpressing hIAPP and the findings 

showed accumulation of activated microglia in IAPP deposition sites which was accompanied by 

cognitive impairment (202). Furthermore, an early study demonstrated that IAPP aggregates 
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induces oxidative stress genes such as IĸB-α and cox-2 in rat cortical neurons, which led to cell 

death (226). 

1.8.6.   The protective effect of soluble IAPP and pramlintide   

It has been observed that in AD rodent models, IAPP aggregates and its co-precipitation with Aβ 

were not detected in the brain, even in the presence of T2DM (227). In addition, patients in 

advanced age with MCI or AD have lower level of soluble IAPP in plasma than age matched 

healthy subjects (177, 228). However, during T2DM progression, soluble IAPP exists in low 

concentration due to its aggregation and the death of islet β-cells. Using soluble IAPP (or 

pramlintide) against AD is based on the notion that Aβ competes with amylin on amylin receptor 

to induce its toxic effect; therefore, increasing the level of soluble IAPP would decrease the binding 

of Aβ to amylin receptor and provide neuroprotection (177, 228). Zhu et al have showed that 

chronic treatment with human amylin reduced the level of inflammatory markers Iba1 and CD68, 

phosphorylated-tau, and Aβ in AD mouse models. These effects were abolished by amylin receptor 

antagonist (229). Furthermore, amylin treatment recovered the expression of different genes in the 

cortexes of 5XFAD mouse model toward similar expression as in the wilt-type mice (230). The 

two genes influenced by amylin treatment were CD68 (proinflammatory protein) and ATP5b (a 

mitochondrial protein), and human data demonstrated that the expression of CD68 and ATP5b 

were significantly correlated with NFT and cognition (230). In another study, treatment with 

amylin or pramlintide showed improvement in cognitive function, increased the clearance of Aβ42 

into the CSF, and increased the clearance of Aβ from brain to blood (231). Furthermore, 

pramlintide reduces Aβ-induced oxygen species in the brain (232), ameliorate inflammation in a 

rodent model of AD (228), and decreased the deficiency in LTP induced by IAPP and Aβ (233). 
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1.9. Lipid rafts  

The lipid structure of cell membrane is known as lipid rafts. The concept of lipid rafts was first 

introduced to explain the generation of glycolipid-rich apical membrane of epithelia cells (234). 

Later, these rafts were identified as a principle of membrane sub-compartmentalization in different 

membrane functions including endocytosis, post-Golgi trafficking, and signaling (235). The notion 

of lipid rafts was introduced at the 2006 Keystone Symposium of Lipid Rafts and Cell Function: 

“Lipid rafts are small (10–200 nm), heterogeneous, highly dynamic, sterol- and sphingolipid-

enriched domains that compartmentalize cellular processes. Small rafts can sometimes be 

stabilized to form larger platforms through protein-protein and protein-lipid interactions” (236). 

These rafts are enriched with cholesterol and glycosphingolipids with highly saturated fatty acids 

compared to the surrounding membrane areas (237). These saturated fatty acids introduce 

compactness with sphingolipids, which eventually results in phase separation (237). The 

insolubility of lipid rafts in nonionic detergent is attributed to the this kind of compactness and 

phase separation (238).  

1.9.1.    Composition of lipid rafts  

Lipid rafts composition have been analyzed by several preparations techniques which collectively 

showed that lipid rafts are enriched with cholesterol and glycosphingolipids (237). For example, 

the isolated rafts from MDCK cells by 1% Triton X-100 contained 14 mol% sphingomyelin and 

32 mol% cholesterol compared to 1 mol% sphingomyelin and 12 mol% cholesterol in whole cells 

(239). In addition, membrane rafts from DMCK cells were enriched with 5-fold in gangliosides 

and sulfatides compared to the intact cell. In rafts isolated from RBL-2H3 cells, 50% of the fatty 

acids in the plasma membrane are saturated or contain a single double bond; however, the 

percentage increases to 60% in fatty acid from rafts prepared by 0.1% Triton X-100 extraction 
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(240). Thus, saturated fatty acids are moderately enriched in lipid rafts compared to plasma 

membrane. Lipid rafts prepared by detergent-free protocol from KB cells have 2-fold increase in 

cholesterol and 30% increase in sphingomyelin compared to bulk plasma membrane (241), and 

they are supplemented with ethanolamine plasmalogens (241). 

Plasma membrane has two leaflets, the exofacial (which contains lipid rafts) and cytofacial (which 

contains ethanolamine-containing glycerophospholipids) leaflets, stating that rafts are bilayer 

structure (241). Membrane rafts prepared from KB cells had lower glycerophospholipids 

compared to nondetergent rafts. In addition, membrane rafts had lower level of 

phosphatidylethanolamine at the cytofacial leaflet as well as low level in ethanolamine 

plasmalogens compared to nondetergent rafts (241). On the other hand, 60% of the rafts’ 

phospholipids contained monounsaturated and saturated fatty acids; however, 40% of plasma 

membrane and nondetergent lipid rafts contain monounsaturated and saturated fatty acids (241).  

1.9.2.    Isolation of membrane lipid rafts  

Lipid rafts are known as DRM (detergent-resistant membrane) because of insolubility in cold 1% 

Triton X-100 (239). The detergent molecule forms holes after their partitioning in plasma 

membrane, followed by micellar fragments formation (242). Temperature is a crucial factor in 

determining lipid behavior; therefore, reduction in the temperature alone could potentially alter 

lipid organization (243). The formation of holes results in mixing the two leaflets and alteration of 

their lipid composition. Even without mixing, the two leaflets have different composition and 

different sensitivity to Triton X-100 (243). DRMs are fractionated by ultracentrifugation using 

discontinuous sucrose gradient where rafts float at the top fraction (usually 5% sucrose) (239). 

These top fractions are enriched with cholesterol, glycosylphosphatidylinositol (GPI)-linked 

proteins, and lipid raft marker (flotillin-1) (237). Other detergent such as NP-40, Lubrol, CHAPS, 
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octyl-glucoside, Brij 98, and low concentrations (< 1%) of Triton X-100 are utilized to isolate lipid 

rafts (244, 245). Although there is overlap in the isolated proteins between these different 

detergents, significant differences were observed (244, 245). Therefore, the products of lipid rafts 

depend mainly on the method of isolation. On the other hand, detergent-free preparations, such as 

sodium bicarbonate, have been used. The high pH of sodium bicarbonate buffer aids in the 

isolation of peripheral membrane proteins after sonication and ultracentrifugation in discontinuous 

sucrose gradient (246).  

1.9.3.    Protein composition of lipid rafts 

Different proteins were identified in DRMs including flotillins, caveolins, GPCR, growth factor 

receptors, kinases, APP, BACE1, γ-secretase, PSD-95, SNAP-25 and many other proteins  (246-

253). Different mechanisms are involved in anchoring these proteins to lipid rafts. For instance, 

the transmembrane of some proteins partitions in cholesterol-enriched membrane domains (254), 

whereas other proteins are localized in DRMs because of lipid modification like the Src family 

kinases and GPI-anchored proteins. (255, 256).  

1.9.4.    Lipid rafts and Alzheimer's disease connection 

 

1.9.4.1. Association of secretases with lipid rafts 

Lipid rafts are considered the stage for APP processing. BACE1 was shown to be an inhabitant of 

lipid rafts (257), and anchoring BACE1 to lipid rafts demonstrated enhanced APP cleavage (258-

260) and increased generation of Aβ (261). This effect was mediated by the level of cholesterol in 

the cell membrane, because the intermediate reduction of cholesterol enhanced the β-cleavage of 

APP outside the raft domains by bringing BACE1 and APP together (262). Unlike BACE1, 

cholesterol depletion studies did not show the link of α-secretase with lipid rafts (261).  
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γ-secretase is localized in membrane rafts as well (263). Such localization is highly responsive to 

reduction in cholesterol level, which implies a stringent criterion for localization in rafts  (264, 

265). Several biochemical studies have indicated that γ-secretase is localized with APP CTFs in 

membrane rafts of adult brain (266, 267) and neuroblastoma cells (268). Also, it was shown by 

Matsumura et al that γ-secretase cleaves β-CTF in stepwise sequential manner in lipid rafts (269).  

1.9.4.2. Lipid rafts and Aβ   

In a study by Kokubo et al, results from electron microscope revealed that 10% of lipid rafts with 

senile plaques showed colocalization of Aβ42 with flotillin-1, without colocalization outside the 

plaques. These results suggest that lipid rafts are the initial site for Aβ deposition (270).  

1.10. Gangliosides  

1.10.1.    Synthesis and metabolism of gangliosides glycolipids 

Glycolipids contain lipid moiety that linked to carbohydrate residue(s) through a glycosidic 

linkage (271). Glycolipids encompass lipid moiety as either a ceramide or a sphingoid are known 

as glycosphingolipids (271). These glycosphingolipids can be classified into different series based 

on the basic carbohydrate structure, namely, lacto-, lactoganglio-, neolacto-, ganglio-, isoganglio-

, globo-, isoglobo-, gala-, neogala-, arthro-, schisto-, muco-, mollu-, and spirometo-series. 

Gangliosides are categorized as glycosphingolipids containing sialic acid (N-glycolylneuraminic 

acid or N-acetylneuraminic acid) residue (s). These glycosphingolipids have 0, 1, 2, and 3 sialic 

acid residue(s) bind to the galactose residue and they are categorized as asialo-, a-, b-, and c-series 

gangliosides, respectively (271).   

The glycosylceramide synthase (GCS) catalyzes the initial step of ganglioside biosynthesis by 

glycosylating ceramide (272). The synthesis of  endogenous glycosphingolipids starts in the 
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endoplasmic reticulum followed by adding different carbohydrate moieties in the Glogi apparatus 

(273). The synthesis of gangliosides from glycosphingolipids is depicted in Figure 1.10.1.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10. 1. The biosynthesis of gangliosides.  

GCS, glycosylceramide synthase; GlcCer, glycosylceramide; LacCer, Lactosylceramide; 

ST3GAL5, ST3 Beta-Galactoside Alpha-2,3-Sialyltransferase 5 (or GM3 synthase); ST8SIA1, 

ST8 Alpha-N-Acetyl-Neuraminide Alpha-2,8-Sialyltransferase 1 (or GD3 synthase); 

B4GALNT1, Beta-1,4-N-Acetyl-Galactosaminyltransferase 1 (or GM2/GD2 synthase); 

B3GALT4, Beta-1,3-Galactosyltransferase 4 (or GM1/GD1b synthase); ST8SIA5, ST8 Alpha-N-

Acetyl-Neuraminide Alpha-2,8-Sialyltransferase 5. Adapted from (274).  

 

Gangliosides are enriched in lipid rafts (275) and their expression undergoes dramatic change 

during brain development (276, 277). For instance, in embryonic brains of rodents and humans, 

GD3 and GM3 are predominant. With developing, the production of GM3 and GD3 is down-



 24 

regulated with parallel up-regulation of GM1, GD1a, GD1b, GT1b. These changes are controlled 

by transcription factors (271), and possible epigenetic modification (278), which regulate the 

expression of glycosyltransferases (271, 276). 

1.10.2.    Functions of gangliosides 

 

Gangliosides are ubiquitous molecules found in different body tissues, especially in the CNS (279). 

Gangliosides have different biological functions such as signaling, cell-cell adhesion and 

recognition within lipid rafts (280), or caveolae (281). Furthermore, gangliosides play a role in 

intracellular calcium homeostasis (282). The essential biological functions of these gangliosides 

were revealed by analysis of mice deficient in gangliosides synthases. For instance, the absence of 

GM3 synthase and GM2 synthase induced deafness and decreased nerve conduction 

velocity/altered motor function in mice, respectively (283-285). Mice overexpressing GM3 with 

no “brain-type” gangliosides, generated by knocking down of B4GALNT1 and ST8SIA1, had 

compromised memory and learning with aging, sensory abnormalities and weight loss (286, 287). 

When both B4GALNT1 and ST8SIA1 were knocked out, it led to cortical Purkinji neurons 

degeneration, cell death, axonal deterioration and severe lethality due to the absence of all 

gangliosides types, apart from GM3 (288, 289).  

GM1 has been implicated in maintaining neuronal viability, conduction velocity and excitability 

through regulation of Na+ channels, and in combination with GD1a, neuronal Ca2+ homeostasis 

and improving synaptic plasticity in the CA3 hippocampal region (290). Also, GM1 regulates 

intracellular trafficking of the GluR2 subunit of AMPA type glutamate receptor where GluR2 

subunit binds specifically to GM1 (291). These observations suggested that gangliosides have a 

biological modulatory function in the storage and transmission of information involved in memory.  
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1.10.3.    GM1 ganglioside and Alzheimer’s disease  

 

In AD-brain tissues, there is a reduction in the level of gangliosides and changes in their regional 

distribution (272). The total gangliosides level is reduced in several brain regions in EOAD and 

LOAD patients (292, 293). When analyzed in brain cortexes from AD patients, low level of most 

common brain gangliosides was observed, but with increased GM2 and GM3 levels (294); 

however, the cortical lipid rafts of AD patients contained more GM1 and GM2 (295). In post 

mortem AD brains, GD1a and GM1 were bound to Aβ plaques forming GAβ complexes,  which 

inferred the role of GD1a and GM1 in AD pathology (296). The interaction of Aβ with 

gangliosides is an important step in understanding the pathological significance of gangliosides in 

Aβ assembly. In the formation of misfolded-type amyloidogenesis, the amyloidogenic protein 

forms an α-helix structure before the formation of β-sheet structure (297, 298). Kato and his 

colleagues showed that two α-helical structures are formed in Aβ through the interaction with lyso-

GM1 micelles and this interaction was dependent on the carbohydrate  part of GM1 but not on the 

carbohydrate part (299, 300). Different suggestions were made to explain the interaction between 

Aβ and GM1 (GAβ). One possible scenario is that once GAβ is formed on neuronal membrane, 

then another soluble Aβ binds to GAβ and gets same conformation as GAβ, which also considered 

a seed for another soluble Aβ binding (301). It was postulated that soluble Aβ originally interacts 

with GM1 on the cell membrane and then transforms to β-sheet structure as the bulk of Aβ on the 

cell membrane increases (302, 303). Alternatively, another group showed that the initial formation 

of α-helical structure of Aβ, after the interaction with GM1 containing membranes, induced 

dimerization to β-strand structure which potentially lead to higher-ordered structural aggregates 

(Figure 1.10.2.)  (304, 305). GAβ was detected at meaningful levels in an hAPP transgenic mouse 

model at 3months of age, at such age amyloid deposition has not been developed yet (306). This 
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finding supports the discovery of GAβ in the human brains with early but not advanced AD (307). 

Thus, GM1 may have role(s) in initiating the pathogenesis of AD, such as the nucleation and/or 

seeding of Aβ oligomers and/or fibrils. 

 

 

 

 

 

 

 

Figure 1.10. 2. The interaction of Aβ with GM1. The depicted presentation was modified from 

(308) 

 

One study compared the aggregation of human and rat Aβ on raft model membranes, on neuronal 

cells, and in buffer (309). The authors of this study found that in buffer, rat Aβ formed amyloid 

fibrils similar to human Aβ. In contrast, unlike rat Aβ, human Aβ formed more toxic amyloid 

fibrils on neuronal cell membranes and raft-like membranes.  

APP processing is also influenced by GM1 and other gangliosides. Gangliosides extract increased 

γ-secretase activity and increased the ratio of generated Aβ42 to Aβ40 (310). In addition, GCS 

inhibition led to significant reduction of Aβ production, whereas the addition of exogenous brain 

ganglioside increased the production of Aβ, suggesting that the reduction in total gangliosides 

synthesis is beneficial in AD (311). Gangliosides regulate APP transport in the secretory pathway 
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which alters APP processing (311). PSEN and APP were demonstrated to regulate GCS gene 

expression, where the diminished γ-secretase activity increased the GCS gene expression and 

increased gangliosides level; therefore, the de novo synthesis of gangliosides is modulated by APP 

processing and deregulated in AD (312). Treatment of neuroblastoma cells with GM1 showed an 

increase in Aβ production and reduction in sAPP-α level (313). In contrast, another study showed 

that peripheral injection of GM1 in AD mouse model led to reduction in the cerebral Aβ burden, 

suggesting Aβ degeneration in the periphery (314). In addition, the accumulation of GM3, GM1, 

and GD1a via GD3S deficiency led to almost complete elimination of Aβ-related pathology with 

the absence of cognitive decline (315). The addition of GM3 resulted in decreasing the level of 

Aβ, whereas GD3 synthase product, GD3, treatment increased Aβ release. The activity of GD3 

synthase is regulated by APP processing and it is inhibited by the direct interaction of GM3 with 

Aβ, which led to reduced substrate availability and altered conversion of GM3 to GD3 (272). 

Furthermore, the expression of GD3 synthase is downregulated by AICD, suggesting regulatory 

feedback, in which AICD and Aβ increase GM3/GD3 ratio resulting in potential reduction of the 

amyloidogenic APP processing (316). These results imply the association between gangliosides 

homeostasis and AD.  

One study had forced the expression of GM1, GM2, and GD2 by transfection the SK-MEL-28-N1 

cells with B4GALNT1 cDNA, and it showed accumulation of the βCTF and αCTF, extended 

BACE1 half-life, and increased BACE1 level in membrane rafts (274).  

Diabetes mellitus (DM) is also associated with GM1 pathology. Amylin (IAPP) is a hormone that 

is produced from the pancreas and involved in AD pathology (317, 318). It has been shown that 

the amylin interacts with GM1 and significantly decreases its lateral diffusion on the plasma 

membrane of living neuroblastoma cells (319). In a nonhuman primate study, the authors showed 
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that DM accelerates Aβ pathology and increased GAβ accumulation in the brain of DM-affected 

monkeys (320).  

In a mouse model of GM1 gangliosidosis, an increase in the local microglial activation and 

expression and extravasation of inflammatory cells in the cerebral environment were observed 

(321).  

1.10.4.    Pre-requisite of GM1 ganglioside clustering to induce GAß generation 

De novo brain cholesterol induces the congregation of GM1 on the cell membrane which is 

necessary for Aβ binding (322). Furthermore, using cultured cells, it has been shown that 

sphingomyelin induced GM1 clustering, leading to GAβ generation (323). In addition, lipids 

extracted from synaptosomes isolated from aged mice brain have induced GM1 clustering (324). 

Cholesterol is the strongest triggering force that induces GM1 clustering. One study analyzed 

synaptic plasma membranes isolated from cerebral cortex from human brains of aged individuals, 

and the authors of this study found that APOEε2 significantly reduced the level of cholesterol in 

these synaptic membranes (325). In addition, the level of GM1 in lipid rafts of synaptosomes is 

increased by getting older and this accumulation was much higher in APOEε4 than the APOEε3 

knocked-in mice (326).   

It is largely known that risk factors for AD, such as endosomal-lysosomal alteration, precede Aβ 

deposition and cause impairment in the neuronal membranes’ lipid composition (301). Yuyama et 

al have demonstrated in in-vitro study that endocytic disorder of cultured neuronal cells induced 

GM1 buildup (327), which potentially led to GAß-dependent amyloid deposition at presynaptic 

neuritic terminals (328, 329). The enhancement of GAß generation by endosomal-lysosomal 

disorder was established and confirmed in a mouse model of human lysosomal dysfunction 

disorders (330). Thus, multiple risk factors of AD could induce alteration in the composition and/or 
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distribution of neuronal membrane lipid, resulting in GM1 clusters formation and GAβ generation. 

Furthermore, the structural composition of gangliosides could be responsible for the GAβ 

formation as reported by Oikawa et al who found that the imbalance in the length of fatty acid side 

chain and length of gangliosides could be responsible for GAβ-dependent Aβ assembly in  isolated 

synaptic plasma membranes from human brains (331).   

1.10.5.    Lipid rafts and ganglioside-protein interactions  

Gangliosides are preferentially localized in lipid rafts (332). Under common conditions of lipid 

rafts isolation with 1% Triton X-100 in clod aqueous buffer, gangliosides enter the soluble phase 

and redistribute to other membranes (333, 334). However, under different isolation methods with 

detergent other than Triton X-100, gangliosides do not redistribute (291).  

1.11.   The TgSwDI mouse model  

Mutations of the APP gene that are close to the sites of processing by both secretases lead to the 

overproduction of Aβ42 (140, 335, 336), but when APP is mutated in Aβ region, aa 21-23, it leads 

to familial CAA. The first identified mutation in the Aβ region was the Dutch E22Q mutation 

which causes the production of diffuse Aβ deposition and severe CAA, resulting in hemorrhagic 

incidents at mid-life (337, 338). The second known mutation in Aβ region is the Iowa D23N 

mutation which was found in patients with late onset dementia with severe CAA and NFT (8). 

Different studies have demonstrated that Dutch E22Q and Iowa D23N mutant Aβ peptides display 

higher fibrillogenic and pathogenic properties in an in vitro model of CAA (339-341).    

The TgSwDI mouse model is expressing the isoform 670 of APP gene harboring the three 

mutations Swedish (K670N/M671L), Dutch (E693Q), and Iowa (D694N). At three months of age, 

the hemizygotes have increased accumulation of insoluble Aβ40 and Aβ42 in the brain microvessels, 
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and increased deposits of Aβ diffuse plaques in the cortex and hippocampus. In addition, this 

mouse model develops deposits of fibrillar Aβ in the cerebral microvessels at six months of age 

(342). The TgSwDI model develops marked increase in astrocytes and microglia activation at the 

age 6-24 months with lesser magnitude in the cortex compared to the subiculum and thalamus 

(343).  

1.11. Hypothesis and aims  

 

Number of studies have elaborated the pathological character of amylin in AD by showing that 

amylin can induce the inflammatory cascade and apoptosis (201-203, 205, 214). However, the 

pathological characteristics of amylin are not well understood. Therefore, we hypothesize that 

amylin and pramlintide alter brain level of Aβ by modulating APP processing in lipid rafts. 

Therefore, the aim of this study is, 

Aim 1: To optimize the isolation of membrane rafts and characterize the isolated lipid rafts for 

protein implicated in Aβ production. 

Aim 2: To study the effect of amylin and pramlintide on the APP processing in lipid rafts.  
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2. ISOLATION AND CHARACTERIZATION OF LIPID RAFTS FROM TgSwDI 

MOUSE MODEL BRAIN 

 

2.1. Abstract 

 

 

Lipid rafts are part of the cell membrane, and they are highly enriched with cholesterol and 

sphingolipids. These rafts are heterogenous, dynamic and control different cellular processes such 

as signaling and proteins/lipids interactions. Different proteins are localized lipid rafts including 

proteins that are involved in the production of Aβ, such as APP, BACE1, and γ-secretase, and 

different synaptic markers proteins such as PSD-95 and SNAP-25. The fractionation of membrane 

rafts is highly dependent on the fractionation conditions, including temperature, detergent type and 

concentration, ultracentrifugation speed and time, type of rotor and the nature of protein localized 

in lipid rafts. This type of fractionation is based on density separation by using discontinuous 

sucrose gradient. In this study, the isolation method of membrane rafts from brain homogenates of 

TgSwDI mice (an AD model) has been optimized by using Brij98 as detergent and centrifugal 

speed of 260,000 × g for 3 h at 4°C. The results showed that membrane rafts are concentrated in 

fraction 2 of the sucrose gradient as determined by immunoblotting of lipid rafts marker, flotillin-

1. Different proteins were observed in fraction 2, such as APP, BACE1, γ-secretase proteins, P-

gp, LRP1, B4GALNT1, and GM1; however, several other proteins were not observed under the 

optimized separation conditions such as RAMP3 and GCS.   
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2.2. Introduction 

 

 

The cell membrane is organized into discreet functional units known as lipid rafts. The concept of 

lipid rafts was first introduced to explain the generation of glycolipid-rich apical membrane of 

epithelia cells (234). Later, these rafts were identified as a principle of membrane sub-

compartmentalization that possess different functions including endocytosis, post-Golgi 

trafficking, and cell signaling (235). The notion of lipid rafts was introduced at the 2006 Keystone 

Symposium of Lipid Rafts and Cell Function: “Lipid rafts are small (10–200 nm), heterogeneous, 

highly dynamic, sterol- and sphingolipid-enriched domains that compartmentalize cellular 

processes. Small rafts can sometimes be stabilized to form larger platforms through protein-protein 

and protein-lipid interactions” (236).  

Different proteins were identified in membrane rafts including flotillins, caveolins, GPCR, growth 

factor receptors, kinases, APP, BACE1, γ-secretase, PSD-95, SNAP-25 and many other proteins  

(246-253). These rafts are enriched with cholesterol and glycosphingolipids with highly saturated 

fatty acids compared to the surrounding membrane areas (237). These saturated fatty acids 

introduce compactness with sphingolipids which eventually results in phase separation (237). The 

insolubility of lipid rafts in nonionic detergent is attributed to the this kind of compactness and 

phase separation (238).  

Lipid rafts are known as DRM (detergent-resistant membrane) because of absence of solubility in 

cold 1% Triton X-100 (239). DRMs are fractionated by ultracentrifugation using discontinuous 

sucrose gradient where rafts float at the top fraction (usually 5% sucrose) (239). These top fractions 
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are enriched with cholesterol, glycosylphosphatidylinositol (GPI)-linked proteins, and lipid raft 

marker (flotillin-1) (237). Other detergent such as NP-40, Lubrol, CHAPS, octyl-glucoside, Brij 

98, and low concentrations (< 1%) of Triton X-100 are utilized to isolate lipid rafts. Although there 

is overlap in the isolated proteins between these different detergents, significant differences were 

observed (244, 245). Therefore, the products of lipid rafts depend mainly on the method of 

isolation 
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2.3.    Methodology 
 

 

2.3.1. Materials and chemicals 

 

The list of chemicals and material that have been used in this project are shown in Table 2.3.1.  

 

 

Table 2.3. 1. Table of chemicals used for lipid rafts isolation.  

 

Material Company 

Brij 98 ACROS Organics 

PMSF Sigma-Aldrich 

D-sucrose Fisher Bioreagents  

EDTA G Biosciences 

NaCl Sigma-Aldrich  

Tris-HCl Bio-Rad 

Protease arrest  G Biosciences  

Na3VO4 Sigma-Aldrich 

 

 

2.3.2. Optimization of fractionation  

The complete protocol for the isolation and handling of mice brains is described in detail in the 

methodology section of CHAPTER 3.  
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A total of three protocols were tested to isolate lipid rafts. In the first two protocols, the Optima 

XPN-100 ultracentrifuge (Beckman Coulter) with fixed angle Type 90 Ti rotor was used. In the 

first isolation protocol, a previously published procedure was followed with modification (344). 

One hundred micro-liters from each brain homogenate in DPBS was incubated on ice for 30 min 

with 1 ml of 1% Triton X-100, 10 mM Tris-HCl pH 7.5, 50 mM NaCl, 2 mM EDTA, 1 mM PMSF, 

and 1 mM Na3VO4 with homogenization. The suspension was centrifuged at 5000 × g for 5 min 

at 4°C. One milliliter  from each supernatant was mixed with equal volume of 90% (wt/vol) sucrose 

in TNE buffer (10 mM Tris-HCl pH 7.5, 50 mM NaCl, 2 mM EDTA) and placed at the bottom of 

the ultracentrifuge tube. Then, 7 ml discontinuous sucrose gradient consisting of 4 ml 35% (wt/vol) 

sucrose in TNE buffer and 3 ml 5% (wt/vol) sucrose in TNE buffer were overlayered on the top. 

The sucrose gradient was centrifuged at 270,000 × g for 20 h at 4°C. The fractions (900 µl each) 

from each sample were collected starting from top to bottom of the tube and then stored in -80°C. 

In the second optimization, the ultracentrifugation time was decreased to 18 h, whereas the other 

conditions had not changed.  

In the third and final optimized protocol, lipid rafts fractionation was performed as reported 

previously with modification (263). Eighty micro-litters from each brain homogenate in DPBS 

was incubated on ice for 30 min with 600 µl of 1% Brij®98, 25 mM Tris-HCl pH 7.5, 150 mM 

NaCl, 5 mM EDTA, 1 mM PMSF, and protease arrest. The suspension was centrifuged at 1000 × 

g for 5 min at 4°C. Five hundred micro-litter from each supernatant was mixed with equal volume 

of 80% (wt/vol) sucrose in TNE buffer (25 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM EDTA) 

and placed at the bottom of an ultracentrifuge tube. Then, 4 ml discontinuous sucrose gradient 

consisting of 3 ml 35% (wt/vol) sucrose in TNE buffer and 1 ml 5% (wt/vol) sucrose in TNE buffer 

were overlayered on the top. The sucrose gradient was centrifuged at 260,000 × g for 3 h at 4°C 
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using Beckman Coulter Optima XPN-100 ultracentrifuge in SW55 Ti rotor (Beckman Coulter). 

The fractions (500 µl each) from each sample were collected starting from the top to the bottom 

of the tube and then stored in -80°C. 

2.3.3. Characterization of lipid rafts by SDS-PAGE  

Certain volume from each fraction was mixed with 4X laemmli sample buffer and boiled at 95°C 

for denaturation. Protein separation, probing, blotting, imaging, and analysis were performed as 

described in CHAPTER 3. Anti-flotillin-1 antibody (1:1000, Invitrogen) was used to probe the 

membranes as primary antibody which identifies the lipid rafts marker flotillin-1, whereas different 

antibodies were used to detect different proteins in lipid rafts fraction (Table 3.3.2). 
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2.4.   Results 

 

2.4.1. The fractionation of lipid rafts was not optimized in the first three trials.   

 

The first and second optimizations for lipid raft fractionation were not able to localize the flotillin-

1 in a defined fraction. The distribution of flotillin in the sucrose gradient, after the 

ultracentrifugation and immunoblotting by SDS-PAGE, spread from fraction 10 at the bottom to 

fraction 4. Fraction 4 in the first two conditions is the interface between 5% and 35% sucrose 

gradient (Figure 2.6.1.) 

2.4.2. Lipid rafts are localized in fraction 2 in the final optimization  

The DRMs were prepared and fractions enriched in lipid rafts were identified by immunoblotting 

of lipid raft marker with antibody against flotillin-1. Findings from optimization and 

characterization of lipid rafts isolation from brain homogenates demonstrated the highest flotillin-

1 localization in fraction 2 (the interface between 5 and 35% sucrose in the gradient) (Figure 

2.6.2.), suggesting lipid rafts are enriched in fraction 2, which was used for subsequent analysis 

for the effect of treatments on protein levels in lipid rafts.  

2.4.3. The amyloidogenic pathway proteins are localized in membrane rafts. 

APP, BACE1, and γ-secretase complex were detected in lipid rafts fraction (fraction 2) and in the 

non-raft fractions (fraction 8, 9, and 10) (Figure 2.6.3 & 2.6.4) 



 38 

2.4.4. Different proteins other than the amyloidogenic pathway proteins were observed in 

lipid rafts. 

Different molecules including P-gp, LRP1, B4GALNT1 and GM1 ganglioside were detected in 

lipid rafts fraction (Figure 2.6.5. & 2.6.6). Other proteins were measured directly from fraction 2 

without measuring them from fraction 1 to 10, these proteins include PSD-95, and SNAP-25 

(CHAPTER 3). On the other hand, few proteins were not observed in fraction 2 under the 

abovementioned separation conditions including RAMP3, B3GALT4 and GCS (Figure 2.6.5 & 

2.6.6).  
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2.5. Discussion 

 

 

Lipid rafts have high concentration of cholesterol and glycosphingolipids with highly saturated 

fatty acids, which provide compactness and phase separation (237). Such compactness is 

responsible for the insolubility of membrane rafts in nonionic detergent such as Triton X-100 and 

Brij98 (238). In order to fractionate membrane rafts, ultracentrifugation and discontinuous sucrose 

gradient are utilized and usually the rafts float at the top fractions (5% sucrose) (239). In contrast, 

many studies showed that lipid raft marker could be distributed in multiple fractions, which will 

be reflected on the distribution of anchored proteins (263). Although there is overlap in the isolated 

proteins between these different detergents, significant differences were observed (244, 245). 

Therefore, the products of lipid rafts depend mainly on the method of isolation. 

Limiting the spread of flotillin 1 among the fractions into one defined fraction would make the 

characterization of these rafts much easier (269, 345). In this study, fraction 2 contained the lipid 

rafts marker flotillin-1; therefore, the characterization of different proteins in lipid rafts, isolated 

from total brain homogenate, was determined from fraction 2. However, the absence of few 

proteins from lipid raft fraction may be due to lipid rafts isolation conditions (244, 266). Multiple 

fractionation conditions should be considered while dealing with the isolation of lipid rafts 

including working with cells or tissues, separation speed, time, type of rotor, buffer concentrations, 

and the nature of detergents such as Triton X-100 or Brij98 (345-348) . The successful isolation 
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of lipid rafts that contains the amyloidogenic pathway proteins and enzymes would help in 

studying the effect of treatments on this pathway in membrane rafts.   

In a study by Kawarabayashi et al, they isolated the membrane rafts from the brain of Tg2576 AD 

mouse model. The research group used a different separation method, they homogenized the brain 

in 50 mM of 2-(N-morpholino) ethanesulfonic acid (MES), 150 mM NaCl, pH 6.5, 1% Triton X-

100 and protease arrest. The pellet, after removing the cell debris and nuclei, was reextracted two 

times with the same buffer. The total volume of Triton extract was mixed with 80% (w/v) sucrose 

and overlaid with 38% (w/v) and 5% (w/v) sucrose and centrifuged at 100,000 × g in SW41 rotor 

at 4°C for 19 h. The lipid raft marker was observed in fraction 4 (the top fraction of the 38% 

sucrose); in addition, different proteins were observed in the same fraction including: APP, 

BACE1, GM1, PSEN1, PSEN2, APOE, Aβ and neprilysin. These proteins were observed also in 

the soluble fractions as well, except GM1 (345). In contrast, the separation method that we used 

was able to provide the proteins of interest to our research project with much shorter 

ultracentrifugation time.  

In conclusion, the fractionation procedure that we utilized in our study was successful in isolating 

the membrane rafts and associated proteins in one fraction, making this procedure suitable for 

characterizing the effect of treatments on the amyloidogenic pathway in membrane rafts.  
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2.6. Figures and legends 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. 1. The optimization of lipid rafts fractionation. The first and second optimizations 

for lipid rafts separation were not able to localize the rafts in one or two fractions, especially at the 

top of sucrose gradient using western blotting. However, the final fractionation method was able 

to localize the rafts in fraction 2 as visualized by the detection of raft marker, flotillin-1. Lipid rafts 

isolated from vehicle (PBS) treated mice were used to blot flotillin-1.  
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Figure 2.6. 2. The separation of lipid rafts using discontinuous sucrose gradient and 

ultracentrifugation. Lipid rafts were found in fraction 2 and the non-raft fraction were in fractions 

8-10. Lipid rafts isolated from vehicle (PBS) treated mice were used to blot flotillin-1.  
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Figure 2.6. 3. Characterization of APP and BACE1 in lipid rafts. APP and BACE1 were 

observed in fraction 2 and soluble fractions, which confirms the localization of these proteins in 

lipid rafts. Lipid rafts isolated from vehicle (PBS) treated mice were used to blot these proteins.  
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Figure 2.6. 4. Characterization of γ-secretase complex subunits in lipid rafts. PSEN1, PSEN2. 

PEN2, and nicastrin were observed in fraction 2, which confirms the localization of these proteins 

in lipid rafts. Lipid rafts isolated from vehicle (PBS) treated mice were used to blot these proteins.  
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Figure 2.6. 5. Characterization of P-gp, LRP1, and RAMP3 in lipid rafts. Unlike RAMP3, P-

gp and LRP1 were observed in lipid rafts, whereas RAMP3 was observed only in the soluble 

fractions. Lipid rafts isolated from vehicle (PBS) treated mice were used to blot these proteins.  
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Figure 2.6. 6. Characterization of GCS, B3GALT4, B4GALNT1, and GM1 in lipid rafts. 

These proteins were observed in lipid rafts fractions except GCS. Lipid rafts isolated from vehicle 

(PBS) treated mice were used to blot these proteins.  
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3. AMYLIN AND PRAMLINTIDE MODULATE γ-SECRETASE ACTIVITY AND 

APP PROCESSING IN LIPID RAFTS 

 

 

 

3.1. Abstract 

 

 

One of the major hallmarks of Alzheimer’s disease is the accumulation of misfolded amyloid-β 

(Aβ) peptide. Several studies have linked AD with type 2 diabetes due to the similarities between 

Aβ and human islet amyloid polypeptide (known as amylin). This study explores the effect of 

amylin and pramlintide, an amylin analogue, on AD pathogenesis and the predisposing molecular 

mechanism(s) behind the observed effects in the TgSwDI mouse model of AD. Our study findings 

showed that thirty days of intraperitoneal injection with either amylin or pramlintide increased Aβ 

burden in mice brains. Amylin or pramlintide altered the amyloidogenic pathway and increased 

Aβ production by modulating the localization of amyloid precursor protein and γ-secretase activity 

in membrane rafts. The increased levels of B4GALNT1 enzyme and GM1 ganglioside were 

triggered by amylin or pramlintide, and GM2 ganglioside was increased by pramlintide. The 

increased synthesis of GM1 and GM2 is an important factor in regulating amyloidogenic pathway 

proteins in lipid rafts and increase Aβ aggregation. Furthermore, the increased brain Aβ burden by 

amylin and pramlintide was associated with synaptic loss, apoptosis, and microglia activation. In 

conclusion, findings from this work showed amylin or pramlintide increase Aβ levels and related 

pathology in the TgSwDI mice brains, implying that the increased amylin level or the therapeutic 

use of pramlintide might increase the risk of AD. 
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3.2. Introduction 

 

 

Alzheimer’s disease causes significant structural and functional disruption of healthy brain. There 

is a progressive loss of pyramidal cells in the cortex which mediate higher cognitive functions 

(32). Moreover, early synaptic dysfunction and impairment of neuronal circuit communication are 

also observed in AD (3). In AD, the neuropathological findings are characterized by extracellular 

deposition of senile plaques of amyloid beta (Aβ) and intracellular neurofibrillary tangles (NFT) 

of hyper-phosphorylated tau protein (36). 

The cleavage of APP occurs at many different cellular sites including plasma membrane, 

mitochondrial membrane, and trans-Golgi network (138). The parent protein, the 695-770 amino 

acid APP is cleaved in most cell types by α-secretase (non-amyloidogenic pathway) to release 

sAPP-α and leaving the C-terminal fragment APP-CTFα or C83 peptide (139-141). The C83 

peptide is then cleaved by γ-secretase to release APP intracellular domain (AICD) and 16 amino 

acid peptide, termed P3 (142).  However, the amyloidogenic version of APP processing includes 

cleavage by BACE1 leaving the C-terminal fragment as APP-CTFβ or C99 peptide within the 

membrane and releases sAPP-β into the extracellular space followed by γ-secretase processing of 

C99 fragment, releasing the 40-43 amino acid Aβ and AICD (140, 141) 

Lipid rafts are considered the site for APP processing. BACE1 was shown to be an inhabitant of 

lipid rafts (257), and anchoring BACE1 to lipid rafts demonstrated enhanced APP cleavage (258-

260) and increased generation of Aβ (261). In addition, several biochemical studies have indicated 

that γ-secretase is localized with APP CTFs in membrane rafts of adult brain (266, 267) and 
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neuroblastoma cells (268). Lipid rafts composition have been analyzed by several preparations 

techniques which showed that membrane rafts are enriched with cholesterol and 

glycosphingolipids (gangliosides) (237). 

Brain cortexes from AD patients demonstrated increased level of GM2 and GM3 (294). On the 

other hand, the cortical lipid rafts of AD patients contained more GM1 and GM2 (295). APP 

processing is influenced by GM1 and other gangliosides, for example, gangliosides extract added 

to purified γ-secretase increased the enzyme activity and increased the ratio of generated Aβ42 to 

Aβ40 in CHO cells overexpressing PEN1 (310). In addition, GCS inhibition led to a significant 

reduction in Aβ production, whereas the addition of exogenous brain gangliosides increased the 

production of Aβ, suggesting that the reduction in total gangliosides synthesis could be beneficial 

for AD (311). In another study, treatment of neuroblastoma cells with GM1 increased Aβ 

production and reduced in sAPP-α level (313). Furthermore, the over expression of GM1, GM2, 

and GD2 by transfecting SK-MEL-28-N1 cells with B4GALNT1 cDNA, demonstrated 

accumulation of βCTF and αCTF with prominent increase in β-cleavage, extended BACE1 half-

life, and increased BACE1 level in membrane rafts (274).  

Patients with type 2 diabetes mellitus (T2DM) have double the risk to develop AD (109, 110). The 

association of T2DM with sporadic AD is not well understood. IAPP fibrils and oligomers have 

been identified in the brains of patients with T2DM and cognitive decline (201) as well as in rodent 

models expressing hIAPP, which led to neurological defects (202). Importantly, IAPP has been 

observed to co-precipitate with Aβ to form diffuse and dense SP (201, 203). The co-precipitation 

of IAPP and Aβ in SP implies that they exert the toxic effect synergistically (201, 203). The 

independent toxic effect of IAPP can occur through different pathway including interaction with 

lipid components of cell membrane and by inducing disruption of cell membrane (215-217). 
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3.3. Methodology 

 

3.3.1. Materials and Chemicals  

 

The commercial sources of the reagents used in this study are listed in Table 3.3.1. 

 

Table 3.3. 1. Table of chemicals utilized in this project*. 

 

Chemicals Company 

Human Amylin Anaspec, Cat # AS-60254-1 

Pramlintide Biotang Inc, Cat # BT-HOR-300 

D-glucose Sigma-Aldrich 

NP-40 lysis buffer Alfa-Aesar 

BSA Millipore 

PBS Fisher Bioreagents  

Ficol 400 Sigma-Aldrich 

Protease arrest G Biosciences  

EDTA G Biosciences 

10x Tris/Glycine/SDS Bio-Rad 

Thioflavin-S Sigma-Aldrich 

Donkey serum  Sigma-Aldrich 
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Chemicals Company 

O.C.T VWR 

Resolving gel buffer  Bio-Rad 

Stacking gel buffer  Bio-Rad 

30% polyacrylamide  Bio-Rad 

Prism Ultra protein ladder  Abcam 

Nonfat dry milk Santa Cruz Biotechnology 

PVDF Millipore  

TEMED Bio-Rad 

Ammonium persulfate  Bio-Rad 

SuperSignal West Femto substrate Thermo Fisher Scientific 

4X Laemmli sample buffer Bio-Rad 

*All other chemicals were purchased from VWR.  

 

3.3.2. Preparation of amylin and pramlintide 

Amylin and pramlintide were purchased as 1 mg in each vial and then dissolved in 1 ml sterile 

water and aliquoted according to manufacturers and stored at –20°C. Fifteen minutes before the 

time of intraperitoneal (i.p.) administration, the aliquots were mixed with 200 µl of PBS.  

3.3.3. Mice and treatment protocols 

All animal procedures used in this study were approved by the Institutional Animal Care and Use 

Committee of the University of Louisiana at Monroe and according to the National Institutes of 

Health guidelines, as in Principles of Laboratory Animal Care (NIH publication No. 86-23, revised 
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1996). The TgSwDI homozygous transgenic mice were originally purchased from Jackson 

Laboratory (Bar Harbor, ME) and were maintained on C57BL/6 background at the University of 

Louisiana at Monroe at the animal facility. The mice (25-28 g; 4 months age) were divided into 

three groups and had free access to water and food and maintained on a 12 h:12 h light:dark cycle. 

The mice received intraperitoneal (i.p.) injection of amylin (200 µg/kg/d; n = 8 mice), pramlintide 

(200 µg/kg/d; n = 8 mice), or equal volume of PBS as vehicle (control group; n = 8 mice) for 30 

days. The weight (25-28) of each mouse was observed and checked every week. The level of blood 

glucose was measured before starting and at the end of the treatment period. Blood glucose levels 

were very close before and after the treatment, and glucose levels at the end of treatment period 

were 150.7 ± 1, 151.3 ± 0.9, 151.5 ± 1.5 mg/dl for the control, amylin, and pramlintide treated 

mice, respectively. At the end of treatment period mice were sacrificed with ketamine anesthesia 

and decapitated for brains collection.  

3.3.4. Brains collection and handling 

After the decapitation, the mouse head skin was cut, and the skull was opened without introducing 

disruption to the brains. Then the brain was removed gently from inside the skull without 

introducing disruption. After their isolation, brains were divided into two halves and stored in -

80°C.  

3.3.5. Homogenization of mice brains 

Brain weights were measured and mixed with two volumes of DPBS (137 mM NaCl, 8.1 mM 

Na2HPO4, 2.7 mM KCl, 0.9 mM CaCl2, 5 mM D-glucose, 0.5 mM MgCl2, 1.46 mM KH2PO4, 

1mM Na-pyruvate) with protease arrest and stroked multiple times until the brain tissues were 

easily passed through 1 ml tip. Brains were stored in -80°C for biochemical analysis. 
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3.3.6. Aβ extraction from mice brain homogenates  

The extraction and fractionation of Aβ were performed as reported before with modifications 

(349). Brain homogenates in DPBS from each mouse was lysed (1:1.5) in NP-40 lysis buffer with 

protease arrest on ice for 45 min, then the supernatant was collected after centrifugation at 20,800 

× g for 15 min at 4°C. The supernatant was used to measure the soluble Aβ40 and Aβ42 from total 

brain homogenates. To measure the oligomeric and insoluble loads of Aβ40 and Aβ42 in the brain 

tissues, a 2-step serial extraction procedure was used. The pellet after the extraction of soluble Aβ 

was mixed with 150 µL of 2% SDS in PBS containing protease arrest with homogenization 

followed by sonication for 10 min and centrifugation at 20,800 × g for 60 min at 22°C. The 

supernatants, which contains oligomeric Aβ were collected and stored in -80°C. To isolate 

insoluble Aβ, the pellet from the second fractionation was re-suspended in 300 µl of 70% formic 

acid in PBS containing protease arrest followed by homogenization and sonication for 10 min and 

finally centrifugation at 20,800 × g for 60 min at 4°C and supernatants were collected and stored 

in -80°C.  

3.3.7. Aβ quantification by ELISA 

The samples dilution was optimized before measuring Aβ by ELISA. The soluble fraction was 

diluted 1:2, SDS fraction was diluted 1:20 and formic acid fraction was neutralized 1:20 with 1M 

Tris-HCl/0.5M Na2HPO4 and then diluted 1:40. The soluble, oligomeric and insoluble Aβ40 and 

Aβ42 were measured by commercial ELISA kits for Aβ40 and Aβ42 (Thermo Fisher Scientific). The 

level of Aβ40 and Aβ42 was normalized to the total protein content in each fraction measured by 

the Pierce™ BCA Protein Assay Kit (Thermo Scientific). The level of Aβ40 and Aβ42 were 

expressed as picomol per milligram protein (pmol/mg protein).  
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3.3.8. Immunoblotting by SDS-PAGE 

For western blotting, brain homogenates from each group in DPBS were lysed (1:1.5) in NP-40 

lysis buffer with protease arrest on ice for 45 min, then the supernatant was collected after 

centrifugation at 20,800 × g for 15 min at 4°C. The total protein content was measured and 20 µg 

from each lysate was used for protein separation in each single lane. The lysate volume containing 

20 µg total protein was mixed and denatured with 4X Laemmli sample buffer and boiled at 95°C 

for 5 min for protein denaturation. For the immunoblotting of lipid rafts, certain volume from 

fraction 2 containing lipid rafts from each sample was mixed with 4X Laemmli sample buffer and 

denatured with heating as mentioned above. Pre-stained protein ladder and samples were loaded 

and separated on 12% Tris-Glycine-SDS polyacrylamide gels in SDS-PAGE gel chamber in 

electrophoresis buffer (5 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3) for 35 min at 240 V. For 

the electrophoresis of GM1 ganglioside, a 15% Tris-Glycine-SDS polyacrylamide gels were used. 

After proteins electrophoresis, the stack for blotting was assembled with two absorbent papers 

wetted with transfer buffer (25 mM Tris, 192 mM Glycine, 20% (v/v) methanol (pH 8.3) and a 

wet polyvinylidene difluoride (PVDF) membrane pre-soaked in methanol for 10 min for 

activation. Proteins were blotted on the PVDF membrane at 340 mA for 1 h followed by blocking 

in 2% nonfat dry milk in TBST (Tris-buffered saline, 20 mM Tris-HCl, 137 mM NaCl, 0.1% 

Tween-20, pH 7.6) for 1 hr at room temperature with shaking. Then, the membranes were probed 

with primary antibodies in 3% nonfat dry milk in TBST over night at 4°C. The primary antibodies 

that were used for SDS-PAGE are listed in Table 3.3.2. After overnight incubation, the membranes 

were washed 3 times each for 5 min with TBST buffer and probed for 1 h in 2% nonfat dry milk 

in TBST with secondary antibodies: goat anti-rabbit IgG (H+L)-HRP (1:1000, Invitrogen), goat 

anti-mouse IgG (H+L)-HRP (1:1000; Invitrogen) or goat IgG HRP-conjugated (1:1000; R&D 
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systems) followed by washing as mentioned above, then the image was captured for each 

membrane. For GM1 detection, the membrane was incubated, after blocking, with Cholera Toxin 

Subunit B (Recombinant)-HRP (1:5000; Invitrogen) for 1 h at room temperature with shaking 

followed by washing as mentioned above, then the image was captured. 

 

Table 3.3. 2. The list of primary antibodies used to probe the membranes in Western 

blotting. 

  

Primary antibody Dilution Clone Company 

Anti-human sAPP-β 1:1000 - Immuno-Biological Laboratories Co 

Anti-human sAPP-α 1:1000 2B3 Immuno-Biological Laboratories Co 

Anti-APP* 1:10,000 22C11 Millipore 

BACE1* 1:1000 -  Abcam 

LRP1* 1:1000 - Abcam 

GCS* 1:1000 - Abcam 

B4GALNT1* 1:1000 - Abcam 

B3GALT4 1:1000 - Invitrogen 

Iba1 1:1000 - Abcam 

Presenilin 1* 1:1000 D39D1 Cell Signaling 

Presenilin 2* 1:1000 D30G3 Cell Signaling 

Nicastrin * 1:1000 D38F9 Cell Signaling 

PEN2* 1:1000 D6G8 Cell Signaling 

Caspase-3 1:1000 - Cell Signaling 
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Primary antibody Dilution Clone Company 

Synapsine-1 1:1000 - Cell Signaling 

SNAP-25* 1:1000 - Invitrogen 

GAPDH 1:1000 - Invitrogen 

MMP9 1:1000 - Invitrogen 

IDE 1:200 - Santa Cruz Biotechnology 

RAMP3 1:200 - Santa Cruz Biotechnology 

β-tubulin  1:200 - Santa Cruz Biotechnology 

β-actin 1:1000  - Santa Cruz Biotechnology 

ABCB1 (P-gp)* 1:200 - Biolegend 

PSD-95* 1:2000 - GenTex 

Cholera Toxin Subunit 

B-HRP* 

1:10,000 - Invitrogen 

* These antibodies were used also to probe membranes after lipid rafts blotting. 

  

3.3.8.1. Preparation of Tris-Glycine-SDS gels 

First, the resolving gel was prepared according to the recipe provided in Table 3.3.3, loaded into 

the cassette, overlayered with 100% ethanol and incubated at room temperature for 45 min to 

solidify. Then, the stacking gel was prepared according to Table 3.3.3. and overlayered over the 

resolving gel after removing the ethanol. 
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Table 3.3. 3. The preparation of polyacrylamide gels for SDS-PAGE  

 

 12% resolving gel 15% resolving gel Stacking gel 

Chemicals Volume per gel (ml) Volume per gel (ml) Volume per gel 

30% Polyacrylamide 2 2.5 0.17 

1.5 M Tris (pH 8.8) 1.3 1.3 0.13 

10% SDS 0.05 0.05 0.01 

10% Ammonium 

persulfate 

0.05 0.05 0.01 

TEMED 0.002 0.002 0.001 

H2O 1.6 1.1 0.68 

 

 

3.3.8.2. Immunoblotting of RAMP3 protein 

In order to blot the three isoforms (monomers, homodimer, and heterodimer) of RAMP3 proteins, 

a stain-free kit (Bio-Rad) was used. The gel was prepared following the manufacturer protocol, 

and protein denaturation and electrophoresis was performed as mentioned above. After 

electrophoresis, the gel was activated by UV light in ChemiDoc imaging system (Bio-Rad) and 

the image was captured. After blotting, the gel was imaged to confirm complete proteins blotting 

on the PVDF membrane. In addition, an image for the PVDF membrane was captured to get an 

image for total proteins. The blocking, probing with primary and secondary antibody was 

performed as mentioned above.   
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3.3.8.3. Image capturing and analysis 

Proteins’ blots were developed using a chemiluminescence detection kit (SuperSignal West Femto 

substrate) and bands were visualized by the ChemiDoc imaging system. The captured images were 

analyzed by Image Lab software v 6.0 (Bio-Rad) which measures the volume of each band with 

subtraction of background. The level of proteins in each membrane was normalized to the level of 

house- keeping proteins (GAPDH, β-tubuline, vinculin, or β-actin) or flotillin-1 for proteins 

blotted from lipid rafts. To quantify the level of RAMP3 isoforms, a multichannel imaging 

function in Image Lab was used and RAMP3 level was normalized to the total protein content in 

the corresponding lane.    

3.3.9. Cryosectioning of mice brains  

One day before sectioning, each frozen half brain was embedded in optimal cutting temperature 

(O.C.T) liquid and kept on dry ice, then stored in -80°C to the next day. Thirty minutes before the 

time of sectioning, the brains in the frozen O.C.T were placed in the cryostat at -20°C for optimal 

temperature adjustment. Brain sections of 16 μm thickness were prepared using Leica CM3050S 

Research Cryostat. Each two sections were placed on the same glass slide and stored in -80° until 

the time for immunohistochemistry.   

3.3.10. Immunohistochemistry 

Previously published protocols were used for the immunohistochemical (IHC) analysis of Aβ, Aβ 

plaques, astrocytes, and brain microvessels (350). All brains’ sections from each group were 

methanol-fixed and blocked for 30 min with 10% normal donkey serum in PBS then washed 5 

times with PBS. For the detection of Aβ-plaques load in mice hippocampi and cortexes we 

followed a previously published protocol with slight modification (350). Briefly, the sections were 
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immuostained with rabbit polyclonal collagen IV antibody (1:200, Millipore) for detection of brain 

microvessels followed by 5 times washing with PBS and them stained by donkey polyclonal Alexa 

Flour 647 antibody to rabbit IgG (1:200, abcam). After that, sections were incubated in filtered 

0.02% thioflavin-S (Thio-S) solution, prepared in 70% ethanol, for 30 min. Sections were then 

washed in 70% ethanol for 15 min and covered with cover-clips and sealed with nail polish for 

imaging. For total Aβ load detection, the brain slices were double immunostained for microvessels 

and Alexa Fluor-488 conjugated anti-Aβ antibody (6E10) (1:200, Biolegend). Double 

immunostaining of astrocytes and Aβ was performed using rabbit GFAP antibody (1:200, Santa 

Cruz), and for detection donkey polyclonal Alexa Flour 647 antibody to rabbit IgG (1:200, abcam) 

was used to detect astrocytes, for Aβ detection, Alexa Fluor-488 conjugated anti-Aβ antibody 

(6E10) was used.  All antibodies were prepared in 10% normal donkey serum in PBS. Images were 

captured using Nikon Eclipse Ti−2 inverted fluorescence microscope (Nikon) at a total 

magnification of 4× and 20× for Aβ load, microvessels and Aβ plaque detection, and 40× for 

astrocytes detection. Quantification of all images was performed using NIS Element AR analysis 

v5 (Nikon), after adjusting for threshold. 

3.3.11. GM2 ganglioside analysis by ELISA 

Brain homogenate in DPBS was diluted 1:5 with PBS and centrifuged at 956 × g for 20 min at 

4°C. The supernatant was used to measure GM2 following the manufacturer protocol 

(MyBioSource, Cat # MBS017456). GM2 was also measured from lipid rafts. The levels of GM2 

measured from brain homogenate and rafts were normalized to the total protein content in the total 

brain homogenate.  
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3.3.12. Assay of lysosomal enzyme activities 

The lysed brain homogenate in NP-40 lysis buffer was diluted 1:1 in citrate phosphate buffer and 

the  lysosomal  enzyme  activities  for  beta-galactosidase (β-gal);  hexosaminidase  A  (HexA),  

total hexosaminidase  (A,B  and  S  isozymes;  Hex  T),  and  alpha-mannosidase (α-Man)  were 

expressed as nmol 4-methylumbelliferone/mg protein per h at 37°C as described previously (351). 

Average values were calculated from n = 4 mice from each treatment group. α-Man cleaves 

lysosomal substrates outside the gangliosides’ pathway, and it was used as assay control. 

3.3.13. Isolation of lipid rafts 

Lipid rafts were isolated from brain homogenates in DPBS as mentioned in details in the final 

optimization of membrane rafts isolation in CHAPTER 2 

3.3.14. Statistical analysis 

All values were expressed as mean ± SEM. Statistical analysis was done with Prism v5.0 software 

(Graphpad). The statistical significance for all result was assessed by One-way ANOVA with 

posthoc analysis using Dunnett’s test, where the three groups amylin, pramlintide and control 

groups were compared. A p value of < 0.05 was considered statistically significant. 
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3.4. Results 

 

 

3.4.1. Treatment with amylin or pramlintide increases Aβ burden measured by ELISA 

Aβ levels from total brain homogenate were analyzed by ELISA and the results demonstrated that 

only amylin increased the level of soluble Aβ40 by 36% compared to control (p < 0.01) and 28% 

compared to pramlintide (p < 0.05); in addition, amylin increased the level of soluble Aβ42 by 

101% compared to control group (p < 0.001) and by 43% compared to pramlintide (p < 0.01). 

(Figure 3.6.1.A). Moreover, neither amylin nor pramlintide treatment showed significant changes 

in the level of insoluble Aβ40 compared to control, but both showed significant increase of insoluble 

Aβ42 compared to control, where amylin increased the insoluble Aβ42 by 76%  (p < 0.01) whereas 

pramlintide increased insoluble Aβ42 109% (p < 0.001) (Figure 3.6.1.B). Furthermore, amylin 

significantly increased oligomeric Aβ40 by 160% compared to control (p < 0.01), and 85% 

compared to pramlintide (p < 0.01); however, neither treatment altered the oligomeric Aβ42 (Figure 

3.6.1.C). 

3.4.2. Treatment with amylin or pramlintide increases Aβ deposition as measured by IHC 

analysis  

Immunohistochemical analysis of the three groups was performed to show Aβ burden in the cortex 

and hippocampus regions of mice brains. The captured images showed a significant increase in 

total Aβ (detected by 6E10) in the brains of both amylin (280% increase) and pramlintide (182% 

increase) compared to control when measured in the cortex (both, p < 0.001) (Figure 3.6.2.). Also, 
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pramlintide significantly increased the level of total Aβ by 101% in the hippocampus compared to 

the control group (p < 0.05). Compared to pramlintide, amylin significantly increased the total Aβ 

(p < 0.05). Moreover, the deposition of Aβ plaques (detected by Thioflavin-S) was significantly 

higher in hippocampus (212% increase) and cortex (273% increase) of amylin treated mice 

compared to control group (p < 0.05). Also, amylin increased the level of Aβ plaques in the 

hippocampus compared to pramlintide treated mice (p < 0.05) (Figure 3.6.3.).  

3.4.3. Amylin and pramlintide have no clear effect on APP processing when measured in 

brain homogenate 

Findings from Western blotting of mice brain homogenates demonstrated insignificant changes in 

the level of full-length APP (fAPP) and BACE1 between control and treated mice (Figure 3.6.4.). 

The cleavage of APP by BACE1 produces sAPP-β and the results demonstrated that only 

pramlintide significantly increased sAPP-β by 40% compared to control (p < 0.05), whereas 68% 

(p < 0.01) and 70%  (p < 0.001) reduction in the level of sAPP-α were observed after treatment 

with amylin and pramlintide, respectively (Figure 3.6.5.). To further understand the effect of 

amylin and pramlintide on APP processing and to explain the increased Aβ burden in brain 

homogenates, the γ-secretase complex including PSEN1, PSEN2, nicastrin, and PEN2 were 

measured by SDS-PAGE. Results from the total brain homogenate showed no significant changes 

in PSEN1, PSEN2, and nicastrin between the vehicle and peptides treated mice (Figure 3.6.6.). On 

the other hand, only pramlintide demonstrated a significant increase by 170% and 144% in PEN2 

subunit when compared to control and amylin with p < 0.001 and p < 0.05, respectively. (Figure 

3.6.6.). Overall, the results from total brain homogenate did not provide clear explanation for the 

increased brain Aβ burden in mice treated with amylin and pramlintide. 
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3.4.4. Amylin and pramlintide modulate APP processing in lipid rafts 

 

In this study, only pramlintide significantly increased APP in lipid rafts by 50% when compared 

to control (p < 0.05) and 53% compared to amylin (p < 0.05) (Figure 3.6.7.). Consistent with total 

brain homogenate results, BACE1 level in the lipid raft was not altered by amylin or pramlintide 

(Figure 3.6.7.). However, amylin showed significant increase in the level of PSEN2 by 39%, and 

PEN2 by 53% compared to the control group in lipid rafts (p < 0.05 and p < 0.001, respectively) 

(Figure 3.6.8.). In addition, amylin increased the level of PEN2 compared to pramlintide when 

measured from lipid rafts (p < 0.05) (Figure 3.6.8.). On the other hand, pramlintide increased 

PSEN1, PSEN2, and Nicastrin in lipid rafts compared to the control group by 143%, 42%, and 

112%, respectively, (all, p < 0.05) (Figure 3.6.8.). For PSEN1, PSEN2 and nicastrin, these results 

differ from total brain homogenate.  

3.4.5. Amylin or pramlintide modulate GM1, GM2 and B4GALNT1 in total homogenate 

and/or lipid rafts 

Previous reports observed a role of GM1 gangliosides in regulating APP trafficking and processing 

(311). In addition, GM1 has been shown to increase γ-secretase in membrane rafts (313). Thus, 

gangliosides synthesis pathway was evaluated. From total brain homogenate, no significant 

changes in GCS level were observed between the three groups (Figure 3.6.9.). Of relevance to the 

current work, GM3 ganglioside is converted by B4GALNT1 to GM2, and the addition of galactose 

to GM2 by B3GALT4 yields GM1 (274). Thus, we analyzed the proximal components of the GM1 

synthetic pathway. Both amylin and pramlintide significantly increased the level of B4GALNT1 

in total brain homogenate by 180% and 253% with p < 0.05 and p < 0.01, respectively, but not in 

lipid rafts (Figure 3.6.9. & 3.6.10.). GM2 was measured in total brain homogenate and lipid rafts 

using ELISA. Results showed that pramlintide, but not amylin, increased GM2 by 50% in total 
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homogenate (adjusted p = 0.07) (Figure 3.6.11.). In contrast, neither amylin nor pramlintide altered 

GM2 levels in lipid rafts compared to control (Figure 3.6.11.). Next, we determined GM1 levels 

in total brain homogenate and lipid rafts; findings from Western blot demonstrated the neither 

amylin nor pramlintide increased GM1 levels in total brain homogenate compared to the control 

group (Figure 3.6.9.), while pramlintide increased GM1 levels in lipid rafts by 50% (p < 0.05; 

Figure 3.6.10.).  B3GALT4 is the enzyme that synthesizes GM1 from GM2 (274) and was also 

evaluated. Based on Western blot results, no changes in B3GALT4 levels were produced by 

amylin or pramlintide (Figure 3.6.9.). Unfortunately, B3GALT3 was not detected in lipid rafts 

(Figure 3.6.10.). In addition to the synthetic pathway for GM2 and GM1 gangliosides, their 

degradative pathway also was evaluated by measuring the activity of specific lysosomal enzymes 

responsible for their hydrolysis. There was no change in the lysosomal enzyme activities as shown 

in Table 3.4.1. 

Table 3.4. 1. Lysosomal enzyme specific activity in mice brain tissues.  

Specific activity is expressed as mean ±SEM for the nmol of 4-methylumbelliferone. Data was 

analyzed using One-way ANOVA with posthoc analysis using Dunnett’s test. [HexA: A isozyme 

(αβ) of hexosaminidase; Hex Total: total hexosaminidase activity; β-gal: lysosomal β-

galactosidase; α-Man: α-mannosidase].  

 

 

 Specific activity 

 HexA Hex Total β-gal α-Man 

Control 173.7 ± 7.346  1601 ± 79.42  71.18 ± 6.301 1.975 ± 0.3065  

Amylin 184.6 ± 5.602  1747 ± 44.77  76.83 ± 3.636  1.867 ± 0.2404 

Pramlintide 183.5 ± 6.936  1821 ± 72.72  72.90 ± 4.212  2.750 ± 0.05000  
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3.4.6. Amylin and pramlintide decrease post-synaptic marker PSD-95 and induce the 

formation of cleaved caspase-3. 

Here, we studied the effect of amylin and pramlintide on pre-synaptic markers SNAP-25 and 

synapsin-1 and post-synaptic marker PSD-95 in mice brain homogenate by Western blotting. Both 

amylin and pramlintide significantly reduced the level of PSD-95 by 65% and 69%, respectively 

(both, p < 0.001), without altering the level of SNAP-25 or synapsin-1 (Figure 3.6.12.). The level 

of PSD-95 and SNAP-25 levels did not change in lipid rafts after treatment with amylin or 

pramlintide compared to control group (Figure 3.6.13).  The effect of treatments on the apoptotic 

marker cleaved caspase-3 was also evaluated in brain homogenate, and the results showed 

pramlintide significantly increased cleaved caspase-3 levels in mice brains compared to control 

and amylin groups (p < 0.01 and p < 0.05, respectively) without altering total caspase 3 (Figure 

3.6.14). Moreover, neither peptide altered the matrix metalloproteinase MMP9 level when 

compared to control group (Figure 3.6.14) 

3.4.7. Amylin and pramlintide increase microglial activation without altering astrocytes 

and IDE.  

Aβ is cleaved by degrading enzymes such as IDE (353), whose level is altered in T2DM and AD 

(354). In this study, treatment with amylin or pramlintide had no significant effect on IDE level 

compared to control measured from total brain homogenate (Figure 3.6.15.). Neuroinflammation 

is another hallmark of AD, and increased brain Aβ levels is associated with microglia activation 

and astrogliosis that produce an inflammatory cascade leading to neuronal toxicity and death (355). 

Treatment effects on glial activation markers were evaluated by immunostaining and Western 

blotting. Pramlintide significantly increased Iba1, a microglia marker when compared to control 

and amylin group (p < 0.05 and p < 0.01, respectively) (Figure 3.6.15.). However, neither peptide 
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modulated the staining of astrocytes with the astrocytic marker glial fibrillary acidic protein 

(GFAP) in terms of intensity or morphology (Figure 3.6.15. & Figure 3.6.16.), suggesting that 

treatment with amylin or pramlintide for 30 days did not induce astrogliosis. 

3.4.8. LRP1 localization in lipid rafts is decreased by both peptides  

The level of LRP1 in lipid rafts prepared from brain homogenates was also analyzed, and the 

results showed that both amylin and pramlintide significantly reduced LRP1 levels in lipid rafts 

by 37% and 38%, respectively (both, p < 0.05; Figure 3.6.17.). However, both peptides did not 

alter the level of P-gp in membrane rafts (Figure 3.6.17.). On the other hand, when LRP1 and P-

gp measured from total brain homogenate, amylin showed an increase in the level of LRP1 

compared to control (p < 0.05) and pramlintide groups ( p < 0.05); however, the level of P-gp was 

increased by amylin compared to pramlintide (p < 0.05) (Figure 3.6.17) 

3.4.9. Amylin receptor level does not change after treatments. 

Both amylin and pramlintide bind to amylin receptor, which is a heterodimer of calcitonin receptor 

and receptor activity modifying protein 3 (CTR-RAMP3) (356). To evaluate the effect of daily 

treatment of either peptide for 30 days on amylin receptor, RAMP3 was analyzed by Western blot 

in brain homogenate lysate and lipid rafts. We were not able to detect RAMP3 in lipid rafts, but it 

was detectable in total brain homogenate. Neither treatment altered the RAMP3 levels detected as 

monomer, homodimer or heterodimer (Figure 3.6.18.). 
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3.5. Discussion 

 

Amylin is a gut–brain axis hormone which crosses the BBB (357) and exert its effect in the CNS 

(358). Pramlintide is amylin analogue that was developed by replacing three amino acids in human 

amylin by prolines residues as follow: Ala25Pro, Ser28Pro, and Ser29Pro to cease amylin 

oligomerization or aggregation (359). Amylin shares similar secondary structure with Aβ (214), 

thus Aβ binds amylin receptor as well (220). However, the intracellular signaling is different 

between the two ligands (amylin and Aβ). AD models treated with amylin or pramlintide have 

demonstrated modulation of neuroinflammation and bumping Aβ to the systemic circulation from 

the brain (228-231). However, several other studies have elaborated pathological features of 

amylin in AD by increasing the level of pro-inflammatory cytokines, apoptotic biomarkers, and 

Aβ related pathology (164, 203, 214, 317, 360-363). Findings from our study agree with the latter 

reports, since amylin and pramlintide exacerbated Aβ-related pathology in the TgSwDI mice 

brains. The daily intraperitoneal injections of amylin or pramlintide for 30 days with 200 µg/kg/day 

increased AD pathology as determined by increased Aβ burden and neurotoxicity in the brains of 

TgSwDI mice. In addition, our findings revealed that amylin and pramlintide increased Aβ 

deposition in hippocampus and cortical microvessels, which is expected to worsen AD pathology.  

Our data suggest a previously undisclosed link between APP processing and amylin or pramlintide 

(203, 229-231).  Unlike the effect observed in total brain homogenate, the increased level of 

amyloidogenic pathway proteins in lipid rafts caused by amylin and pramlintide signifies the 

importance of evaluating APP processing at the DRMs level. Amylin or pramlintide increased the 
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expression of γ-secretase subunits PSEN1, PSEN2, nicastrin and PEN2 in lipid rafts, an effect that 

was absent when measured from total brain homogenate, apart from PEN2 in pramlintide treated 

mice. The increased level of γ-secretase complex subunits in lipid rafts could be accountable for 

the increased Aβ burden as confirmed by ELISA and immunohistochemistry results (192, 364). 

To explain the observed effect of amylin and pramlintide on the amyloidogenic pathway for APP 

processing in DRMs, the effect of both peptides on the synthesis of GM1 and GM2 gangliosides 

was evaluated. These gangliosides are necessary to maintain the CNS integrity and for 

neurodevelopment (279, 365, 366). However, several studies have reported that GM1 and GM2 

are involved in AD pathology (274, 306, 307, 367), and changes in brain ganglioside composition 

were observed in patients with AD (293, 311, 368), implicating a direct association of gangliosides 

with AD. GM1 is the most ample ganglioside in the cerebral environment and it cohere to Aβ at 

the cell surface, accelerating its extracellular deposition (306, 307). Furthermore, available studies 

reported that reduced synthesis of GM1 is associated with decreased transport of APP to cell 

surface (311), and that treatment of neuronal and non-neuronal cells with GM1 increased Aβ40/42 

secretion by affecting the activity of γ-secretase (313). In a recent study, Yamaguchi and 

colleagues reported SK-MEL-28-N1 cells treated with GM2 and GM1 demonstrated higher levels 

of BACE1 in lipid rafts compared to GM3 treated cells (274). Similarly, our data revealed both 

amylin and pramlintide increased B4GALNT1, whereas pramlintide increased GM1 in lipid rafts, 

proposing a role in Aβ overproduction by modulating APP processing. Further analysis of other 

gangliosides demonstrated only pramlintide increased GM2 levels (p = 0.07) when measured from 

total brain homogenate without altering its effect in lipid rafts. To explain the increased levels of 

GM1 caused by pramlintide, B3GALT4, the enzyme responsible for GM1 synthesis from GM2, 

was analyzed and results showed neither amylin nor pramlintide altered this enzyme. Next, and as 
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the increased level of GM1 and GM2 could also be explained by alteration in their lysosomal 

degradation, the activity of β-gal which cleaves GM1 to GM2, and HexA which cleaves GM2 to 

GM3, were evaluated. However, data showed no significant alteration in lysosomal enzyme 

activities. Collectively, our findings suggest increased GM1 levels could be explained indirectly 

by increased B4GALNT1, which increased GM2 ganglioside, the precursor of GM1.  

Amylin and pramlintide significantly reduced sAPP-α. One study demonstrated that in SH-SY5Y-

APP695 cells treated with GM1, sAPP-α significantly decreased (313). Stiffening of the membrane 

due to accumulated GM1 may decrease sAPP-α by restricting sideward movement and required 

contact between α-secretase enzyme and substrate (313).  The interaction with GM1 has been 

reported as an important factor in mediating aggregation and toxicity of Aβ and amylin (369, 370). 

In addition, amylin association with plasma membrane is thought to be the driving factor of 

pancreatic β-cells death in T2D (364), where several in vitro studies reported that seeding and 

clustering of Aβ and amylin on synthetic membrane are enhanced by GM1 (371-373). 

Increased accumulation of Aβ due to its increased production by amylin or pramlintide caused 

synaptic loss and microglial activation as demonstrated by increased Iba-1, increased apoptotic 

marker cleaved caspase-3 and reduced post-synaptic marker PSD-95. Increased brain Aβ is 

expected to activate glial cells and produce inflammatory cascade (355). Furthermore, in a rat 

model overexpressing hIAPP, the findings showed accumulation of activated microglia in IAPP 

deposition sites which was accompanied by cognitive impairment (202). This observed effect by 

our work and others contradicts other studies reported neuroprotective effect of amylin against 

neuroinflammation where amylin reduced Iba1, CD68, and pro-inflammatory cytokines (229, 

230).  
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Our findings also demonstrated a reduction in total PSD-95 expression following amylin and 

pramlintide treatments. This effect was associated with reduced LRP1 in lipid rafts fraction, but 

not in total homogenate. In neuronal cells, LRP1 partitions between both lipid rafts and non-raft 

membrane fractions (374), and its signaling activation leads to neurite outgrowth and cell growth 

(375). LRP1 interacts with the active pool of PSD-95 and a reduction in total PSD-95 is expected 

to reduce total LRP1 in neuronal cells (376). The localization of LRP1 to lipid rafts mirror the 

activity of PSD-95, which is familiar to cluster dissimilar membrane proteins in rafts through its 

scaffolding activity (377-379). Therefore, the reduction in total PSD-95 level due to amylin and 

pramlintide could explain the reduction in LRP1in lipid rafts. Unlike our findings, pramlintide 

treatment for 5 weeks increased the level of the synapsin 1 (228). In this study, the authors used 

SAMP8 mice at the age of 6 months; this mouse model exhibits natural age-related dementia, 

which is different from the transgenic mouse model TgSwDI model. However, whether similar 

effect will be observed with pramlintide under a different pathological insult requires further 

investigation.  

The findings of our study demonstrated a new pathological role of amylin and pramlintide in AD. 

Both peptides increased Aβ, microglial activation, post-synaptic loss, and apoptosis. The addition 

of behavioral studies to this project would assist in studying the effect of these observed 

pathological insults on cognitive function and performance. Furthermore, the addition of a wild-

type mice group would be an important addition to study the effect of amylin and pramlintide on 

lipid rafts, inflammatory markers, synaptic loss, and neuronal cell death in the absence of Aβ 

insults. In addition, it worth studying the effect of both peptides in different mouse models of AD 

and compare the findings. 
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While studies with pramlintide are limited in the literature, available studies with amylin show 

contradicting effects against Aβ-related pathology in AD mouse models. An explanation(s) for this 

discrepancy is not clear, however, the mouse model used in our study is different from others. In 

this study we used the CAA/AD model TgSwDI, which is characterized by Aβ deposition not only 

in the parenchyma but also on brain microvessels. Though we selected a dose and route of 

administration shown to be protective (230, 231, 274), the opposite effect was observed. The 

plasma amylin concentration in fasting condition is in the range 4-25 pmol/ in healthy subjects 

(380), whereas the maximum concentration of amylin treatment we used for the mice is expected 

to be ≈ 1 nmol/l, with half-life of 20-45 min for exogenous amylin or pramlintide (174, 381). In 

their review (382), Qiu et al explained the discrepancy observed with amylin could be aggregation 

dependent. For example, treatment of rat cortical neurons with human amylin at 50 µM 

concentration caused neurotoxicity due to amylin aggregation, whereas at the same concentration, 

rat amylin did not show aggregation or neurotoxicity (383). Also, at lower concentrations (2.5 nM 

– 2.5 μM), human amylin was able to antagonize aggregated Aβ42-induced neurotoxicity (382). 

Low vs. high concentrations of amylin could activate different receptors based on the degree of 

amylin aggregation (229). In this scenario, the neuroprotective effect of non-aggregated amylin is 

based on binding a different receptor than that bound by aggregated amylin (384). Thus, to better 

understand and clarify amylin and pramlintide effects against AD, dose despondent studies are 

necessary. 
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3.6. Figures and legends 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. 1.  Effect of amylin and pramlintide treatments on Aβ burden in TgSwDI mice 

brains measured by ELISA. (A) Amylin increased the level of soluble Aβ40 by 36% compared 

to control and 28% compared to pramlintide. Also, amylin increased the level of soluble Aβ42 by 

101% compared to control group and by 43% compared to pramlintide. (B) Both peptides showed 

significant increase of insoluble Aβ42 compared to control, where amylin increased the insoluble 

Aβ42 by 76%, whereas pramlintide increased insoluble Aβ42 109%. (C) Amylin significantly 

increased oligomeric Aβ40 by 160% compared to control, and 85% compared to. Neither treatment 
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altered the oligomeric Aβ42. Aβ level was normalized to the total protein content in the measured 

samples. Data is presented as mean ± SEM for n = 4 mice per group with * p < 0.05, ** p < 0.01, 

*** p < 0.001. 
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Figure 3.6. 2. Effect of amylin and pramlintide treatments on total Aβ burden in TgSwDI 

mice brains measured by IHC. The IHC analysis (lower panel) demonstrated a significant 

increase in total Aβ (detected by 6E10, green color) in the brains of both amylin (280% increase) 

and pramlintide (182% increase) compared to control when measured in the cortex. Moreover, 

pramlintide significantly increased the level of total Aβ by 101% in the hippocampus compared to 

the control group. Brain microvessels are stained by collagen IV antibody (red).  Scale bar = 500 

µm. Data is presented as mean ± SEM for n = 3 mice per group with * p < 0.05, *** p < 0.001. 
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Figure 3.6. 3. Effect of amylin and pramlintide treatments on total Aβ burden in TgSwDI 

mice brains measured by IHC. Quantification analysis demonstrated Aβ plaques (detected by 

Thioflavin-S, green color) were significantly higher in hippocampus (212% increase) and cortex 

(273% increase) of amylin treated mice compared to control group. Also, amylin increased the 

level of Aβ plaques in the hippocampus compared to pramlintide treated mice. Pramlintide tended 

to increase Aβ plaques in both regions when compared to control, however the effect was not 
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statistically significant. Brain microvessels are stained by collagen IV antibody (red).  Scale bar = 

500 µm. Data is presented as mean ± SEM for n = 3 mice per group with * p < 0.05. 
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Figure 3.6. 4. Effect of amylin and pramlintide on APP and BACE1 in total brain 

homogenate. Representative Western blot and densitometry analysis of full-length APP (fAPP) 

and BACE1 demonstrated Amylin and pramlintide did not alter full-length APP (fAPP) and 

BACE1 in mice brain homogenates. fAPP and BACE1 levels were normalized to GAPDH level. 

Data is presented as mean ± SEM for n = 6 mice per group with ns = not significant. 
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Figure 3.6. 5. Effect of amylin and pramlintide on sAPP production in total brain 

homogenate. Representative Western blot and densitometry analysis of sAPP-β and sAPP-α in 

mice brains demonstrated pramlintide significantly increased sAPP-β by 40% compared to control, 

whereas 68% and 70% reduction in the level of sAPP-α were observed after treatment with amylin 

and pramlintide, respectively. The levels of sAPP-β and sAPP-α were normalized to the level of 

β-tubulin. Data is presented as mean ± SEM for n = 6 mice per group with * p < 0.05, ** p < 0.01, 

and *** p < 0.001 compared to control group.  
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Figure 3.6. 6. Effect of amylin and pramlintide on γ-secretase in total brain homogenate. 

Representative Western blot and densitometry analysis of γ-secretase subunits in mice brains 

demonstrated pramlintide demonstrated a significant increase by 170% and 144% in PEN2 subunit 

when compared to control and amylin; however, neither peptide had an effect on the other γ-

secretase subunits PSEN1, PSEN2 and nicastrin. All proteins were normalized to the level of 

GAPDH. Data is presented as mean ± SEM for n = 6 mice per group with * p < 0.05, and ** p < 

0.01.  
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Figure 3.6. 7. Effect of amylin and pramlintide on APP and BACE1 in lipid rafts. 

Representative Western blot and densitometry analysis of fAPP and BACE1 in lipid rafts 

demonstrated pramlintide significantly increased APP in lipid rafts by 50% when compared to 

control and 53% when compared amylin. The level of BACE1 in lipid rafts did not change between 

the three groups. All proteins were normalized to the level of flotillin-1. Data is presented as mean 

± SEM for n = 6 mice per group with * p < 0.05. 
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Figure 3.6. 8. Effect of amylin and pramlintide on γ-secretase complex subunits in lipid rafts. 

Representative Western blot and densitometry analysis of γ-secretase subunits in lipid rafts 

demonstrated amylin showed significant increase in the level of PSEN2 by 39%, and PEN2 by 

53% compared to the control group in lipid rafts. In addition, amylin increased the level of PEN2 

compared to pramlintide when measured from lipid rafts. On the other hand, pramlintide increased 

PSEN1, PSEN2, and nicastrin in lipid rafts compared to the control group by 143%, 42%, and 

112%, respectively. The measured proteins were normalized to the level of flotillin-1. Data is 

presented as mean ± SEM for n = 6 mice per group with * p < 0.05 and *** p < 0.001.  
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Figure 3.6. 9. Effect of amylin and pramlintide effect on ganglioside production measured 

from total brain homogenate. Representative Western blot and densitometry analysis of 

ganglioside demonstrated amylin and pramlintide did not alter the expression of GCS and 

B3GALT4 (B3GAL); however, both amylin and pramlintide significantly increased the level of 

B4GALNT1 in total brain homogenate by 180% and 253% with, respectively. The results did not 

show alteration in the level of GM1 between the three groups when measured from total brain 

homogenate. The data were normalized to the level of GAPDH or vinculin. Data is presented as 

mean ± SEM for n = 6 mice per group with * p < 0.05 and ** p < 0.01.  
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Figure 3.6. 10. Effect of amylin and pramlintide on ganglioside production measured from 

lipid rafts. Representative Western blot and densitometry analysis of B4GALNT1, B3GALT4 and 

GM1 in lipid rafts. Only pramlintide increased the level of GM1 in lipids rafts by 50% while 

neither peptide altered the level of B4GALNT1 in lipid rafts. On the other hand, B3GALT4 was 

not detected in lipid rafts. B4GALNT1 and GM1 were normalized to the level of flotillin-1. Data 

is presented as mean ± SEM for n = 6 mice per group with * p < 0.05 compared to control group. 
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Figure 3.6. 11. The effect of amylin and pramlintide on GM2 gangliosides production in total 

brain homogenate and lipid rafts. Only pramlintide increased the level of GM2 by 50% when 

measured from total brain homogenate with 95% CI of diff (-9.365 to 0.03932); however, neither 

peptide altered GM2 levels in lipid rafts as determined by ELISA. Data were normalized to the 

total protein content from brain homogenate. Data is presented as mean ± SEM for n = 4 mice per 

group.  
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Figure 3.6. 12. Treatments with amylin and pramlintide impair the post-synaptic marker 

PSD-95. Representative Western blot and densitometry analysis of synaptic markers in mice brain 

homogenates showed amylin and pramlintide significantly reduced the level of PSD-95 by 65% 

and 69%, respectively, without affecting SNAP-25 and synapsin-1 in total brain homogenate. Data 

were normalized to the level of β-tubulin or β-actin. Data is presented as mean ± SEM for n = 6 

mice per group with *** p < 0.001 compared to control group. 

PSD
-9

5

Syn
ap

si
n-

I

SN
AP-2

5

0.0

0.5

1.0

1.5

***
***

F
o
ld

 c
h

a
n

g
e
 i
n

p
ro

te
in

 e
xp

re
s
s
io

n



 86 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. 13. Treatment with amylin and pramlintide did not alter synaptic markers in 

lipid rafts. Representative Western blot and densitometry analysis of synaptic markers in lipid 

rafts. Amylin and pramlintide had no effect on PSD-95 and SNAP-25 levels in lipid rafts. All 

proteins were normalized to the level of flotillin-1. Data is presented as mean ± SEM for n = 4 

mice per group. 
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Figure 3.6. 14. The effect of amylin and pramlintide on caspase-3 and MMP9. Pramlintide 

significantly increased cleaved caspase-3 (Cle.Cas-3) compared to amylin and control group 

without affecting levels of total caspase-3 (Cas-3) and MMP9. Cleaved caspase 3 was normalized 

to the total caspase-3. All proteins were normalized to the level of GAPDH. Data is presented as 

mean ± SEM for n = 6 mice per group with * p < 0.05 and ** p < 0.01. 
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Figure 3.6. 15. The effect of amylin and pramlintide on neuroinflammation and IDE. 

Pramlintide significantly increased the level of Iba1 compared to control and amylin. Neither 

treatment altered GFAP or IDE levels in total brain homogenate. All proteins were normalized to 

the level of GAPDH or β-tubulin. Data is presented as mean ± SEM for n = 6 mice per group with 

* p < 0.05 and ** p < 0.01. 
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Figure 3.6. 16. The effect of treatment on astrocytes activity determined by IHC. 

Immunohistochemical analysis of GFAP (red) in brain hippocampus showed the treatments have 

no effect on GFAP intensity and Aβ localization (green). Data is presented as mean ± SEM for n 

= 3 mice per group. 
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Figure 3.6. 17. The effect of treatments on P-gp and LRP1 in lipid rafts. Amylin and 

pramlintide significantly reduced LRP1 levels in lipid rafts by 37% and 38%, respectively, without 

altering P-gp in lipid rafts as determined by Western blot. On the other hand, amylin increased the 

level of LRP1 compared to the control and pramlintide group measured from total brain 

homogenate. All proteins from lipid rafts were normalized to the level of flotillin-1, and proteins 

from brain homogenate were normalized to GAPDH. Data is presented as mean ± SEM for n = 6 

mice per group with * p < 0.05.  
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Figure 3.6. 18. The effect of treatment on amylin receptor. Treatment with amylin and 

pramlintide did not alter the level of amylin receptor measured by the level of RAMP3. Data was 

normalized to the total protein. Data is presented as mean ± SEM for n = 4 mice per group. 
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4. SUMMARY AND CONCLUSION 

 

 

Membrane rafts are an essential platform to produce Aβ by hosting the amyloidogenic pathway 

proteins and enzymes. To detect these proteins and enzymes in lipid rafts, optimized conditions to 

fractionate membrane rafts are necessary. While certain conditions aid in the isolation of certain 

protein within the lipid rafts, they might not be suitable for the isolation of other proteins. The 

purpose of the first project was to isolate lipid rafts from brain tissues, which was successfully 

accomplished. Next, in the second project, we identified the mechanism by which amylin and 

pramlintide increased the pathological features of AD. For the first time, amylin and pramlintide 

have shown to increase the localization of APP and γ-secretase proteins in lipid rafts suggesting 

an increase in Aβ production, which was confirmed by ELISA and IHC. This increase in Aβ 

burden was associated with increased pathological features in the TgSwDI mouse model.  

Gangliosides have been reported in several studies as an integral factor in AD pathology, especially 

by increasing the production of Aβ, aggregation of Aβ, localization of APP, BACE1, and γ-

secretase in membrane rafts as well as increasing γ-secretase activity and increased microglial 

activation. These effects, apart from BACE1, were observed after treatment with amylin and 

pramlintide for 30 days and were mediated by increased level of GM1 and B4GALNT1 by both 

peptides.   

In conclusion, finding from this work suggest amylin and pramlintide have the potential to increase 

Aβ pathology through modulating γ-secretase activity and APP processing in lipid rafts and 
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increasing B4GALNT1 by both peptides and increasing the level and GM1 and GM2 gangliosides 

by pramlintide.  

4.1. Future directions  

 

 

Based on my findings from this study, I propose the following studies as future directions:  

1. The effect of amylin or pramlintide is variable between different studies. Thus, to better 

understand and clarify amylin and pramlintide effects against AD, dose despondent studies 

are necessary. 

2. Studying the effect of both peptides on blood-brain barrier (BBB) integrity and the 

clearance of Aβ across the BBB.  

3. Behavioral studies to evaluate the effect of amylin or pramlintide on memory function and 

in parallel with wild-type mice.  
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