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Cerebral amyloid angiopathy (CAA), where beta-amyloid (Aβ) deposits around 
cerebral blood vessels, is a major contributor of vascular dysfunction in Alzheimer’s 
disease (AD) patients. However, the molecular mechanism underlying CAA formation 
and CAA-induced cerebrovascular pathologies, including intracerebral hemorrhage 
(ICH) is unclear. Hereditary cerebral amyloid angiopathy (HCAA) is a rare familial form 
of CAA in which mutations within the Aβ peptide cause an increase in vascular deposits. 
Since the interaction between normal wild-type (WT) Aβ and fibrinogen increases CAA 
and plays an important role in cerebrovascular damage in AD, I investigated the role of 
the Aβ-fibrinogen interaction in HCAA pathology. My work revealed the most common 
forms of HCAA-linked mutations resulted in up to a 50-fold stronger binding affinity of 
Aβ for fibrinogen, increased perturbation of clot structure and fibrinolysis, and increased 
cortical fibrin(ogen)/Aβ co-deposition. Consistent with these in vitro results, HCAA 
patients have increased fibrin deposits compared to early-onset AD patients and non-
demented individuals. In addition, because of the known WT Aβ enhancements to 
proteolytic/fibrinolytic system activation, I examined the effects of HCAA Aβ on the 
fibrinolytic system. I found that the majority of HCAA Aβ variants led to increased tPA-
mediated plasminogen activation. The HCAA Arctic variant (E22G) did not, which may 
partially explain the unique clinical features of this mutation. To expand our 
understanding of the continuum of Aβs that can interact with fibrin(ogen) and the 
fibrinolytic system, I also explore the possible role of longer length Aβs in facets of AD-
related vascular pathologies. 

My results suggest the HCAA-type mutations, with special emphasis on the Dutch 
and Iowa mutations, increase the interaction between Aβ, fibrinogen, and the fibrinolytic 
enzyme system. These findings provide a novel molecular mechanism for how CAA-
linked mutations may lead to severe cerebrovascular pathology in HCAA patients by 
enhancing the Aβ-fibrin interaction and fibrinolytic activity.  
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CHAPTER 1: INTRODUCTION 
1.1. Cerebral Amyloid Angiopathy in Alzheimer’s Disease (AD) and in AD-
associated cerebrovascular pathology 

Alzheimer’s Disease (AD) is a complex disease with a heterogeneous presentation. 
The cardinal clinical symptoms include memory impairment and executive dysfunction 
which eventually leads to AD dementia. The greatest biological risk factor for AD is age. 
A United States (U.S.) census data analysis has estimated that by 2050, there will be 
13.8 million people over the age of 65 with AD dementia (1). On a global scale, the 
elderly population (e.g. individuals over the age of 65) is expected to reach 1 billion by 
2030 due to advances in modern medicine, which indicates that the incidence of AD is 
expected to grow significantly without a viable treatment or cure. Care for AD individuals 
is and will continue to be a significant burden on the economy, the healthcare system, 
caregivers, and family members. By 2050, U.S. costs associated with dementia, 
including AD-dementia, is projected to reach $1.1 trillion (2). 

 
Among the main pathologies seen in AD are extracellular beta-amyloid (Aβ) plaque 

deposits in the brain parenchyma, intracellular neurofibrillary tangles (NFTs) consisting 
of hyperphosphorylated tau, and neuronal death leading to brain atrophy with widening 
of the sulci (3). Inclusions of alpha-synuclein, also known as Lewy bodies, are also 
commonly found. Another common pathogenic feature found in many but not all AD 
patients is cerebrovasculature abnormalities (4-7). While Aβ plaques and NFTs 
contribute to cognitive impairment in AD, concurrent vascular pathologies including 
cerebral amyloid angiopathy (CAA) and small-vessel diseases (SVDs), such as 
hippocampal sclerosis and ischemic changes, are correlated with cognitive dysfunction 
(3). Approximately a third of AD cases may exhibit significant SVDs (6). CAA, which 
involves the deposition of Aβ in cerebral blood vessels, affects up to 80-95% of AD 
patients (3, 8).  
 

There are several types of CAA according to the amyloid protein involved. Sporadic 
Aβ-type of CAA is most commonly found in elderly individuals and AD patients (9). 
While the origin of vascular amyloid has not been clearly elucidated, the mechanism by 
which Aβ is produced follows the “amyloid cascade hypothesis” (10). The extracellular 
Aβ found in parenchymal Aβ plaques and in CAA is produced by the processing of 
transmembrane amyloid precursor protein (APP) by sequential proteolytic activity of β-
secretase and the γ-secretase/presenilin (PSEN) complex (11) releasing a 43-51 
peptide, which can be further cleaved by γ-secretase leading to the production of Aβ 1-
42 and 1-40 (Aβ42 and Aβ40, respectively). The two pathways leading to these Aβ 
peptides are: (Aβ49Aβ46Aβ43Aβ40 and Aβ48Aβ45Aβ42) (Figure 1.1)(12, 
13). Familial forms of AD and Aβ-type CAA involve mutations in the genes APP, 
PSEN1, and PSEN2, which lead to overproduction of Aβ or an altered form of Aβ (13). 
Aβ can self-aggregate and assume higher order aggregated states including oligomers, 
protofibrils, and fibrils (14) (Figure 1.1). Aβ40 has a decreased propensity to aggregate 
in the brain parenchyma relative to Aβ42, which might allow its more facile removal 
through interstitial fluid drainage along vessels. This might be the basis for the 
increased Aβ40/Aβ42 ratio observed CAA pathology (15, 16). However, studies in AD 
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patients (17, 18) and transgenic mice overexpressing human APP (19) show that Aβ42, 
which adopts more beta(β)-sheet structure relative to Aβ40, is also essential for 
vascular amyloid deposition. Interestingly, in Aβ-type CAA deposits, many serum 
proteins have been found including complement system proteins, serum amyloid-P 
components, apolipoprotein E (ApoE), ApoJ, and many other extracellular matrix 
(ECM)-proteins (20, 21). 

 
Figure 1.1. APP processing leads to Aβ generation. 
Transmembrane amyloid precursor protein (APP) is processed by sequential proteolytic 
activity of the β- and γ-secretase/presenilin complex releasing Aβ peptides. The APP-γ-
secretase complex can lead to variant sequential cleavage of Aβ leading to the 
generation of Aβ of various lengths (Aβ(1-n)). Aβ-type HCAA-linked Aβ mutations are 
concentrated around amino acids 21-23, which is also an important fibrinogen-binding 
region. They include HCAA-Dutch (E22Q), -Italian (E22K), -Arctic (E22G), and -Iowa 
(D23N). Aβ can self-aggregate and assume higher order aggregated states including 
oligomers, protofibrils, and fibrils. 
 

The incidence of CAA is approximately 50% in individuals over 70 years and is even 
higher, 80%, in all AD cases (21).This form of CAA occurs along the walls of capillaries 
and the tunica media and adventia of arterioles (15), middle-sized cerebral arteries, and 
leptomeningeal arteries (3, 7, 22). Many studies closely associate CAA with cerebral 
hemorrhagic lesions, such as lobar intracerebral hemorrhage (ICH) and cortical 
microhemorrhages, and ischemic lesions (9). More recently it has been implicated as a 
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major cause of spontaneous ICH (23, 24). Depending on the severity of the CAA 
pathology and the caliber and location of the vessel afflicted, small microbleeds or large 
lobar ICHs can ensue. Given the large overlap in pathology between sporadic CAA and 
severe AD (21, 25) and reports indicating cognitive impairment in CAA-positive 
individuals presenting with our without AD, it is difficult to study the independent impact 
of CAA on cognition. Nevertheless, CAA can contribute to dementia and is associated 
with cognitive impairment in AD patients, since they are often comorbidities (26-28). The 
frequency and severity of CAA is increased in AD (29) and cognitively normal 
individuals who are CAA-positive are at high risk for developing dementia (30). 
 

The presence and/or formation of CAA is closely connected to cerebral microvascular 
dysfunction and degeneration abnormalities observed in AD pathology, including blood-
brain barrier (BBB) dysfunction, structural changes to the cerebrovasculature, and 
neurovascular decoupling (31-33). Vascular Aβ deposition can be toxic to pericytes and 
endothelial cells in vitro, which are important in BBB formation/integrity and cerebral 
blood flow (31, 34), and can lead to loss of smooth muscle in vessel walls, therefore 
weakening them (24). CAA can impair cerebral Aβ clearance via various pathways 
including disrupted Aβ-LRP1 binding at the BBB, Aβ-mediated increased receptor for 
advanced glycation end products (RAGE) expression at the BBB, and impaired 
perivascular drainage(23). Severe CAA can lead to significant neurovascular decoupling 
whereby there is reduced vasodilation in response to physiological stimuli (35). CAA’s 
connection to these AD-associated pathologies suggest that it can contribute to and/or 
exacerbate cerebrovascular dysfunction in AD brains. 
 
1.2. Hereditary Cerebral Amyloid Angiopathy: clinical features and pathology 

While CAA is mostly observed in the sporadic form (sporadic Aβ-type CAA) in late 
onset AD (LOAD) patients, rare familial forms occur in early-to-mid-adulthood and lead 
to more severe cerebrovascular disease, including severe hemorrhagic and ischemic 
strokes, early onset dementia, and ultimately death (25, 36, 37). While there are several 
variant types of HCAA that have been identified with mutations in other genes (e.g. 
cystatin C, BRI, transthyretin(25)) with their own unique pathophysiology, most familial 
forms of CAA involve mutations in the APP gene. Although most pathogenic AD-linked 
APP mutations elevate total Aβ production or promote formation of the more toxic Aβ42 
peptide, a subset of fully penetrant, autosomal-dominantly inherited mutations induces a 
dramatic increase in vascular deposits of Aβ (CAA formation). The most common form 
of HCAA results from the Dutch mutation (E22Q) giving rise to HCAA-Dutch disease, 
which is also the most known and studied HCAA variant. The exact prevalence of 
HCAA disease is not known, but recent studies indicate there are approximately 200 
HCAA-Dutch individuals reported in the literature (38, 39). Other identified HCAA-
mutation variants underlying the development of HCAA with a hemorrhagic phenotype, 
also known as hereditary cerebral hemorrhage with amyloidosis (HCHWA), similar to 
HCAA-Dutch, include the Iowa (D23N), Italian (E22K), and Flemish (A21G). These 
HCAA-linked mutations are clustered in the amino acid 21-23 region of Aβ (Figure 1.1), 
with the exception of Piedmont (L34V). The disease variants are given geographic 
names of the origin/founder family or individuals, in which the variant was first 
genetically identified (25). These HCAA-linked Aβ variants correspond to mutations at 
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codons 692-694 of the APP gene (21, 25). Patients afflicted by these HCAA mutations 
have severe cerebrovascular disorders including severe CAA pathology and cerebral 
hemorrhages in midlife (25) making HCAA an ideal disease to examine the pathogenic 
mechanisms of CAA (40). Mutations in this region of Aβ (amino acid 21-23) seem to 
dramatically increase vascular amyloid deposits, but do not lead to the same magnitude 
increases of parenchymal Aβ plaques (9). The mechanism behind this phenomenon is 
not well understood, although it suggests that this region plays an important role in 
vascular Aβ deposition in HCAA disease. Given the autosomal dominant nature of this 
disease, most HCAA patients are heterozygous carriers of the mutant APP and express 
both the wild-type (WT) and mutant HCAA Aβ species in CAA deposits in an 
approximately 50:50 ratio (25). 

 
HCAA-Arctic (E22G) disease variant is similar to HCAA-Dutch, wherein the glutamate 

residue at the 22nd position in Aβ is mutated into glycine (Figure 1.1). However, HCAA-
Arctic’s pathophysiology stands out as an interesting outlier compared the other HCAA 
types. While the literature surround HCAA-Arctic disease is scarce, it appears that its 
clinical features are similar to other HCAA variants, with memory impairment at 
presentation at a mean age of onset 57 ± 2.9 years and cognitive decline (25). Arctic-
carriers also demonstrate moderate to severe CAA in cerebral vessels, NFTs, and 
parenchymal Aβ plaques(41, 42). More akin to AD pathology, Arctic-carrier patients 
display brain atrophy and reduced cerebral blood flow (25, 43). However, unlike most 
other HCAA disease variants, Arctic-carriers do not show signs of hemorrhagic and/or 
ischemic strokes (43) and show more gradual cognitive decline (25).  

 
Although symptoms and clinical markers resulting from different HCAA mutations are 

variable, the key common distinguishing clinical feature of most HCAA disease variants 
is recurring cerebral strokes of the hemorrhagic (macro- and micro-hemorrhages) and 
non-hemorrhagic type (25). Nevertheless, there are many similarities in the clinical 
profiles between HCAA and other forms of CAA, including sporadic Aβ-type CAA, which 
is found in over 80% all AD cases (21) (Table 1.1). However, the clinical profile for 
HCAA is more severe and aggressive because it is a fully penetrant early-onset, 
autosomal dominant disease where the age of onset can be as early as 40 years of age 
(4). In contrast, the incidence of sporadic CAA increases with age, with an approximate 
50% incidence of CAA in elderly individuals 70 years and older (5). In HCAA-Dutch 
disease, the first stroke is lethal in one-third of patients and cognitive deterioration is 
more rampant with presentation of dementia in around 75% of the patients over the age 
of 40, usually proceeding the first stroke (6). Half of HCAA-Dutch patients who have 
suffered one or more strokes also commonly present with epilepsy (39). Similar to 
HCAA-Dutch, sporadic CAA can present with recurrent cortical ICH and large, 
symptomatic to small, asymptomatic microbleeds (9, 25). Sporadic CAA can also 
present with sudden onset or transient cognitive decline depending on the scale of the 
ICH. In HCAA, larger vessels, including leptomeningeal and cerebral cortical blood 
vessels, are mainly affected by severe CAA, while in sporadic Aβ-type CAA, CAA 
ranges from mild to severe with more capillary involvement (5). These larger vessels 
afflicted by severe CAA are also usually the sites of hemorrhagic and ischemic strokes. 
In HCAA, vascular Aβ deposits start in the occipital lobe, but in advanced cases all brain 
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regions are involved (39, 44). Aβ40 is the major species of Aβ of HCAA vascular Aβ 
(45), similar to sporadic Aβ-type CAA.  

Table 1.1. Comparison of sporadic (Aβ-type) and Aβ-type HCAA. 
  

 
One of the main genetic risk factors for both sporadic AD, specifically LOAD, and 

sporadic CAA is the apolipoprotein E (apoE) gene (APOE), but not for HCAA-Dutch 
disease and other Aβ-type HCAA variants. APOE has three polymorphic alleles (ε2, ε3, 
and ε4) giving rise to apoE isoforms (apoE2, apoE3, and apoE4). The ε4 allele is the 
most well-known and strongest risk factor for LOAD. Inheritance of one copy of the e4-
allele increases AD risk 4-fold, and 10 to 15-fold when two copies are inherited (46, 47). 
While produced systemically in the liver, ApoE4 is abundantly produced by astrocytes in 
the brain and functions as a cholesterol-carrier lipoprotein that delivers lipids to neurons. 
It is known to bind to Aβ and facilitates deposition of fibrillar Aβ in blood vessels and 
plaques (48).  In CAA, it is associated with increased vascular Aβ deposition and earlier 
onset of ICH as well as increased recurrence of ICH (25). However, multiple studies 
have revealed that there is not a strong association between ApoE4 and the severity of 
HCAA-Dutch disease (25, 27, 49).  

The exact mechanism of how ApoE4 increases cerebral Aβ burden remains to be 
resolved, but could involve impaired Aβ removal by either binding to Aβ, which could 
have “seeding effect”, thereby inducing Aβ aggregation (50). Increased aggregation 
would affect Aβ clearance or its binding to LRP1 that is responsible for Aβ 
efflux/clearance across the BBB (51, 52). LRP1 mediates transcytosis of Aβ-ApoE 
complexes (53). There are a few discrepancies in the literature highlighting clear 
associations between ApoE genotype and CAA severity. Studies have shown that the 
severity of CAA in patients with minimal AD pathology was more strongly correlated with 
the ε4 genotype compared CAA severity in AD patients (54). There are also indications 
that the ε2 allele, which is protective in AD (relative to ε4 genotype), is also associated 
with CAA disease (55), can lead to more CAA-associated vasculopathies, and is more 
common in individuals with non-capillary CAA (55).  
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Molecular mechanisms explaining how HCAA-type mutations induce severe CAA 
formation and stroke remain largely unknown. Furthermore, analogous to AD, HCAA 
disease is complex and, although the genetic causes HCAA disease variants are 
known, the disease lacks treatments to slow the progression of CAA and prevent ICH 
(40). Its more morbid clinical features, ICH and CAA-related inflammation, can be 
managed by surgical removal of hematomas, avoidance of anticoagulants and 
antiplatelets, the use of pharmacological agents such as antihypertensives and statins, 
and immunosuppressive therapy to relieve CAA-related angiitis (56).  

1.3. Role of Aβ-fibrinogen interaction in HCAA pathology 
Alterations in vascular hemostasis are evident in many AD patients and AD mouse 

models (57). Indeed, there is evidence suggesting a strong correlation between 
concurrent vascular disease and cognitive dysfunction seen in AD (3). Various 
vasculature defects, including clot formation and clearance, have been implicated in the 
progression of AD pathology (58). 
 

Accumulating evidence implicates fibrin(ogen), the main protein component of blood 
clots, in AD pathogenesis (59-62). Soluble fibrinogen (Fbg) is converted into fibrin 
through activation of the coagulation cascade, which normally serves a beneficial 
hemostatic role. However, persistent fibrin deposited on cerebral vessel walls can lead 
to vessel occlusions and brain parenchymal ischemia (60, 62). Fibrinogen binds to Aβ42 
which leads to the formation of structurally abnormal fibrin clots that are more resistant 
to plasmin(Pn)-mediated degradation/fibrinolysis than normal clots (63-65). Fibrinogen 
binding to oligomeric Aβ also promotes fibrin(ogen) oligomerization and their co-
aggregation in vitro and contributes to the development of CAA in AD mouse models 
(59, 60, 63, 66). In addition, fibrin(ogen) co-localizes with Aβ along cerebral vessel walls 
in AD patients and AD mouse models (59, 66). Oligomeric Aβ42 binds specifically to 
Fbg with a KD of 26.3 ± 6.7 nM (63) with known sites including the C-terminus of the β-
chain of fibrinogen near the b-hole (63), and to a region of the αC-region of fibrinogen 
(Aα239-421) (67), which is known to bind plasminogen (Plg) and includes Pn cleavage 
sites (68). These binding interactions delay fibrinolysis by physically interfering with the 
binding of Plg and Pn to fibrin (64).  
 

Although the binding strength for Fbg is highest for oligomeric Aβ compared to 
monomeric or fibrillar Aβ (63, 69), it remains unclear if the β-sheet structure found in the 
oligomeric/aggregated state of Aβ alone contributes to this delay in fibrinolysis. Clots 
formed in the presence of amyloidogenic human amylin peptides or truncated Aβ (Aβ1-
28) do not exhibit delayed fibrinolysis (64), which suggests the interaction between Aβ 
and fibrin(ogen) is specific, strong, and necessary for perturbed fibrinolysis. 

 
Fibrin(ogen) is normally contained within vascular vessels and does not extravasate 

into the brain, yet it has been found in the extravascular space (62, 70-72) and 
cerebrospinal fluid (CSF) of AD (73-75) and HCAA patients (45). One possible 
explanation for this finding is that the BBB is often disrupted in AD (62, 76-78) and 
HCAA patients (39, 79), which could allow fibrin(ogen) to penetrate into the brain 
parenchyma. While previous analysis of HCAA and AD patient plasma, cerebrospinal, 
and cerebral interstitial fluid show Aβ concentration ranges in the picomolar to 
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nanomolar range (80, 81), several studies suggest that insoluble Aβ deposits in the 
brain are in equilibrium with the interstitial Aβ and serve as a reservoir for soluble 
oligomers (82, 83). Furthermore, soluble, non-fibrillar Aβ species are highly 
concentrated, found up to in the micromolar range, around CAA-positive (CAA+) 
vessels (18, 84). Other factors contributing to high local vascular Aβ concentrations 
include impaired perivascular clearance of Aβ from CAA vessels by LRP1 receptors (23, 
85) and a leaky BBB in AD and HCAA patients, which would allow fibrin(ogen) to 
encounter high levels of cerebrovascular Aβ. Therefore, local concentrations of Aβ 
around parenchymal plaques and sites of vascular Aβ deposition in cerebral blood 
vessels may exceed plasma concentrations, especially provided these depositions 
increase over the lifespan of an individual afflicted by CAA pathology. The presence of 
elevated Aβ in the brain could promote its binding to fibrin(ogen) and would be further 
incorporated into fibrin clots.  
 

The alterations in fibrin clot structure, delayed fibrinolysis, and increased co-
localization in CAA+ vessels in AD human cerebral vessels indicate that fibrin in the 
presence of Aβ can create a vascular environment where altered hemostasis occurs 
concomitantly with CAA. In addition, genetic and pharmacological depletion of Fbg in an 
AD mouse model reduced neuroinflammation, amyloid pathology, and vascular 
pathology, which lessened CAA burden and BBB dysfunction (59, 62). These findings 
suggest that fibrin plays a significant role in AD cerebrovascular pathology including 
CAA. The persistence and accumulation of Aβ-bound fibrin(ogen) cerebral vessel walls 
could be detrimental to neurons downstream. The exact mechanism illustrating how Aβ 
and fibrin(ogen) interact to contribute to persistent fibrin deposition, CAA, and cognitive 
dysfunction has not yet been elucidated.  
 
1.4. A possible role for HCAA-linked Aβ’s interaction with Fbg in HCAA pathology 

Patients afflicted by HCAA-linked Aβ mutations have severe cerebrovascular 
disorders, including severe CAA pathology, in midlife (25) making HCAA an ideal 
disease to examine the pathogenic mechanisms of CAA and to elucidate the role of the 
Aβ-fibrinogen (Aβ-Fbg) interaction in AD vascular pathology. Previous analysis has 
revealed that the central region of Aβ42, including amino acids 17-23, is a critical Fbg-
binding region (67). This Fbg-binding region in Aβ overlaps with Aβ sites that are 
mutated in various HCAA disease variants (amino acids 21-23), including amino acid 22 
in HCAA-Dutch, -Arctic, and -Italian, and amino acid 23 in HCAA-Iowa (21, 25). 
Furthermore, past Fbg-binding experiments using alanine-scanning peptide analog of 
Aβ (L17A, E22A, D23A, and V24A) (Figure 1.2) demonstrate that E22A and D23A 
mutants have up to 40-times stronger binding affinity for Fbg compared to WT Aβ42 and 
the other mutant analogs. These results suggest that mutations within Aβ’s Fbg-binding 
region, specifically at sites commonly mutated in HCAA (amino acids 22-23), increase 
its binding affinity for Fbg. Fibrin(ogen) interacts with the tertiary structure of Aβ’s Fbg-
binding region, which is stabilized by Aβ C-terminal residues (67), which may explain 
why higher order structured or oligomeric Aβ have a stronger binding affinity to Fbg 
compared to monomeric Aβ (69). Interestingly, HCAA Aβ (including Dutch, Iowa, Arctic, 
and Italian) are highly prone to self-aggregation and exist in more multimeric forms 
including oligomeric and protofibrillar structural states with increased β-sheet structure 
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(86-90). Therefore, HCAA Aβs, which have a higher propensity to oligomerize, may 
interact with Fbg more strongly relative to WT Aβ. A stronger interaction may further 
impair fibrinolysis, increase Fbg oligomerization, and lead to further co-aggregation in 
the cerebrovasculature, and thus have a role in the development of exacerbated CAA 
pathology observed in HCAA patients. 

 
Figure 1.2. Alanine scan of the central regions of Aβ highlight its importance as a 
key Fbg-binding region. 
AlphaLISA binding assay was performed using human purified Fbg and various 
concentrations of biotinylated alanine-scanning peptide analogs of Aβ42 (L17A, E22A, 
D23A, and V24A). Bar graph indicates the maximum binding between Fbg and the 
various Aβ fragments and wildtype (WT) Aβ42. Alanine mutations in amino acid 
positions 22 and 23 increased Aβ’s binding to Fbg compared to WT Aβ42 (red bar) and 
other alanine-scanning analogs (****p<0.0001; n=3-6/group). Statistical analyses were 
performed using one-way ANOVA followed by Tukey’s post-hoc test. 

1.5. A possible role for Aβ’s (WT & HCAA-linked Aβ) interaction with the tPA-Plg 
fibrinolytic system in AD and HCAA pathology 

Fibrinogen, the inactive precursor of fibrin, is a 340 kDa glycoprotein that circulates in 
human blood plasma at a concentration of 4.5-11 µM or 1.5-4 g/L (91, 92). Due to either 
vessel wall injury, activated blood cells, or a foreign surface, the serine protease, 
thrombin, is activated and converts Fbg into an insoluble network of fibrin fibrils (clot). 
Clots are then degraded and cleared by the proteolytic activity of the fibrinolytic system, 
which mainly encompasses of plasmin(ogen) and tissue-type plasminogen activator 
(tPA). Through the action of tPA and other activators, Plg is converted into Pn, a serine 
protease, which is the main enzyme involved in fibrinolysis. Pn also cleaves other 
substrates, such as extracellular matrix proteins, growth factors, and has been shown to 
degrade Aβ (93, 94). Fibrinolysis is regulated by a complex system of biochemical 
reactions that have negative and positive feedback mechanisms. Interestingly, 
fibrin(ogen) can enhance Plg activation by exposing cryptic tPA and Plg binding sites, 
which initiate fibrinolysis, and additional plasmin(ogen)-binding sites composed of lysine 
residues that are exposed through the fibrinolytic process (68, 91).  
 

The mechanism by which fibrin binds, stimulates tPA, and potentiates Pn generation 
involves fibrin acting as a template and substrate simultaneously, which enhances 
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catalysis by approximation (95). The network of fibrin fibers acts as a template onto 
which tPA and Plg can both bind and co-localize together, which enhances tPA-Plg 
activation leading to more Pn generation. Studies suggest that the formation of cross-β 
sheet structure by fibrin, fibrin analogues, and amyloid proteins, such as Aβ, is 
important in tPA binding, tPA activation, and tPA-mediated plasminogen (tPA-Plg) 
activation (94, 96). The increase in Pn levels could be vital to the removal of these 
amyloid aggregates such as fibrin in fibrinolysis under normal hemostasis. Furthermore, 
WT Aβ42 increases tPA-Plg activation (64) and although the exact mechanism of this 
process remains to be elucidated, it appears to be mediated by further enhancing tPA 
activity. In vitro studies have revealed that formation of β-sheet secondary structure in 
full length WT Aβ is important in enhancement of tPA-Plg activation (93, 94, 96-98).  
 

Previous studies have shown peptide fragments (residues 1-28) of WT and Dutch Aβ 
can lead to further stimulation of Plg activation. However, very short Aβ fragments 
(residues 5-16, 16-28) containing simple β-sheet structures were not enough for tPA 
stimulation (97) suggesting that additional structural motifs and the electrostatic 
properties of Aβ may be additional components of fibrinolytic enzyme activity 
enhancement. Increases in Pn generation can lead to increased Pn-mediated collateral 
damage to cerebral vessels, which could underline the cerebrovascular pathology 
observed in AD and HCAA individuals. Aβ can exert functional fibrin(ogen) mimicry to 
replace fibrin(ogen), bind, and stimulate tPA (94, 96), which in the context of CAA, can 
lead to local high concentration of tPA and consequently Pn, which could then lead to 
detrimental proteolysis of extracellular matrix tissue and rupturing of vessel walls (97). 
Due to the extensive vascular Aβ accumulation in cerebral vessels in HCAA patients 
and increased fibrillization properties of HCAA Aβ, it is possible that in HCAA disease, 
CAA sites may lead to dramatically higher fibrinolytic (or proteolytic) activity of tPA and 
plasmin(ogen). 
  

Given that Aβ can also lead to enhancement of the proteolytic system involved in 
fibrinolysis seems contradictory to its impairment to fibrin(ogen) structure and function 
and adds layers of complexity to the relationship of Aβ and Fbg in CAA deposition. The 
precise mechanism behind how Aβ-Fbg interaction leads to impaired fibrinolysis, 
alterations to clot structure, and co-deposition in cerebral vessels is not clear, but it 
appears to involve Aβ-mediated impairment of plasmin(ogen) access to and activity on 
the αC region of fibrin(ogen) (64, 67). Key regulators of fibrinolysis in the vasculature 
such as tPA, Plg, α2-antiplasmin bind to this αC region (68), but they do not bind to 
soluble Fbg. At sites of CAA, both fibrin and Aβ are often co-deposited (59), and 
therefore, are both having significant roles in tPA-Plg activation. It is possible that both 
processes are in occurring in tandem. 
  
1.6. A possible role for longer length Aβ (>Aβ42) in facets of AD-related vascular 
pathology 

Although Aβ42 is thought to be the primary pathogenic and neurotoxic species in AD 
senile plaques and Aβ40 in vascular amyloid deposits (99-101), parenchymal and 
vascular amyloid deposits in AD patients’ brains often consist of many serum proteins 
(20, 102-104) and/or a heterogenous mixture of Aβ species (103). Several studies 
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suggest that longer Aβ species such as Aβ43, which is an often overlooked Aβ species, 
may play a key role in AD pathogenicity. Abundant Aβ43 levels have been found in 
parenchymal plaques in AD mouse models and in human AD brains (105) and in 
vascular amyloid in human CAA deposits (106). Biochemical/biophysical studies show 
that Aβ43 has an increased aggregation propensity and fibrillization capacity relative to 
shorter Aβs (106, 107). Aβ43 also features increased neural cell toxicity. Recent studies 
show that familial AD-linked PSEN or APP mutations enhance the production of long 
amyloidogenic Aβ species (≥ Aβ43), including Aβ45 and Aβ46 (108), by destabilizing 
the APP-γ-secretase/presenilin complex leading to premature Aβ release (Figure 1.1). 
The detection of longer length Aβs in immunohistochemical studies remains difficult. In 
order to detect longer Aβs (≥ Aβ43) usually requires mass spectrometry analysis 
approaches. Nevertheless, it is possible that there are abundant longer Aβs present in 
parenchymal and vascular amyloid deposits. Their increased fibrillization capacity 
suggest that they may interact with fibrin(ogen) more strongly and could also further 
stimulate the fibrinolytic enzyme system (tPA-Plg activation). 

 
1.7. Conclusion 

CAA is a major pathology in HCAA disease and contributes to vascular dysfunction in 
AD patients. While many neuropathological and radiological studies have detailed CAA 
pathology, the molecular mechanisms underlying CAA formation and CAA-induced 
cerebrovascular pathology is unclear. By focusing on Aβ-type HCAA disease forms, in 
which mutations within the Aβ peptide leads to severe cerebrovascular pathology, this 
research seeks to advance our understanding of the molecular mechanisms explaining 
how these mutations induce HCAA associated pathology. Since the interaction between 
WT Aβ and fibrin(ogen) increases CAA, plays an important role in cerebrovascular 
damage in AD patients and AD mouse models, and because of the known WT Aβ 
enhancements to proteolytic system activation, we investigated the role of the 
interaction between HCAA Aβ, fibrin(ogen), and the fibrinolytic system (tPA-Plg 
activation and tPA/Pn activity) in HCAA pathology. A closer inspection of these 
interactions could advance our understanding of the pathogenesis and pathophysiology 
of the cerebrovascular pathology in HCAA patients and could highlight a new role for 
fibrin(ogen) in HCAA disease. This work could also help us further understand the 
molecular mechanisms underlying CAA formation and CAA-induced cerebrovascular 
pathology in AD. Furthermore, insights into the mechanism underlying CAA pathology 
could provide new therapeutic targets for patients with HCAA or AD patients afflicted by 
CAA pathology. 
 

As an extension of the main body of work in this thesis, I also investigated the 
possible effects of longer length Aβs in Aβ-Fbg interaction and in fibrinolytic system 
activation. While the aggregation and neurotoxicity properties of longer Aβs have been 
the focus of recent studies, the effects of their interaction with fibrin(ogen) remains to be 
explored. 
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CHAPTER 2: MATERIALS AND METHODS 
2.1. Preparation of WT Aβ, HCAA mutant-type Aβ peptides, Aβ (1-n) peptides, and 
fibrinogen 

WT and HCAA mutant, Dutch-, Iowa-, Arctic-, Italian-, and double mutant Dutch-
Iowa-type, Aβ42 and Aβ40 peptides, and Aβ (1-n) (Aβ38, Aβ43, Aβ46) where obtained 
from Anaspec or Bachem. Aβ oligomers were prepared following established protocols 
(109), with the exception that for surface plasmon resonance (SPR) assays, the 
peptides were re-constituted in 5% DMSO in phosphate-buffered saline (PBS) (pH 7.4) 
instead of 5% DMSO in 50 mM Tris-HCl (pH 7.4). Purified human fibrinogen (EMD 
Millipore) was prepared in PBS (pH 7.4) for SPR experiments and in 50 mM Tris-HCl 
(pH 7.4) for clot turbidity assays and for clot formations viewed under scanning electron 
microscopy (ScEM). For SPR experiments, fibrinogen was prepared in the following 
manner: (1) biotinylated using the Sulfo-NHS-LC-Biotin kit (Thermo Scientific) with 10-
fold molar excess of biotin reagent resulting in 1-3 biotin groups per molecule of 
fibrinogen, (2) desalted and removed of excess biotin using Zeba Spin Desalting 
Columns (Thermo Scientific). Aβ peptides, fibrinogen, and biotinylated-fibrinogen were 
diluted to desired concentrations with same reconstitution buffer. Concentrations for 
these peptides were established by BCA (Thermo Scientific). 
 
2.2. Probe of Aβ-fibrin(ogen) interaction in fibrinogen-binding central region of Aβ 
using AlphaLISA assay 

Four alanine-scanning peptide analogs of Aβ (L17A, E22A, D23A, and V24A) were 
synthesized by replacing L17, E22, D23, and V24 in Aβ42 with alanine and 
subsequently biotinylated at the N-terminus (Chinese Peptide Company). Various 
concentrations (0.01-20 mM) of these alanine-scanning Aβ42 peptide fragments were 
incubated with 1 nM fibrinogen for 30 minutes at room temperature in a final volume of 
10 mL of assay buffer (25 mM Tris-HCl, pH 7.4, 150mM NaCl, 0.05%Tween-20, 
0.1%BSA) in white 384-well plates (Greiner). The mixture was incubated with the anti-
fibrinogen antibody, 20 mg/mL streptavidin-conjugated donor, and protein A-conjugated 
acceptor beads (PerkinElmer) for 90 minutes at RT. Samples were read by a 
PerkinElmer EnVision plate reader.  
 
2.3. Examination of Aβ binding to fibrinogen using SPR analysis 

Surface plasmon resonance (SPR) experiments were performed to determine the 
binding affinity (KD) of WT- and HCAA mutant Aβ peptides to fibrinogen. The SPR Bio-
Rad ProteOn XPR36 instrument was able to generate association (ka) and dissociation 
(kd) rate constants for the biomolecular binding interactions between individual analytes 
(the various Aβ peptides) and the ligand, biotinylated-purified human fibrinogen (final 
0.5 mg/ml), immobilized on a ProteOn NLC sensor chip containing NeutrAvidin layer for 
binding biotin-labeled molecules. The various Aβ peptides were each diluted to various 
concentrations (Fig. 1) using PBS with 0.005% Tween-20 (PBST) as running buffer 
(final 0.5% DMSO-PBST). They were injected for 2 minutes at a rate of 30 µm/min for 
the association phase. After the dissociation phase, the SPR chip was rinsed with 1M 
NaCl and 50 mM NaOH. Corresponding 0.5% DMSO-PBST dilutions were used as a 
buffer blank. Ka’s and kd’s for each analyte interaction with fibrinogen were used to 
calculate the equilibrium dissociation constant (Kd). Additional SPR experiments were 
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performed to determine the specificity of the interaction between Aβ and fibrinogen in 
SPR binding assays (Figure 3.3). The SPR Bio-Rad ProteOn XPR36 instrument was 
able to generate association (ka) and dissociation (kd) rate constants for the 
biomolecular binding interactions between the individual analytes, WT Aβ42, and 
amylin, and the immobilized  ligands, biotinylated-purified bovine serum albumin (BSA) 
and -purified human fibrinogen (final concentration 0.5 mg/ml). Purified human amylin 
was prepared and diluted in the same manner as all the Aβ peptides in this thesis. The 
SPR instrument is available at Rockefeller’s High Throughput Screening Resource 
Center 
 
2.4. Transmission Electron Microscopy 

To assess the aggregation state of the Aβ peptides (Fig. S2) used in the in vitro 
experiments (Fig. 1,2,3), WT and HCAA mutant Aβ42 and Aβ40 peptides were diluted 
to 0.1 mg/ml in 50 mM Tris-HCl (pH 7.4), applied to glow-discharged CF200-Cu carbon 
film grids (Electron Microscopy Sciences), was washed 3 times with deionized distilled 
water, and negatively stained with 2% uranyl acetate. Images were acquired using 
transmission electron microscopes ThermoFisher (FEI) TECNAI G2 with AMT 
BioSprint29 camera available at the EMRC at The Rockefeller University.  
 
2.5. In vitro fibrin clot fibrinolysis 

Clot Turbidity assays to assess the functional impact of the various Aβ peptides on 
clot formation and dissolution (clot lysis) were performed at room temperature in high 
binding 96-well plates (Fisher Scientific) using a Spectramax Plus384 reader (Molecular 
Devices). Clot formation and lysis involved first incubating fibrinogen (1.5µM) without or 
with the individual Aβ oligomers (at various concentrations including 3, 1.5, 0.75, 
0.375µM) and purified human plasminogen (final 250 nM; purified from human plasma 
in the Strickland Lab) for 20 minutes. To induce fibrin formation and subsequent lysis, 
thrombin (0.75 U/mL), CaCl2 (5 mM), and purified human tissue-type plasminogen 
activator (tPA; final 1 nM) in 20 mM HEPES buffer (pH 7.4) with 137 mM NaCl in a 
volume of 200 µl was mixed in. As fibrin forms due to thrombin activity, tPA activity is 
enhanced leading to the activation of plasminogen into Pn, which then subsequently 
starts degrading the fibrin clot. Clot formation and dissolution was monitored by 
measuring the changes in turbidity (optical density, OD) at 350 nm (A350) over time, 
reading at 30 second intervals. Fibrin clot lysis rates were compared using half-lysis 
times, which were calculated from the time when max OD was achieved to the time 
when the clot reached half its maximum turbidity after OD started decreasing.  
 
2.6. Examination of effects of HCAA Aβ in vitro clot structure 

To view fibrin clots using Scanning Electron Microscopy (ScEM), clots were formed 
using fibrinogen (1.5 µM or 1 µM) on round glass coverslips at room temperature. 
Fibrinogen was incubated in the absence or presence of the various Aβ peptides (WT 
and HCAA mutant-type Aβ; each at final 3 µM or 0.375 µM) oligomers for 20 minutes at 
room temperature. Fibrin clots were induced with the addition of thrombin (0.75 U/mL), 
CaCl2 (5 mM), 137 mM NaCl in 20 mM HEPES (pH 7.4). 1 hour after adding thrombin, 
clots were gently washed twice with cold sodium cacodylate buffer (0.1 M) for 2 minutes 
each time and fixed with 2% glutaraldehyde on ice for 30 minutes. After ascending 
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serial dehydration with ice cold ethanol (20-100%), the fibrin clots on the glass 
coverslips were sputter-coated with gold palladium. Images were obtained using Leo 
1550SEMat the Electron Microscopy Resource Center (EMRC) at The Rockefeller 
University and the Gemini300SEM at New York University Langone Health (NYULH), 
operating at 4.0 kV and using SmartSEM software. ImageJ (NIH) software was used for 
structural analysis of fiber diameter and number of clot aggregates and clumps present 
with the various Aβ peptides tested used. Three images per clot at a pixel size of 14.3 
nm (fibrin alone and Aβ-induced clot) were used for quantification. The diameter of 6 
fibers at 5 non-overlapping regions for each clot were measured. Clumps were 
qualitatively defined and chosen by selecting fiber conjunctions that contained 6 or more 
intersecting fibers. The clumps were usually concentrically amorphous in shape. Figures 
were assembled using Image J software.  
 
2.7. Patient brain tissue samples 

Postmortem tissue samples were obtained from various sources and were requested 
to derive from patients that are age-matched, specifically from the occipital cortical 
region, and for sections to be processed as described in Brain tissue processing 
section in Methods (see Table 3.1 for table of patient characteristics and more 
information). HCAA patient brain tissue was derived from non-hemorrhagic regions and 
in all cases was derived from the occipital lobe contralateral to the lethal stroke leading 
to or contributing to patient’s death. The EOAD group consisted of patients affected by 
early-onset AD phenotype and confirmed by postmortem analysis. EOAD patient in our 
analysis do not contain any mutation within Aβ or near Aβ cleavage site as we 
confirmed by sequencing of exon 16 and 17 of APP gene. Brain tissue from a HCAA 
Iowa-type patient was limited due to very scarce availability. Out of 4 reported Iowa 
cases reported on PubMed, only one was available. One Iowa patient brain tissue was 
obtained through collaboration with Dr. Michael A. Farrell (Beumont Hospital, Dublin, 
Ireland). HCAA Dutch-type patients (n=5) tissue sections were obtained from Leiden 
University Medical Center (Leiden, Netherlands) from 5 different individuals. 
Collectively, the HCAA group consisted of 6 individual patients (n=6, 3 male, 3 female, 
age 53 ± 1 years, PMI/Autolysis Time of 9 ± 3 hours, mean ± SEM (standard error 
mean)). Early-onset Alzheimer’s disease (EOAD) and control non-AD (non-dementia, 
ND) human tissue was obtained from the NIH NeuroBioBank’s Brain and Tissue 
repository at the University of Maryland, Baltimore and from the repository at the VA 
Greater Los Angeles Healthcare System. Collectively, the EOAD group consisted of 5 
individuals (n=5, 2 male, 3 female, age 58 ± 1 years, PMI/Autolysis Time of 12 ± 2 
hours, mean ± SEM). Collectively, the ND group consisted of 7 individuals (n=7, 4 male, 
3 female, age 58 ± 1 years, PMI/Autolysis Time of 16 ± 2 hours, mean ± SEM).  
 
2.8. Brain tissue processing 

Human HCAA-Dutch and -Iowa, EOAD, and control (ND) brain sections were 
obtained processed by the following manner: Fixed in 20% formalin, paraffin-embedded, 
sectioned at 5 µm thickness, except for HCAA-Iowa tissue, which was sectioned at 4 
µm thickness. For immunofluorescence analysis, these brain sections were de-
paraffinized using CitriSolv (Decon Labs) and rehydrated serially with descending 
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ethanol concentrations (100%-70%) and then treated with proteinase K (Dako) before 
performing the staining protocol listed above. 
 
2.9. Antibodies and immunofluorescence 

The following primary antibodies were used for HCAA, EOAD, and ND patient cortical 
brain immunofluorescence probe for fibrin(ogen), Aβ plaques/deposits, and Aβ oligomer 
staining: Goat polyclonal anti-collagen IV (EMD Millipore, 1:200) antibody, rabbit 
polyclonal anti-fibrin(ogen) (Dako, 1:800) antibody, mouse monoclonal anti-Aβ-oligomer 
antibody “NAB61” (Dr. Virginia Lee’s Lab, University of Pennsylvania, 1:200)(110). Brain 
sections were initially blocked for 1 hour with 2% donkey:horse serum (1:1)  and then 
incubated in each of the primary antibodies overnight at 4°C. The following day, sections 
were incubated with the following fluorescent secondary antibodies and dyes: 
fluorescent secondary antibodies corresponded to the primary antibody using either 
Alexa Fluor 350 or 555 for donkey anti-goat (for anti-collagen IV antibody), Alexa Fluor 
488 anti-mouse (for NAB61), and Alexa Fluor 488 or 647 donkey anti-rabbit (for anti-
fibrin(ogen)).  Next, Aβ deposits or plaques were visualized with 0.2% Congo Red in 
70% 2-propanol and subsequently counterstained with 0.3% Sudan Black B in 70% 
ethanol to reduce lipofuscin green auto-fluorescence. Sections were then covered with 
Vectashield (Vector Labs) and mounted on glass slides and imaged.  
 
2.10. Image acquisition and processing 

Following immunostaining, our Aβ and fibrin(ogen) co-localization analysis of the 
patient brain sections were imaged with laser scanning microcopy using Inverted Zeiss 
Axio Observer Z1 confocal microscope (ZEISS) available at the Bio-Imaging Resource 
Center at The Rockefeller University. Two large sections per patient sample were used 
for quantifying the staining.  We captured two non-overlapping 8 x 8 tiled images at 20X 
for every sample for analysis. We probed for fibrin(ogen) and Aβ using Congo Red 
staining and the NAB61 probe in two separate sets of tissue sections. 405 nm, 488, and 
633 confocal laser lines were used to view fluorescent secondary antibodies and Congo 
Red dye signal. Stitched (20% overlap) 8 x 8 tiled images for every patient section were 
captured with Zen Black software (ZEISS) using a 20.0x water objective to view as 
much tissue as possible for analysis.  
 
2.11. Higher magnification image acquisition and processing of Aβ-Fbg co-
localization in HCAA brains  

Following our immunostaining protocol (Materials and Methods) using Congo Red for 
aggregated congophillic Aβ and NAB61 for Aβ oligomer  probes, patient brain sections 
were imaged with laser scanning microcopy using Inverted Zeiss Axio Observer Z1 
confocal microscope (ZEISS) available at the Bio-Imaging Resource Center (BIRC) at 
The Rockefeller University. 63x oil-immersion was used for higher magnification images 
of representative CAA-laden vessel in HCAA-Dutch and EOAD patient samples. Z-
stacks showing multiple depths of tissue were obtained with 16 z-planes captured at 0.5 
µm intervals. Z-stacks were  made into composite z-stack images where all three 
probes/channels (ex. collagen IV, Fbg, and NAB61) were merged, which were then 
converted into 3D movie files using ImageJ’s plug-in 3D Viewer software and saved as 
Audio Video Interleave (AVI) files. 
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2.12. Digital image analysis for cortical fibrin(ogen), Aβ deposits (plaques), and 
Aβ oligomer quantification 

For percent analysis of fibrin(ogen), collagen IV, NAB61, and Aβ signal, patient brain 
sections that were immunostained and imaged with confocal microscopy were analyzed 
using NIS-Elements Advanced Research software suite version 5.1 (Nikon). Each 
multichannel RGB image was analyzed by processing each of its single RGB channel 
(red, blue, green). Each channel was thresholded to collect the total number of pixels 
with numeric values inside the thresholded interval, which was then converted to a 
binary layer. The binary layer provided the total area of positive staining as a 
percentage of total image area. Data indicating % area of immunofluorescent targets 
(ex. % fibrin(ogen)) were organized into graphs using Prism 8 (GraphPad Software, San 
Diego, California USA), one-way ANOVA followed by Tukey’s multiple comparisons 
post-hoc test was performed using GraphPad Prism version 8.0.0 for Windows. For co-
localization analysis of images captured with confocal microscopy, 8 x 8 tiles images 
were thresholded using ImageJ (NIH). Figures were assembled using Image J software. 
*Due to the differences in section thickness between the HCAA-Iowa and other brain 
tissue sections, the HCAA-Iowa (n=1) image analysis data was not included in our 
immunofluorescence analysis.  
 
For analyses indicating % area of target (ex. % fibrin(ogen)) based on vessels size, the 
collagen IV channel in the Congo Red probe and NAB61 probe was size thresholded in 
the following manner: For selection of “larger vessels”, the size threshold was set to 
include only objects 20 to 250 µM in size, whereas “smaller vessels” were size 
thresholded to include objects between 5 to 20 µM in size. We excluded large blood 
vessels greater than 250 µm in diameter because large blood vessels were unevenly 
distributed between samples.  
 
2.13. Aβ stimulates tPA-Plg activation and enhances proteolytic enzyme activity 

Chromogenic enzyme assays were performed at room temperature in high binding 
96-well plates (Fisher Scientific) using a Spectramax Plus384 reader (Molecular 
Devices) with a reaction volume of 200µl. For Pn activity, chromogenic substrate Pefa-
5264 (Pentapharm; 200µM) was added to plasmin (110nM) with the various Aβ40/42 
peptides (1µM). For tPA, activity, chromogenic substrate S-2288 (Diapharma; 210µM) 
was added to tPA (12.5nM) with the various Aβ40/42 peptides (1µM) at 370C. For tPA-
mediated plasminogen (tPA-Plg) activation, purified human plasminogen (250nM or 
concentrations ranging from 125nM-4000nM for dose-response Plg experiment in 
Figure 4.7), and tPA (125pM) were mixed the various Aβ40/42 peptides (1µM) and 
Pefa-5264 was added to monitor plasmin generation or Plg activation. Enzyme activity 
readings were monitored and recorded at wavelength 405nm (A405) every 1 minute.  
 
2.14. Analysis of Aβ-tPA-Plg activation in human control plasma by Western blot 

Experiments with human plasma were approved by the Rockefeller University 
Institutional Review Board. Blood from healthy control individuals was drawn into 
Vacutainer tubes and was anti-coagulated with sodium citrate and frozen at -800C. 
Plasmas were thawed gradually on ice and diluted 20-fold using 20mM HEPES buffer 
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(pH 7.4). Plasma concentration was measured by BCA to ensure equal amounts of total 
protein if more than one individual’s plasma was used in experiment. Reaction 
consisted of mixtures of diluted plasma with the various the various Aβ40/42 peptides 
(4µM) or vehicle buffer (5% DMSO-Tris pH 7.4) and tPA (125pM). Reactions were then 
incubated at 370C with gentle rotation at 50 rotations per minute. Reaction samples 
were collected at various timepoints (0-hr, 12-hr, and 36-hr) and were reduced with 1M 
DTT and 4x sample buffer. Reduced samples were subjected to SDS-PAGE on 4-20% 
Tris-Glycine gradient gels (Bio-Rad), transferred to polyvinylidene fluoride (PVDF) 
membranes (EMD millipore), and incubated in blocking buffer (5% milk in TBS 
containing 0.1% Tween20 (TBS-T)) for 1 hour at room temperature. Membranes were 
then incubated with primary plasmin(ogen)-specific antibody (rabbit anti-Plg (Abcam-
ab154560)) or transferring antibody (Abcam) overnight. After washing with TBS-T, 
membranes were incubated with an appropriate HRP-conjugated secondary antibody 
for 1 hr. Blots were developed with enhanced chemiluminescent substrate (Perkin-
Elmer) and imaged with our Chemidoc chemiluminescent system (Bio-rad). Protein 
levels were quantified using densitometry with ImageJ (NIH). Blots were stripped with 
stripping buffer (Thermo Scientific) for subsequent probes with a different primary 
antibody. Western blot results for brain protein extracts were normalized to transferrin 
and control buffer groups. 
 
2.15. Statistical Analysis.  

Bar graphs and line plots were created using GraphPad Prism 8 (GraphPad 
Software, San Diego, California USA). Statistical analyses were conducted using Prism 
8. All numerical values presented in graphs are mean ± SEM (standard error mean). 
Statistical analyses were assessed as described in text using either one-way ANOVA 
followed by Tukey’s multiple comparisons test, two-tailed unpaired t-test, or linear 
regression analysis. P values below 0.05 were considered significant. ****p<0.0001; 
***p<0.001; **p<0.01; *p<0.05, n.s.= not significant. Bar graphs of AlphaLISA, SPR, in 
vitro turbidity, and fibrinolytic enzyme experiments represent mean ± SEM of ≥3 
separate experiment, unless not stated in figure legend. 
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CHAPTER 3: Aβ VARIANTS DIFFERENTIALLY INTERACT WITH FIBRIN(OGEN) 
AND FIBRIN CLOTS 
3.1. HCAA-linked Aβs have increased binding to fibrinogen 

As mentioned in Chapter 1.3, previous biochemical analysis revealed that specific 
mutations (Figure 1.2) in the central region of Aβ42 (amino acids 17-23), which are 
critical to its interaction with fibrinogen (Fbg) (67), greatly increased Aβ’s binding affinity 
for Fbg. Specifically, mutations at the 22nd and 23rd amino acid sites (E22A and D23A 
mutants, respectively) resulted in up to a 40-fold increase in binding to Fbg compared to 
WT Aβ42, while L17A and V24A mutants showed similar binding affinities for Fbg 
comparable to WT Aβ42 (Figure 1.2). These results showed that mutations in Aβ sites 
commonly found in HCAA disease (amino acids 22-23) increase Aβ’s binding affinity for 
Fbg and warranted further examination to see if HCAA-type Aβs, specifically Dutch 
(E22Q) and Iowa (D23N) Aβ, interact with fibrin(ogen) differently compared to WT Aβ.  
 

To determine the binding specificity of HCAA-type Aβ mutants for Fbg, we compared 
the interaction between the various Aβ peptides and Fbg using surface plasmon 
resonance (SPR) (schematic depicted in Figure 3.1). We immobilized biotinylated Fbg 
on an NLC sensor chip and infused various concentrations of oligomeric WT, Iowa 
(D23N), or Dutch (E22Q) Aβ42 or Aβ40, in a dose-dependent manner, into the chip for 
2 minutes (Figure 3.2A-F). Equilibrium dissociation constant (KD) (Figure 3.2G,H) were 
calculated from association (ka) and dissociation (kd) rate constants for the complex 
generated from every association (from 0 – 120 seconds) and dissociation (120 – 
10,000 seconds) events between the different Aβ42 (Figure 3.2A-C) or Aβ40 (Figure 
3.2D-F) peptides and Fbg. Dutch and Iowa Aβ42 (Dutch42 and Iowa42) peptides had 
lower KD values with Fbg compared to WT Aβ42, indicating ~4-8 times stronger binding 
affinity (Figure 3.2G). Dutch and Iowa Aβ40 (Dutch40 and Iowa40) peptides had ~30-50 
times stronger binding affinity to Fbg compared to WT Aβ40 (Figure 3.2H). Overall, 
HCAA Aβ peptides revealed a stronger binding interaction with Fbg compared to their 
respective WT Aβ counterparts.  
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Figure 3.1. Surface plasmon resonance schematic to probe Aβ-Fbg binding. 
Purified human Fbg was biotinylated and immobilized on a ProteOn NLC sensor chip 
containing NeutrAvidin layer for binding biotin-labeled molecules. The various Aβ 
peptides were each diluted to various concentrations using PBS with 0.005% Tween-20 
(PBST) as running buffer (final 0.5% DMSO-PBST) and injected for 2 minutes at a rate 
of 30 µm/min through the SPR’s microfluidic channels.  
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Figure 3.2. HCAA-type mutations increase Aβ's binding affinity for Fbg. 
(A-F) Representative SPR response curves of WT, Dutch, and Iowa Aβ42 (A-C) and 
Aβ40 (D-F) peptides, respectively, that were infused over immobilized Fbg indicate that 
HCAA Aβ exhibited higher SPR association response signal compared to WT Aβ. (G, H) 
Bar graphs generated from SPR curves show that KD of Fbg binding of HCAA-type 
Aβ42 (G) and Aβ40 (H) is stronger than the binding affinity of their WT Aβ counterparts. 
(***p<0.001; *p<0.05. n = 3-6). Bar graphs represent mean ± SEM (standard error 
mean) of ≥3 separate experiments. Statistical analyses were performed using one-way 
ANOVA followed by Tukey’s post-hoc test.  

3.2. Specificity of Aβ and Fbg interaction in SPR assays 
To determine if the interaction to  Fbg was specific to Aβ, we immobilized biotinylated 

BSA and infused the different Aβ peptides over the sensor chip and found no interaction 
(Figure 3.3A). In addition, to analyze whether another amyloidogenic protein could 
interact with Fbg, we infused amylin at similar concentrations as the Aβ peptides over 
immobilized Fbg but did not observe any interaction (Figure 3.3B). These results 
suggest the HCAA-type single amino acid mutations increase Aβ’s binding affinity for 
Fbg. 
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Figure 3.3. Specificity of Aβ and Fbg interaction in surface plasmon resonance 
binding assays.  
(A) Absence of binding interaction as seen as a lack of SPR RU response between 
biotinylated-BSA immobilized on a SPR sensor chip and Aβ42 infused into the SPR chip 
in a dose-response manner. (B) Specificity of Aβ and Fbg interaction was further 
confirmed by the absence of an SPR response using increasing concentrations of 
amyloidogenic amylin infused into the SPR chip while fibrin(ogen) was immobilized.  

3.3. HCAA Aβs used in vitro assays have increased aggregation propensity 
The aggregated state and solubility of Aβ is important in driving Aβ deposition in AD 

brains (99-101), where soluble oligomeric Aβ is thought to be the primary toxic species. 
Oligomeric WT Aβ42 has a higher binding affinity to Fbg compared to WT Aβ40 (63), 
possibly due to Aβ42’s higher aggregation propensity. HCAA Aβs are highly prone to 
self-aggregation (86-88), which could explain their observed higher binding affinity to 
Fbg compared to WT Aβ42. To assess the aggregation state of the WT and HCAA 
Aβ42 and Aβ40 peptides used for our in vitro experiments, we viewed each peptide via 
transmission electron microcopy (TEM) (Figure 3.4). Compared to WT Aβ42/40 (Figure 
3.4A,D), Dutch42/40 (Figure 3.4B,E) and Iowa42/40 (Figure 3.4C,F) peptides 
oligomerized to a greater extent, forming larger oligomers and protofibrils. These results 
indicate that the mutant HCAA Aβ used in our in vitro experiments are more 
aggregated, which can have a meaningful impact on fibrin(ogen) binding.  
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Figure 3.4. Transmission electron microscopy (TEM) of HCAA -Aβ42 and -Aβ40. 
The Aβ peptides used for all in vitro experiments were initially monomerized with 
hexafluoroisopropanol (HFIP), then allowed to oligomerize overnight at 4°C, and 
subsequently placed on carbon grids for transmission electron microscopy (TEM) 
imaging. Representative TEM images of Aβ42 peptides (A) WT Aβ42, (B) Dutch42, (C) 
Iowa42, and Aβ40 peptides, (D) WT Aβ40, (E) Dutch40, and (F) Iowa40. HCAA Iowa42 
and Iowa40 peptides. Images of (B) Dutch42 and (C) Iowa42 peptides show more 
extensive aggregation and protofibril formation compared to (A) WT Aβ42.  While (F) 
Iowa40 shows a more aggregated state, (E) Dutch40 shows marginal propensity to 
aggregate relative to (B) WT Aβ40. Scale bar is 50 nm. 

Additionally, I performed Dynamic Light Scattering (DLS) (Figure 3.5) experiments to 
analyze the size distribution of the WT and HCAA Aβ peptides used in our in vitro 
experiments, including the SPR binding experiments. DLS can measure the theoretical 
size of particles by analyzing their Brownian motion as they scatter light in solution. The 
autocorrelations function of our Aβ peptides in our DLS analysis (Figure 3.5A) revealed 
that there was a significant amount of peptide particles detected in solution compared to 
buffer alone (no Aβ). Extrapolation of the autocorrelation functions using a regularization 
fit allowed to us to view size distribution histograms of the different particle sizes for WT 
Aβ, Dutch40, and Iowa40 (Figure 3.5B-D). All peptides exhibited polydisperse profiles 
with their own respective hydrodynamic radii and % polydispersity. There were mean 
(average) differences in hydrodynamic radii among all the peptides (Figure 3.5E). WT 
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Aβ40 had a larger hydrodynamic radius than Dutch40 and lower hydrodynamic radius 
than Iowa40. The mean % polydispersity of the different sized-particles populations of 
all the Aβ peptides showed no significant differences. My results address whether 
HCAA Aβ peptides have increased populations of larger and more oligomeric & 
aggregated particles relative to WT Aβ since this could impact our SPR Fbg binding 
experiments (Figure 3.1). Overall, the average hydrodynamic radii differences among 
the various Aβ40 peptides did not correlate with the differences in binding affinity to Fbg 
as seen in Figure 3.1H. This would suggest that differences in particle size populations 
between WT and HCAA Aβ did not affect our SPR binding affinity results. 

 
Figure 3.5. The average hydrodynamic radii of HCAA Aβ peptide particles varied 
relative to WT Aβ. 
(A) Dynamic Light Scattering (DLS) autocorrelation function of WT and HCAA Aβ 
peptides and the background buffer of the Aβ peptides (Buffer alone) showing 
characteristic smooth and continuous extinction for particles in solution and empty 
solution, respectively. (B-D) Representative histograms of Regularization fit analyses of 
WT and HCAA Aβ40 peptides. WT, Dutch40, and Iowa40 Aβ peptides demonstrated 
multimodal characteristics with various population of peptide particles in solution. Each 
population particle size corresponds to a peak in the histogram of the radii distribution 
and has the average radius and % polydispersity listed in the white box insert. (E, F) 
Bar graphs represent mean ± SEM (standard error mean) of ≥3 separate experiments. 
ns (not significant) =p>0.05. 

3.4. Inducing a more aggregated state in Aβ does not increase binding to Fbg 
To further understand whether the aggregation state of Aβ could affect the binding 

affinity for Fbg, we compared the aggregation state of WT Aβ42 incubated overnight 
(Figure 3. 6A) to WT Aβ42 incubated at 4°C for 7 days (Figure 3. 6B) to induce a more 
aggregated state with more protofibrils and fibrils. We performed binding SPR 
experiments with immobilized Fbg (Figure 3. 6C) using the 7-day incubated WT Aβ42 
peptide. Both 1- and 7-day incubations of WT Aβ42 exhibited similar KD values, 14 ± 2.7 
nM and 12 ± 7.8 nM, respectively. Thus, the more aggregated state of WT Aβ42 did not 
affect the binding affinity to Fbg (Figure 3. 6D). These results indicate that the 
aggregation state of Aβ alone does not dictate its binding affinity to Fbg. Other factors 
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such as changes to the physicochemical properties of Aβ due to the HCAA mutations 
may be significantly contributing to the strong binding affinity in Aβ-Fbg interaction.  

 
Figure 3. 6. Inducing a more aggregated state in WT Aβ42 does not affect binding 
affinity to Fbg.  
TEM images of WT Aβ42 peptide, prepared in the same manner as for all in vitro 
experiments, incubated overnight (A) and for 7 days (B) at 40C and subsequently used 
for (C,D) SPR assays with immobilized Fbg as the ligand. Representative TEM images 
of (B) 7-day incubated WT Aβ42 shows more fibrillar and proto-fibrillar structures 
compared to (A) 1-day (overnight) incubated WT Aβ42.(C) Representative SPR 
response curve of 7-day incubated WT Aβ42 shows similar SPR association (start) and 
dissociation (stop) response signal as 1-day incubated WT Aβ42 as shown in Figure 
1D. (D) Bar graph generated from SPR curves indicating the mean ± SEM (standard 
error mean). KD shows there was no difference in binding affinity to Fbg between the 
more aggregated 7-day incubated WT Aβ42 and 1-day incubated WT Aβ42. Bar graph 
represents mean ± SEM of ≥3 separate experiments that were statistically analyzed by 
performing a two-tailed unpaired t-test. ns (not significant) =p>0.05. Scale bar is 100 
nm.  

3.5. HCAA Aβs lead to further alterations to fibrin architecture relative to WT Aβ 
Given that WT Aβ42 leads to an altered fibrin architecture (66), the stronger binding 

affinity between HCAA Aβ and fibrin(ogen (Figure 3.2) may have further aggravating 
effects on fibrin clot structure. To determine the structural effects of HCAA Aβ on in vitro 
fibrin clot formation, clots were formed using purified human Fbg in the absence of Aβ 
(Figure 3.7) or incubated with the Aβ42 peptides (Figure 3.7D) and the Aβ40 peptides 
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(Figure 3.7E-G)(66). Figure 3.7 shows representative scanning electron microscope 
(ScEM) images of the various clots (Figure 3.7A-G) that were acquired and analyzed for 
fiber thickness (Figure 3.7H,I) and number of aggregated clot aggregates or clumps 
(Figure 3.7J,K). Normal fibrin clots incubated in the absence of Aβ (Figure 3.7A) 
demonstrated a homogenous area of normal clot mesh consisting of fibrin fibers that 
averaged 84±3.0 nm (mean ± SEM (standard error mean)) in thickness and revealed 
nearly no amorphous clumps or fiber aggregates. When clots were formed in the 
presence of WT Aβ42 (Figure 3.7B), thinner clot fibers formed with a mean thickness of 
56±2.0 nm along with the presence of aggregated fibrin clumps (indicated by the red 
asterisks), as previously reported (64, 66, 111). Compared to WT Aβ42, fibrin clots in 
the presence of Dutch Aβ42 (Figure 3.7C) showed signs of greater alteration of the 
fibrin network with thinner fibers with a mean thickness of 40±1.5 nm (Figure 3.7H)  and 
more aggregates compared to WT Aβ42 (Figure 3.7J), while Iowa Aβ42 (Figure 3.7D) 
led to even thinner fibers with a mean thickness of 33±1.1 nm, and an increased trend 
of fibrin clumps (Figure 3.7J). HCAA mutant Aβ40 peptides also led to more dramatic 
structural changes to fibrin clots fibers compared to their WT Aβ40 counterpart (Figure 
3.7E). Fibrin fibers formed in the presence of Dutch (Figure 3.7F) or Iowa Aβ40 (Figure 
3.7G) were thinner and more tortuous (mean fiber thickness of 29±1.0 nm and 57± 
2.5nm, respectively) (Figure 3.7I), with more fiber clumps (Figure 3.7K). WT Aβ40-
induced clots did not lead to structural changes to clot formation compared to fibrin clots 
formed in the absence of Aβ, which correlates with its weaker binding affinity for Fbg, KD 
of 340 ± 86 nM, in SPR analysis (Figure 3.2H). These results indicate that the Dutch 
and Iowa HCAA Aβ mutations enhance Aβ’s perturbation of fibrin clots, which was 
especially dramatic with the HCAA Aβ40 peptides. Thus, the alterations of HCAA Aβs to 
clot architecture correlate with their stronger Fbg binding affinity.  
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Figure 3.7. HCAA Aβ-induced fibrin clots demonstrate greater structural 
alterations than WT Aβ-induced clots.  
Scanning electron microscopy (ScEM) analysis of clots formed in the presence of (A) no 
Aβ (control), (B) WT Aβ42, (C) Dutch Aβ42, (D) Iowa Aβ42, (E) WT Aβ40, (F) Dutch 
Aβ40, and (G) Iowa Aβ40. Fibrin clots were prepared using human fibrinogen (1.5 µM), 
in the absence or presence of Aβ peptides (3.0 µM). (H-K) Quantification of clot fiber 
diameter (nm) and number of aggregates/clumps. (H,J) HCAA Aβ42-induced clots show 
greater alteration in fibrin clot structure with thinner fibers and clumps compared to WT 
Aβ42. (I,K) HCAA Aβ40-induced clots also led to fibrin clot with a smaller fiber diameter 
and increased clumps relative to WT Aβ40. Uniquely, WT Aβ40 did not have gross 
effect on fibrin structure (E), fiber thickness (I), and aggregates (K) compared to control 
clots made without Aβ (A). Red box inserts display clots at higher magnification. Red 
asterisks (*) on clot images are indicative of some of the fibrin aggregates/clumps 
counted per clot. Bar graphs represent mean ± SEM (standard error mean) of ≥3 
separate images per clot. Statistical analyses were performed using one-way ANOVA 
followed by Tukey’s post-hoc test. ****p<0.0001; ***p<0.001; **p<0.01; *p<0.05. ns (not 
significant) =p>0.05. Clots visualized via ScEM are representative of ≥3 separate 
experiments. Orange scale bar is 1 µm. 

Given the concern that brain levels of Aβ are often reported to range from picomolar 
to low nanomolar concentrations, we tested if fibrin clots made with lower 
concentrations of WT and HCAA mutant Aβ (375 nM) would have alterations structure 
(Figure 3.8). The fibrinogen concentration in these clots was lowered to 1 µM, which is 
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the minimum concentration at which clots can be formed on glass slides for ScEM 
imaging. Since perturbations in clot lysis is Aβ-concentration dependent, where an Aβ 
concentration higher than a 1:3 Aβ:Fbg molar ratio is necessary to show  the effects of 
Aβ in clot formation and dissolution (64), we made clots in 375 nM Aβ. The effects of 
lower levels of Dutch42 (Figure 3.8C) and Iowa42 (Figure 3.8D) Aβ on fibrin fiber 
structure are still evident with a fibrin mesh that is more irregular and aggregated 
compared to the WT Aβ42-induced fibrin mesh (Figure 3.8B). However, the effects are 
less severe at this lower HCAA Aβ concentration. These results suggest that lower Aβ 
concentrations still exhibit clear differences on fibrin clots between WT and HCAA Aβs.  
 

Figure 3.8. HCAA Aβ-induced fibrin clots made with nanomolar Aβ concentration 
still shows signs of increased structural perturbations compared WT Aβ-induced 
clots.  
Scanning electron microscopy images of clots formed in the presence of (A) no Aβ and 
375 nM (B) WT Aβ42, (C) Dutch Aβ42, (D) Iowa Aβ42. Fibrin clots made in the (A) 
absence of Aβ peptides consisted of a uniform fibrin mesh, while clots made in the 
presence of (B-D) all the Aβs tested consisted of an irregular mesh. (C,D) HCAA Aβ-
induced clots show greater alterations in fibrin clot structure, including more gaps 
between fibrin fibers, compared to (B) WT Aβ42-induced clots, however, there were no 
apparent changes in fiber thickness. Red box inserts display enlarged views of clots. 
Orange scale bar is 1 µm. 

3.6. The majority of HCAA Aβ mutants further delay in vitro fibrinolysis 
Since the Aβ-Fbg interaction is known to delay Pn-mediated fibrinolysis (64), we 

tested whether the stronger interactions with fibrinogen shown by the HCAA-type Aβ 
peptides translated into functional consequences in clot formation and dissolution 
(fibrinolysis) using an in vitro clot turbidity assay (Figure 3.9). Turbidity assays can 
monitor the kinetics of the clotting process by measuring the turbidity of a solution as it 
increases during clot formation and decreases during clot dissolution or fibrinolysis. 
Fibrinolysis of the fibrin clot in the presence of Aβ42 was delayed (red line curve, Figure 
3.9A) relative to the buffer control clot made without Aβ peptide (black line curve, Figure 
3.9A), as previously reported (60, 64), also depicted as an increase in time to half lysis 
(Figure 3.9C). Fibrinolysis was further delayed in the presence of Iowa-type Aβ42 (gray 
line curve, Figure 3.9A) relative to WT Aβ42 (red line curve, Figure 3.9A), which 
resulted in a prolonged time to half lysis for Iowa42 relative to WT Aβ42 (Figure 3.9C). 
Under the same conditions, fibrin clot formation and dissolution in the presence of WT 
Aβ40 (red line curve, Figure 3.9B) showed similar kinetics to that of control buffer (black 
line curve, Figure 3.9B). However fibrin clots formed in the presence of Dutch Aβ40 and 
Iowa Aβ40 (green and gray line curves, respectively, Figure 3.9B) had prolonged 
fibrinolysis  and an increase in time to half lysis compared to WT Aβ40 (Figure 3.9D). 
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These results were consistent with our ScEM images (Figure 3.7) in which the HCAA 
Aβ-induced clots were more structurally altered compared to WT Aβ-induced clots. 
These findings suggest that HCAA-type Aβs not only alter the fibrin network 
architecture, but also have a greater functional impact on the clotting clearance process 
compared to WT Aβ.   

Figure 3.9. HCAA-type Aβs increase resistance to fibrinolysis. 
(A and B) Fibrin clot formation and degradation were assessed by measuring time-
dependent turbidity changes at 350 nm. These experiments involved incubation of Fbg, 
tPA, plasminogen, and the absence (black, buffer control only) or presence of WT Aβ 
(red) or HCAA Aβ peptides (green for Dutch, gray for Iowa). Reactions were initiated by 
adding thrombin. Time-dependent turbidity plots show the effect of WT Aβ42 and HCAA 
Aβ42 (A) and WT Aβ40 and HCAA Aβ40 (B) on thrombosis and fibrinolysis. (C) Time to 
half lysis times for WT Aβ42, Dutch42, and Iowa42 are prolonged compared to control. 
Clot lysis time of Iowa42 was significantly more delayed than WT Aβ42. (D) While WT 
Aβ40 did not have any effect on fibrin clot lysis, Dutch40 and Iowa40 significantly 
delayed fibrinolysis compared to buffer alone and WT Aβ40. (**p<0.01; *p<0.05; n=3). 
Statistical analyses were performed using one-way ANOVA followed by Tukey’s post-
hoc test. Bar graphs represent mean ± SEM (standard error mean) of ≥3 separate 
experiments. 
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To test whether lower HCAA Aβ concentrations could also delay clot lysis, we 
performed clot turbidity assays using lower concentrations of WT Aβ42 and Dutch42 
(Figure 3.9). We measured the kinetics of clot formation and lysis of these Aβ in a dose-
dependent manner (Figure 3.10A). At the highest Aβ concentration tested (3.0µM), WT 
Aβ42 (dark red curve, 3 µM) and Dutch42 (dark blue curve, 3 µM) further delayed clot 
lysis relative to respective lower concentrations. At the lowest Aβ concentration tested 
(0.75µM), there was the largest separation in clot lysis curves between Dutch42 (light 
blue curve) and WT Aβ42 (light red curve), which means that WT Aβ had a decreased 
ability to prolong clot lysis compared to Dutch42. For almost every concentration of 
Dutch42 tested, there was an increased trend in time to half lysis (Figure 3.10B), which 
were extrapolated from the clot turbidity kinetics. Separation of the clot turbidity 
experiment by different Aβ concentrations tested (Figure 3.10C-E) more easily shows 
the separation in clot lysis times between WT Aβ42 and Dutch42. 
 

 
Figure 3.10. Lower Dutch42 concentrations delays clot lysis compared to WT 
Aβ42.  
(A) Fibrin clot turbidity and fibrinolysis differences between WT Aβ42 (different shades 
of red) and Dutch42 (different shades of blue curves) at lower concentrations were 
assessed in a dose-dependent manner. (B) Time to half lysis times for almost all 
concentrations of Dutch42 (blue bars) had an increased trend compared to WT Aβ42 
(red bars). (C-E) Separation of clot turbidity and fibrinolysis kinetics by Aβ concentration 
tested. (E) At the lowest Aβ concentration tested, 0.75 µM, there was a large separation 
in clot lysis between WT Aβ42 and Dutch42. Bar graphs represent mean ± SEM 
(standard error mean) of ≥2 separate experiments. 

Given that we observed nanomolar concentrations of Dutch42 have a trend in 
prolonged clot lysis compared to WT Aβ42, we tested lower nanomolar Aβ 
concentrations (Figure 3.10). The kinetics of the clot turbidities (Figure 3.11A) show that 
in a dose-dependent manner, all nanomolar concentrations of Dutch42 (different blue 
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curves) tested prolonged fibrinolysis and led to increases in time to half lysis compared 
to control buffer (black kinetic curve and bar) and WT Aβ42 separately (Figure 3.11B). 
In addition, the highest of Dutch42 Aβ tested lowered the maximum turbidity compared 
to buffer alone. At all concentrations tested, WT Aβ42 (different red curves) showed 
similar kinetics to that of buffer and did not delay clot lysis (Figure 3.11B).  

 
Figure 3.11. Lower nanomolar HCAA Aβ concentrations still perturb clot lysis. 
(A) Fibrin clot turbidity and fibrinolysis differences between WT Aβ42 (different shades 
of red) and Dutch42 (different shades of blue curves) were assessed in a dose-
dependent manner at low nanomolar concentrations. (B) Time to half lysis times of all 
concentrations of Dutch42 were significantly higher than both control buffer (black bar, 
significant differences shown by *) and WT Aβ42 (red bars, significant differences 
shown by #). (**** or #### p<0.0001; *** or ### p<0.001; n=3). Statistical analyses were 
performed using one-way ANOVA followed by Tukey’s post-hoc test. Bar graphs 
represent mean ± SEM (standard error mean) of ≥3 separate experiments. 

3.7. Increased vascular Aβ and fibrino(gen) co-deposition in HCAA Dutch and 
Iowa patients’ cerebral cortex blood vessel walls 

The stronger binding affinity for Fbg and delayed fibrinolysis by HCAA Aβs (Figure 
3.9) could translate to higher levels of fibrin(ogen) deposits at sites of CAA in HCAA 
patient’s brains. To test this hypothesis, we acquired postmortem human occipital cortex 
brain tissue from HCAA-Dutch (n = 5) and -Iowa (n = 1) type patients, age-matched 
non-HCAA, early-onset AD patients (EOAD) (n = 5), and non-dementia (ND) controls (n 
= 7), with characteristics of patient tissue listed in Table 3.1. Of note, EOAD patients 
collected for our analysis do not contain any mutation within Aβ or near Aβ cleavage 
site as confirmed by sequencing of exon 16 and 17 of the APP gene.  
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Table 3.1. Characteristics of HCAA patients used in our immunofluorescence 
analysis of cortical fibrin(ogen), Aβ, and Aβ-Fbg co-deposition levels.  

 
Using these tissues, we probed for fibrin(ogen) deposits (Dako antibody) and 

congophillic aggregated Aβ deposits (Congo Red) and assessed their co-localization via 
immunofluorescence (IF) analysis (Figure 3.12). We imaged a single HCAA-Iowa 
patient’s brain due to the limited number of HCAA-Iowa cases and did not include it into 
our quantification analysis. Consistent with previous findings (12, 18), our IF analysis 
showed that EOAD brains overall contained higher fibrin(ogen) deposition than ND 
brains (Figure 3.12A). They had elevated fibrin(ogen) deposition (Figure 3.12B) in and 
around vascular sites, often at sites of CAA-laden parenchymal vessels, which was 
pervasive throughout the EOAD occipital cortex samples (as depicted in Figure 3.12A, 
cyan, vascular Aβ deposits). HCAA-Dutch and -Iowa type patients showed more 
fibrin(ogen) staining especially in and around CAA-laden vessels compared to EOAD 
and ND brains (Figure 3.12A,B). While, HCAA-Dutch brains had an elevated amount of 
vascular Aβ deposits with increased sites of CAA, EOAD brains often presented with 
abundant CAA pathology and Aβ parenchymal plaques, which made our analysis of 
total Aβ deposits (Figure 3.12C) reveal no difference between HCAA-Dutch and EOAD 
brains.   
 

While EOAD brains contained considerable amount of CAA pathology, confocal 
microscopy analysis showed that there was higher fibrin(ogen) co-localization with Aβ 
deposits in HCAA brains compared to EOAD brains (Figure 3.12D), at sites of 
parenchymal Aβ plaques and especially striking at sites of CAA pathology. Aβ deposits 
and fibrin(ogen) co-deposition was depicted as an overlapping merged channel (Figure 
3.12A, merged, yellow). Closer examination of Congo Red-positive (CR+) CAA-laden 



 31 

(CAA+)  vessels, specifically, among the groups also revealed much higher levels of 
intra-vascular and extra-vascular fibrin(ogen) co-deposition with congophillic Aβ in the 
HCAA brains (Figure 3.12E). These results suggest that there is more interaction 
between HCAA Aβ and fibrin(ogen) in CAA+ vessels compared to EOAD patients who 
also have considerable amounts of CAA, which correlates with our in vitro Fbg binding 
experiments.  
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Figure 3.12. Increased fibrin(ogen) deposits and Aβ-fibrino(gen) co-deposition in 
HCAA patients’ occipital cortex.  
Representative 20x images of brain sections were probed with antibodies against 
fibrin(ogen) (Fbg, magenta), Aβ deposits using (Congo Red, cyan), and blood vessels 
(col IV, red). (A) Occipital cortical sections in HCAA-Dutch (n=5) and -Iowa (n=1) type 
patient brains shows abundant intra- and extra-vascular fibrin(ogen) deposits (magenta) 
and high amounts of vascular Aβ (cyan) around cerebral blood vessels (red), 
demarcated by basement membrane collagen IV, which frequently overlapped (Merged, 
yellow) at sites of CAA. (B,C) Quantification of % area of target protein reveals elevated 
levels of fibrin(ogen) and Aβ deposits, respectively. (D, E) Confocal analysis shows 
elevated co-localization between Aβ and fibrin(ogen) in HCAA-Dutch brains, with 
particularly higher levels of fibrin(ogen) co-deposition in CAA-laden vessels (Congo 
Red-positive), compared to EOAD (n=5) and ND (n=7) brains. Due to the limited 
amount of HCAA-Iowa (n=1) individuals available in our study, it was not included in our 
immunofluorescence quantification analysis. Statistical analyses were performed using 
one-way ANOVA followed by Tukey’s post-hoc test. ****p<0.0001; ***p<0.001; **p<0.01; 
*p<0.05. Scale bar is 100 µm. 
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Oligomeric Aβ42 interacts with fibrin(ogen) with high binding affinity (15, 16, 18), 
more so than fibrillar Aβ42. Given the importance of soluble oligomeric Aβ in AD 
pathology(20-22), our SPR Fbg binding results (Figure 3.2G,H) and the clot structural 
effects (Figure 3.7) demonstrated by HCAA Aβ oligomers further corroborate that the 
oligomeric state of Aβ is important in its interaction with fibrin(ogen)(15). Therefore, we 
also analyzed oligomeric Aβ species in HCAA brains (Figure 3.13) using an Aβ 
oligomer-specific antibody (NAB61)(27). While HCAA brains exhibited higher levels of 
CAA pathology (Figure 3.12A), they did not exhibit higher total Aβ deposits compared to 
EOAD brains (Figure 3.12C), due to their abundant parenchymal Aβ plaques. However, 
HCAA brains contained much higher levels of vascular Aβ oligomers (Figure 3.13A, 
NAB61, green) compared to the EOAD brains, which was confirmed with our 
quantification (Figure 3.13B). Confocal imaging showed abundant fibrin(ogen) co-
localized with Aβ oligomers in HCAA-Dutch and -Iowa brains, depicted as an 
overlapping merged channel (Figure 3.13A, merged, yellow) particularly at sites of CAA 
pathology. Quantification showed higher levels of Aβ oligomer-fibrin(ogen) co-
localization in HCAA-Dutch brains compared to EOAD brains (Figure 3.13C). 
Furthermore, NAB61-positive (+) vessels also revealed much higher levels of intra- and 
extra-vascular fibrin(ogen) deposition in HCAA brains compared to EOAD brains (Figure 
3.13D). These findings provide evidence that the vast presence of vascular Aβ in CAA 
pathology in HCAA brains might be composed of a mixture of highly aggregated and 
oligomeric Aβ, both of which may be abundantly co-depositing with fibrin(ogen) along 
cerebral vessels. The higher presence of Aβ oligomers at sites of CAA pathology in 
HCAA patients’ brains compared to EOAD brains may be attributable to the stronger 
interaction between mutant HCAA Aβ oligomers and fibrin(ogen) compared to WT Aβ. 
which can greatly contribute to their vascular deposition.  

To aid the visualization of the co-deposited/co-localized fibrin(ogen) and Aβ deposits 
(the Congo Red probe) or Aβ oligomers (the NAB61 probe) in HCAA patient brains, 
close-up confocal z-stacks images of CAA-laden vessels were obtained (Figure 3.14). 
The z-stack images were compiled into 3D movies that allow close-inspection of the 
vascular Aβ-Fbg co-localization. CAA-laden vessels in the HCAA-Dutch and EOAD 
group brains were selected by identifying vessels with abundant vessel Congo Red 
signal or NAB61 signal. HCAA-Dutch and -Iowa brain samples contained abundant 
vascular fibrin(ogen) within and around cerebral vessel walls often co-localizing and/or 
near aggregated Aβ (Figure 3.13A) and Aβ oligomers (Figure 3.13B) at various depths 
of tissue, whereas EOAD patient samples contained much less co-deposited 
fibrin(ogen) at sites of CAA.  
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Figure 3.13. Increased cerebrovascular Aβ oligomer and fibrin(ogen) co-
deposition in HCAA patients’ cortical blood vessels.  
Representative 20x images of brain sections were probed for fibrin(ogen) (Fbg, 
magenta), Aβ oligomers (NAB61, green), and blood vessels (col IV, red). (A) Brain 
sections from HCAA-Dutch (n=5) and -Iowa (n=1) patients show extensive Aβ oligomer 
deposits abundantly co-localizing (merged, yellow) with intra- and extra-vascular 
fibrin(ogen) along cerebral blood vessel walls, most probably at sites of CAA pathology. 
The EOAD group demonstrated sparse NAB61 signal or Aβ oligomer deposits at sites 
of apparent parenchymal plaques. (B) Quantification of % area of NAB61 signal reveal 
significantly elevated levels of Aβ oligomer deposition, in HCAA-Dutch brain compared 
to EOAD (n=5) and ND (n=5) brains. (C, D) Co-localization analysis of the same tissue 
sections using confocal microscopy reveal dramatic co-localization between Aβ 
oligomers and intra- and extra-vascular fibrin(ogen) in HCAA-Dutch brains compared to 
the EOAD and ND groups, which was particularly prominent along cerebral vessel 
walls. There was almost no co-localization between fibrin(ogen) and Aβ oligomers at 
sites of parenchymal plaques throughout the three patient groups. Due to the limited 
amount of HCAA-Iowa (n=1) individuals available in our study, it was not included in our 
immunofluorescence quantification analysis. Statistical analyses were performed using 
one-way ANOVA followed by Tukey’s post-hoc test. ****p<0.0001; **p<0.01. Scale bar 
is 100 µm. 
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Figure 3.14. Abundant Aβ deposit/oligomer-fibrino(gen) co-deposition in HCAA 
patients’ occipital cortical CAA-laden vessels.  
Representative close-up 63x confocal z-stacks images of cortical brain sections brain 
sections probed for cerebral blood vessels (collagen IV, red), Aβ deposits (Congo Red, 
cyan), Aβ oligomers (NAB61, cyan), and Fbg (green). CAA-laden vessels in the HCAA-
Dutch, HCAA-Iowa, and EOAD brains that showed significant amounts of (A) Aβ-
deposits (Congo Red) and (B) NAB61 (Aβ oligomer) signal were selected for imaging. 
Z-stacks consisted of 16 z-planes, 0.5 um apart, which were then reconstructed into a 
3D movie composite with all three probes merged. (A) HCAA-Dutch and -Iowa brains 
show extensive Aβ deposits and Aβ oligomers (B) co-localized with vascular 
fibrin(ogen) along cerebral blood vessel walls at various depths of tissue. EOAD brains 
often consisted of abundant vascular Aβ deposits and Aβ oligomers but lacked 
abundant fibrin(ogen) co-deposition along vessel walls. ND brains contained marginal 
levels of intravascular fibrin(ogen) within the confines of the cerebral vessels imaged but 
did not have vascular Aβ deposition. Scale bar is 20 µm.  
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To ensure we were assessing vascular Aβ and fibrin(ogen) across similarly sized 
vessels in HCAA-Dutch, EOAD, and ND brains, we further stratified our IF analyses of 
levels of fibrin(ogen), congophillic Aβ and Aβ oligomer by separate vessel sizes (Figure 
3.15). We quantified the % area of target protein contained in the vessel walls of larger 
vessels, which included medium to larger arterioles, and smaller vessels, consisting of 
arterioles, capillaries, and venules. In HCAA-Dutch brains, larger vessels had increased 
levels of vascular fibrin(ogen) (Figure 3.15A), Aβ oligomer deposits (Figure 3.15C), and 
fibrin(ogen) co-localization with congophillic Aβ (Figure 3.15D) and Aβ oligomers 
(Figure 3.15E) compared to in EOAD. HCAA-Dutch brain small vessels also contained 
higher levels of fibrin(ogen) deposits (Figure 3.15F), Aβ oligomers (Figure 3.15H), and 
Aβ oligomers-Fbg co-localization (Figure 3.15J). We excluded quantification of large 
blood vessels, including small arteries, greater than 250 µm in diameter because large 
blood vessels were unevenly distributed between samples. 
 

 
Figure 3.15. Increased Aβ deposits/oligomer-fibrin(ogen) co-deposition across 
small and large HCAA patients’ cortical blood vessels.  
Quantification of % area of target protein in larger (A-E) and smaller vessels(F-J). 
HCAA-Dutch brains’ (n=5) larger vessels showed increased vascular (A) fibrin(ogen) 
deposits and (C) Aβ oligomers deposits with higher levels of fibrin(ogen) co-localized 
with (D) congophillic aggregated Aβ deposits and (E) Aβ oligomers compared to EOAD 
(n=5) and ND (n=7) brains. (B) HCAA-Dutch and EOAD brains contained abundant 
CAA-laden larger vessels, which resulted in elevated levels of vascular Aβ deposits. 
Although, smaller vessels in HCAA-Dutch brains showed abundant vascular (F) 
fibrin(ogen) and (H) Aβ oligomer deposits, there was lower (G) congophillic aggregated 
Aβ deposits compared to EOAD brains. Regardless, small vessels in HCAA brains 
demonstrated high co-localization between fibrin(ogen) and (I) congophillic Aβ-deposits, 
as well as with (J) Aβ oligomers. HCAA-Iowa (n=1) was not included in 
immunofluorescence quantification analysis. Statistical analyses were performed using 
one-way ANOVA followed by Tukey’s post-hoc test. ***p<0.001; **p<0.01; *p<0.05. 
ns(not significant) =p>0.05.  
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To further examine possible differences in vessel distribution in the patient brain 
samples, we analyzed vessel density (vessel count per mm2) (Figure 3.16A) and % 
collagen IV (Figure 3.16B) area, an indicator of vessel sizes. There was no statistical 
difference in vessel density among the three patient groups, although EOAD and ND 
brains trended higher in density. There was also no statistical difference in vessel area 
or sizes (% collagen IV) among the groups, although HCAA-Dutch brain samples 
trended higher with frequent larger caliber vessels.  

 
Figure 3.16. Distribution of cerebral vessels in HCAA patients’ occipital cortex is 
not significantly different compared to EOAD and ND brains.  
Quantification of collagen IV signal in immunofluorescence probe of HCAA brains. (A) 
EOAD brains (n=5) had a higher trend in vessel density but vessel count per mm2 was 
not significantly different compared to HCAA-Dutch (n=5) and ND (n=7) brains. (B) 
HCAA-Dutch brains had a higher trend in % collagen IV area indicative of the frequent 
larger vessels in Dutch brain sections. However, there was no statistical differences 
among the 3 patient groups. HCAA-Iowa (n=1) was not included in collagen IV signal 
quantification analysis. Statistical analyses were performed using one-way ANOVA 
followed by Tukey’s post-hoc test. ns(not significant) =p>0.05. 

3.8. Probe of other HCAA-linked Aβs’ interaction with Fbg 
We also investigated the interactions between Fbg and HCAA Arctic (E22G) and -

Italian (E22K) Aβs. Italian-carrier patients are also afflicted by severe CAA with ICH. 
However, while this HCAA variant has been less studied than other variants, its 
neuropathological changes are similar to those found in Dutch and Iowa variants (112, 
113). Italian Aβ also shows the ability to form abundant  β-sheet structure and assume 
higher order aggregated states (114, 115).  In HCAA Arctic uniquely stands from the 
rest of the HCAA variants because although carriers of the Arctic-mutation are afflicted 
by severe CAA pathology, unlike Dutch-, Iowa-, and Italian-mutation carriers, these 
patients do not present with ICH. Interestingly, similar to Dutch, Iowa, and Italian Aβ, 
Arctic Aβ also demonstrates increased protofibril formation compared to WT Aβ, which 
may increase its insolubility and lead to its accumulation in the cerebrovasculature in 
the form of CAA (89).  
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3.8.1. HCAA-linked Arctic Aβ has increased binding to Fbg 
Under similar conditions as in Figure 3.1, the specific binding affinity of Arctic42 for Fbg 
was assessed using SPR analysis where Fbg was immobilized to interact with infused 
Aβ peptides in a dose-dependent manner. WT Aβ42 (Figure 3.17A) exhibited slightly 
higher SPR association response signal curves compared to Arctic42 (Figure 3.17B) 
although at the highest Arctic42 concentration (5000 nM) the response curve was 
saturated. KD values were calculated from the association (from 0 – 120 seconds) and 
dissociation (120 – 10,000 seconds) events between the different Aβ peptides and Fbg 
(Figure 3.17C). Arctic42 had lower KD values with Fbg compared to WT Aβ42, indicating 
~2 times stronger binding affinity. Comparison of the Fbg binding KD values (mean ± 
SEM) of the of all the WT and HCAA Aβ peptides tested in all of our in vitro experiments 
were plotted in bar graph (Figure 3.17D) and tabulated (Figure 3.17E). Overall, all 
HCAA Aβ peptides tested exhibited stronger Fbg binding affinities compared to WT 
Aβ42/40. For example, Dutch42, Iowa42, and Arctic42 had significantly stronger binding 
affinities (denoted by lower KD values) for Fbg compared to WT Aβ42.  

 
Figure 3.17. HCAA-type mutant Arctic Aβ has increased binding affinity for Fbg.  
(A, B) Representative SPR response curves of WT Aβ42 (A) and Arctic42 (B) peptides 
respectively, that were incubated into an oligomeric state overnight at 40C. Aβ peptides 
were infused over immobilized Fbg in a dose dependent manner. Arctic42 exhibited 
slightly lower SPR association response signal curves compared to WT Aβ42. (C) Bar 
graphs generated from SPR curves show that binding affinity (KD) for Fbg of Arctic42 
was stronger than the binding affinity of WT Aβ42. (E, F) Comparison of all KD values of 
all HCAA Aβ peptides tested in SPR Fbg binding experiments. (***p<0.001; **p<0.01, 
*p<0.05. n = 3-6). Bar graphs represent mean ± SEM (standard error mean) of ≥3 
separate experiments. Statistical analyses were performed using two-tailed unpaired t 
test and one-way ANOVA followed by Tukey’s post-hoc test.  
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3.8.2. HCAA-linked Italian Aβ further delays fibrinolysis compared to WT Aβ40 
In order to explore whether the stronger Aβ-Fbg binding exhibited by Arctic40 Aβ also 

lead to functional effects on fibrin formation and dissolution, similar to Dutch40 and 
Iowa40, we carried out clot turbidity assays using Arctic40 (Figure 3.18). We also 
included Italian40 Aβ peptides in this analysis. Fibrinolysis of clots in the presence of 
Dutch40 (Figure 3.18A, green curve), as seen before in Figure 3.9,  and Italian40 
(Figure 3.18B, magenta curve) was delayed relative to the buffer control clots (no Aβ, 
black curves) and WT Aβ40 (red curves), which resulted in their prolonged time to half 
lysis (Figure 3.18C). However, unlike previous clot lysis kinetics of Dutch40 & Iowa40 
(Figure 3.9B), clot formation and dissolution in the presence of Arctic40 (Figure 3.18A, 
blue curve) did not delay clot lysis and did not lead to prolonged time to half lysis. The 
maximum turbidity or optical density (OD) during clot formation in the presence of 
Arctic40 was decreased, relative to control clots, similar to Dutch40.  These findings 
suggest that Italian40, like Dutch40, can have a functional impact on the clotting 
clearance process compared to WT Aβ40. In contrast, Arctic40 shows ambiguous 
results, where it does not delay clot lysis, but does lower the maximum OD. Based on 
previous studies (64, 66), the lower turbidity exhibited by clots made in the presence of 
Arctic40 is suggestive of a fibrin mesh that is more irregular with more gaps in between. 
The irregular mesh allows more light to pass through thus making the clot less turbid, 
lowering the maximum OD. These results highlight the possibility that Arctic40, which 
may be the principal component of vascular amyloid in HCAA-Arctic patients, can alter 
structure and yet not affect fibrinolysis, contrary to other HCAA Aβ variants.  
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Figure 3.18. HCAA-type Italian Aβ40 increases resistance to fibrinolysis, while 
Arctic Aβ40 lowers maximum clot turbidity. 
(A, B) Fibrin clot turbidity and fibrinolysis differences between WT Aβ40 (red curves), 
Dutch40 (green curves), and Italian40 (magenta curve). (A) Dutch40 and (B) Italian40 
similarly delayed clot lysis relative to WT Aβ40 and control buffer clots (black curves). 
Both Dutch40- and Arctic40-induced clots had lower maximum OD values. (C) Time to 
half lysis times of Italian40 (magenta bar) and Dutch40 (green bar) were significantly 
higher than both control buffer (black bar) and WT Aβ40 (red bar). (**p<0.01; *p<0.05; 
n=3). ns (not significant) =p>0.05. Statistical analyses were performed using one-way 
ANOVA followed by Tukey’s post-hoc test. Bar graphs represent mean ± SEM 
(standard error mean) of ≥3 separate experiments. 

3.9. Longer length Aβs (>Aβ42) & Fbg  
We investigated the fibrin(ogen) interactions of long Aβ species (≥ Aβ43) because 

recent studies have highlighted their involvement in parenchymal (105) and vascular Aβ 
deposits (106) in AD brains. We evaluated the effects of longer Aβ peptides in 
fibrin(ogen) interaction and compared them with shorter Aβ peptides (Aβ38, Aβ40 and 
Aβ42). 
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3.9.1. Profiling longer length Aβ peptides aggregation propensity via EM 
We first acquired TEM images of different length Aβs [Aβ (1-n)] peptides (Figure 

3.19) in order to assess their aggregations state and fibrillization capacity, which could 
influence their interaction with fibrin(ogen). Aβ42 and Aβ40 formed the least amounts of 
fibrillar structures. Aβ40, as seen in Figure 3.4, was seen to rarely aggregate or form 
circular white-dot structures, indicative of oligomeric aggregates. Aβ38 showed long 
straight protofibrils/fibrils that are similar in morphology to what has been reported in the 
literature (113). Aβ43 exhibited abundant oligomer formation (white circular structures), 
while Aβ46 demonstrated the most extensive oligomer formation with branching and 
aggregated protofibrils/fibrils compared to the shorter Aβs. We did not observe a clear 
trend in fibrillization capacity of longer length Aβs compared to shorter ones, since Aβ38 
peptide showed increased peptide aggregation.  
 

Figure 3.19. TEM analysis of different length Aβ (1-n) peptides.  
The Aβ (1-n) peptides used for the in vitro experiments were initially monomerized with 
hexafluoroisopropanol (HFIP), then allowed to oligomerize overnight at 4°C, and 
subsequently placed on carbon grids TEM imaging. Representative TEM images of 
Aβ38, 40, 42, 43, and 46 are shown at 30k and 49k magnification. Aβ38 and Aβ46 
showed the most extensive aggregation and protofibril/fibril formation compared to WT 
Aβ42. The Aβ38 rod-like morphology resembles previously reported structures for 
Aβ38. Aβ40 showed the least amount of oligomer structure or formation. Yellow scale 
bar is 100 nm. 

3.9.2. Probing the binding affinity for Fbg of longer length Aβs  
To evaluate how the strength of Fbg binding compared amongst the different length 

Aβs, under similar conditions as in Figure 3.1, the binding affinity of Aβ38, 40, 42, 43, 
and 46 for Fbg was assessed using SPR analysis. Fbg was immobilized to interact with 
infused Aβ peptides in a dose-dependent manner ( Figure 3.20). Aβ38 (Figure 3.20A) 
and Aβ42 ( Figure 3.20B) showed similarly elevated SPR association response curves 
across all Aβ concentrations, however, their binding affinities (KD) for Fbg ( Figure 
3.20E) were different. The association (ka) rate constants for Aβ42 were higher (data 
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not shown), consequently its KD, calculated from ka and dissociation (kd) rate 
constants, was lower than Aβ38, indicative of higher binding affinity. Aβ43 (Figure 
3.20C) and Aβ46 ( Figure 3.20D) had lower SPR response curve and consequently had 
much weaker Fbg binding affinity compared to Aβ38 and Aβ42. Aβ43 had a stronger 
Fbg binding affinity than Aβ46. Aβ40’s binding affinity for Fbg, previously obtained from 
experiments in Figure 3.2, were also plotted in the bar graph for comparison ( Figure 
3.20E). Comparison of the Fbg binding KD values (mean ± SEM) of the of all the Aβ (1-
n) peptides tested were tabulated (Figure 3.20F). Overall, Aβ40 has the weakest 
binding affinity (highest value KD) compared to all other length Aβ (1-n) tested. Among 
the Aβs (1-n) tested, the intermediate length Aβ42 peptide had the strongest binding 
affinity compared to the shortest and longest Aβ. Linear regression analysis revealed 
that there was low correlation (r2 = 0.086) between Fbg binding affinity and length of Aβ 
when comparing Aβ lengths 38 through 46 ( Figure 3.20G). However, I observed a 
strong correlation (r2 = 0.999) when isolating Aβ lengths ≥ 42 ( Figure 3.20H), which 
included Aβ43 and Aβ46. The fitted regression line with a r2 value close to 1 indicates 
that there is strong evidence that Fbg binding of Aβ peptides longer than Aβ42 have 
higher KD values meaning that their Fbg binding affinities are weaker. Due to limitations 
in the commercial availability of other Aβ variant lengths from the same Aβ peptide 
vendors as the rest (Bachem), we did not obtain and analyze Aβ45 and Aβ49 variants.  
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Figure 3.20. Assessing the increased binding affinity for Fbg of Aβs (1-n).   
(A-D) Representative SPR response curves of (A) Aβ38, (B) Aβ42, (C) Aβ43, and (D) 
Aβ46 peptides that were incubated into an oligomeric state overnight at 40C. Aβ 
peptides were infused over immobilized Fbg in a dose dependent manner. Aβ38 and 
Aβ42 showed similar SPR association response curves across all Aβ concentrations. 
However, bar graphs (E) generated from SPR curves show that Fbg binding affinity (as 
measured by KD) was strongest for Aβ42 and weakest for Aβ40 and Aβ46. (F) 
Tabulation of all mean ± SEM KD values of all Aβ (1-n) peptides tested in SPR Fbg 
binding experiments. (G, H) Linear regression analysis of Fbg binding affinity KD values 
and length of Aβs tested. (G) The fitted regression line shows no correlation when 
considering Aβ lengths 38-46. (H) However, when considering only the long Aβs (≥42) 
tested, the fitted linear regression was excellent (r2 = 0.999) and showed a positive 
strong Pearson correlation (r = 1) between length of Aβ and higher Fbg binding KD 
values. Bar graphs represent mean ± SEM (standard error mean) of ≥3 separate 
experiments. (***p<0.001; *p<0.05, statistical analysis by one-way ANOVA followed by 
Tukey’s post-hoc test). *p<0.05, statistical analysis by two-tailed unpaired t test.  

3.10. Longer length Aβs alterations to fibrin architecture 
Given that we did not observe a trend between Fbg binding strength and length of 

Aβ, we decided to assess if and how Aβ (1-n) altered fibrin architecture differently. We 
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captured ScEM images to observe the structural effects of Aβ38, 40, 42, 43, and 46 on 
in vitro fibrin clot formation. The clots were formed in the absence or presence of these 
Aβ (1-n) peptides (Figure 3.21). Aβ42-, Aβ43-, and Aβ46-induced clots were marginally 
impacted and exhibited a slightly more irregular mesh compared to the normal fibrin 
mesh found in control fibrin clots (without Aβ). Aβ42-induced clots showed the most 
irregular mesh followed by Aβ43, then Aβ46. In addition, Aβ42-clots showed areas of 
fibrin aggregations or clumps that were not found in the other length Aβ-induced clots. 
Aβ38- and Aβ40-induced clots showed no structural effect on clot fiber thickness or the 
presence of fibrin clumps. In summation, like our SPR Fbg binding experiment results, 
our ScEM results did not show a trend between length of the Aβ peptide and degree of 
structural perturbation in fibrin clot formation. However, our SPR and ScEM results 
appear to complement each other by indicating that Aβ42 has the highest Fbg binding 
affinity and also perturbs clot structure the most, followed by Aβ43.  

 
Figure 3.21. ScEM analysis of Aβ (1-n)-induced fibrin clots. 
Scanning electron microscopy images of clots formed in the presence of fibrin alone (no 
Aβ), Aβ38, Aβ42, Aβ43, and Aβ46. Fibrin clots made in the absence of Aβ consisted of 
a uniform fibrin mesh as seen in previous ScEM fibrin clot analyses. Clots made in the 
presence of Aβ42, Aβ43, and Aβ46 consisted of a marginally irregular mesh. Degree of 
qualitative perturbations varied amongst these Aβ (Aβ42 > Aβ43 > Aβ46). Aβ38- and 
Aβ40-induced clots showed no apparent changes to fibrin mesh and/or fiber thickness. 
Yellow scale bar is 500nm. 

3.10.1. Longer length Aβs effect on in vitro fibrinolysis 
In lieu of clear trends in Fbg binding strength and structural effects to fibrin exhibited 

by Aβ (1-n), we carried out clot turbidity assays to observe if there were any trends in 
functional effects on fibrinolysis dependent on Aβ length (Figure 3.22). The kinetics of in 
vitro fibrinolysis of clots in the presence of Aβ (1-n) were monitored (Figure 3.22A) and 
showed that Aβ42 (grey curve), Aβ43 (light blue curve), and Aβ46 (orange curve) 



 48 

delayed fibrinolysis relative to control buffer clots (black curve), which led to prolonged 
time to half lysis times (Figure 3.22B). However, there was no difference in time to half 
lysis times between Aβ42 and Aβ43. Aβ46 led to the significantly longest clot lysis time 
and time to half lysis than the shorter Aβs tested.  

 
Clot formation/dissolution in the presence of Aβ42 and Aβ38 showed the lowest 

maximum turbidity or OD value (Figure 3.22C,D), yet had different degrees of shifting 
the turbidity curve to the right. The kinetics of clot formation & dissolution in the 
presence of Aβ38 showed increased variance, which may have contributed to its 
increased time to half lysis in our calculations. The clot kinetics exhibited by Aβ40 were 
similar to that of control clots and therefore did not feature increases in time to half lysis. 
All different length Aβs tested led to significantly lower maximum turbidity values and 
percent changes in maximum turbidity relative to control clots (Figure 3.22D). Overall, 
there was no clear trend in the length of the Aβ peptide and the degree of its delay to 
clot lysis/fibrinolysis. However, interestingly, our results showed that Aβ46 prolonged 
fibrinolysis leading to the highest time to half lysis. This result highlight the possibility of 
new roles for Aβ46 in cerebrovascular pathology in AD, particularly in further perturbing 
normal fibrinolysis at sites of CAA. Our Aβ TEM image (Figure 3.19) results indicated 
that both Aβ43 and Aβ46 formed more fibrillar and oligomeric structures, which may 
help explain their role in delaying clot lysis. Accurate amounts of Aβ43 and Aβ46 in 
parenchymal and vascular Aβ plaques are often not measured in cerebral histological 
examinations of human AD brains due to poor solubility of these longer Aβs and difficult 
extraction methods. It is possible that the Aβ-Fbg interaction of these longer length Aβs 
may play a different, but more significant role in cerebrovascular pathology in AD 
relative to the conventionally studied Aβ42 and Aβ40 lengths. 
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Figure 3.22. Longer length Aβs also prolong in vitro fibrinolysis. 
(A) Fibrin clot turbidity and fibrinolysis differences between the various Aβ (1-n) 
peptides, Aβ38 (red curve), Aβ40 (green curve), Aβ42 (gray curve), Aβ43 (light blue 
curve), and Aβ46 (orange curve). Aβ42 and Aβ43 similarly delayed fibrinolysis shown 
by shifting the turbidity kinetic curve to the right compared to control buffer (no Aβ, black 
curve), producing (B) similar time to half lysis times. Aβ46 delayed fibrinolysis the most 
and had the longest time to full clot dissolution beyond the time captured in turbidity 
assays. Aβ46 had higher to time to half lysis than Aβ42, Aβ43, and control. (C) 
Maximum turbidity or optical density (OD) for clot turbidity kinetic curves for Aβ (1-n) 
peptides. (D) Percent change in maximum turbidity, relative to control. Aβ38- and Aβ42-
induced clots had the lowest maximum turbidity values. ****p<0.0001; **p<0.01; with 
statistical analyses using one-way ANOVA followed by Tukey’s post-hoc test. * using 
lines above bars, ****p<0.0001; ***p<0.01, *p<0.05; with statistical analysis using 
unpaired two-tailed t-test. Bar graphs represent mean ± SEM (standard error mean) of 
≥3 separate experiments.  
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CHAPTER 4: Aβ VARIANTS FEATURE DIFFERENTIAL ACTIVATION OF tPA-
MEDIATED PLASMINOGEN ACTIVATION 

As mentioned in Chapter 1.5, Aβ and fibrin(ogen) can bind, stimulate tPA (94, 96), 
and enhance tPA-Plg activation, which, in the context of deposited vascular amyloid, 
could be of detriment to the integrity of cerebral vessels. Since HCAA patients are 
afflicted by extensive cerebrovascular pathology including severe CAA, which contains 
an extraordinary amount of co-deposited Aβ-Fbg in HCAA-Dutch and -Iowa brains as 
shown in Chapter 3.7, we tested the ability of these HCAA Aβ to enhance mediators of 
the proteolytic system involved in fibrinolysis. In addition, previous studies have shown 
that more aggregated Aβ lead to higher in vitro tPA-Plg activation relative to 
unaggregated Aβ (97).These studies could help uncover the pathogenesis intracerebral 
hemorrhages (ICH) in HCAA, which is the most lethal clinical feature in most HCAA 
disease variants.  
 
4.1. Most HCAA Aβ mutant variants greatly stimulate and enhance Plg activation 

We examined the effect of WT and HCAA-Dutch, -Iowa, and -Arctic HCAA Aβ 
peptides on in vitro tPA-mediated Plg (tPA-Plg) activation (Figure 4.1) in order to better 
understand how these mutant Aβ may lead to ICH. We used the same Aβ peptides as 
in Chapter 3 and any additional peptides (ex. Dutch-Iowa40) in this chapter (Chapter 4) 
were prepared using the same methods as in Chapter 2.1. All Aβ peptides were initially 
monomerized using HFIP and then reconstituted in 5% DMSO-Tris pH 7.4, followed by 
an overnight incubation at 40C to allow the peptides to steadily oligomerize. 
 

To monitor tPA-Plg activation (or generation), I used enzymatic assays using a 
chromogenic Pn-specific substrate Pefa-5264. As shown in Figure 4.1A, Dutch42 and 
Iowa42 led to elevated tPA-Plg activation relative to WT Aβ42 and control buffer only 
(no Aβ), which can also be viewed as an increased slope/rate (Vmax) of the activity 
curve (Figure 4.1B). As previously reported (93, 94, 97), WT Aβ42 led to higher tPA-Plg 
activation compared to buffer. Iowa42 led to the highest rate of Plg activation, followed 
by Dutch42, and finally by WT Aβ42. When considering the Aβ40 peptides (Figure 
4.1C), both HCAA Aβ40 peptides led to strikingly higher rates of tPA-Plg activation 
compared to WT Aβ40 (Figure 4.1D). 
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Figure 4.1. HCAA Aβ42 and Aβ40 mutant peptides further enhance tPA-Plg 
activation. 
(A-D) tPA-mediated Plg activation were performed by mixing the various (A) Aβ42 and 
(C) Aβ40 (1µM) peptides or vehicle control buffer (5% DMSO-Tris), tPA (125pM), Plg 
(250nM), and Pn-specific chromogenic substrate Pefa-5264 (200µM). Pn generation 
and activity was assessed by measuring time-dependent changes in absorbance at 405 
nm. (A) Dutch42 and Iowa42 had increased stimulation of tPA-Plg activation relative to 
WT Aβ42, also shown as an (B) increased rate of activity or Vmax for Iowa42. (C) 
Dutch40 and Iowa40 had strikingly increased stimulation of tPA-Plg activation relative to 
WT Aβ40 and (D) significantly increased activity Vmax. (****p<0.0001; ***p<0.001; 
**p<0.01; *p<0.05; n=3/group). Statistical analyses were performed using one-way 
ANOVA followed by Tukey’s post-hoc test. Bar graphs represent mean ± SEM 
(standard error mean) of ≥3 separate experiments. 

Aβ can bind and enhance tPA activity, which can lead to increased tPA-Plg 
activation. To further understand how Aβ is stimulating this activation, I assessed the 
direct effects of HCAA Aβ on individual fibrinolytic enzyme activities. I compared the 
effects of HCAA Aβ on the activities of Pn and tPA, using Pn specific-Pefa-5264 and 
tPA-specific S-2238 chromogenic substrates, respectively (Figure 4.2). Dutch42 and 
Iowa42 led to marginally higher tPA activity relative to WT Aβ42 (Figure 4.2A) and 
approximately the same rate of activity (Figure 4.2B), whereas, Dutch40 and Iowa40 led 
to much higher rates of tPA activity relative to WT Aβ40 (Figure 4.2C,D).  
 

Considering the effects of HCAA Aβ on Pn activity, I observed that both Aβ42 and 
Aβ40 versions of Dutch and Iowa Aβ led to much higher activity (Figure 4.2E,G) and 
quantitatively higher rates of Pn activity (Figure 4.2F,H).  In summation, our data shows 
that HCAA Aβs enhance tPA-Plg activation, which could be partially explained by their 
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influence in increasing the activity of the fibrinolytic enzymes tPA and Pn. Given the 
predominance of Aβ40 in vascular Aβ amyloid deposition in CAA, our results indicating 
that HCAA Aβ40s, Dutch40 and Iowa40, showed clear enhancements to tPA and Pn 
activity may have more relevance to HCAA disease pathogenesis. Overall, our data in 
Figure 4.1 and Figure 4.2, placed in the context of our HCAA Aβ clots lysis results 
(Figure 3.9), indicate that in a contradictory manner, HCAA Aβ simultaneously inhibit 
tPA- and Pn-mediated fibrinolysis and enhance the proteolytic activity of the same 
fibrinolytic enzymes in solution (tPA-Plg activation and tPA and Pn activities). 
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Figure 4.2. Components of the fibrinolytic system are enhanced by HCAA Aβ. 
The various Aβ42 and Aβ40 (1µM) peptides or vehicle control buffer (5% DMSO-Tris) 
were combined with (A-D) tPA (12.5nM) and the chromogenic substrate S-2288 
(210µM) to monitor tPA activity; (E-H) plasmin (110nM) and the chromogenic substrate 
Pefa-5264 (200µM) to monitor plasmin activity. tPA and plasmin activity were assessed 
by measuring time-dependent changes in absorbance at 405 nm. (A,B) Dutch42 and 
Iowa42 led to marginal increases to tPA activity relative to WT Aβ42, while their Aβ40 
counterparts, (C,D) Dutch40 and Iowa40 led to vast increases in tPA activity compared 
to WT Aβ40. (E-G) Both Aβ42 and Aβ40 variants of Dutch and Iowa Aβ led to significant 
increases to plasmin activity relative to their WT Aβ counterpart. (****p<0.0001; 
***p<0.001; **p<0.01; *p<0.05; n=3). Statistical analyses were performed using one-way 
ANOVA followed by Tukey’s post-hoc test. Bar graphs represent mean ± SEM 
(standard error mean) of ≥3 separate experiments.  
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I also explored the effects of HCAA Arctic (E22G) and Italian (E22K) Aβ40s on 
fibrinolytic enzyme activity. Although these HCAA variants have not been studied as 
extensively as the HCAA-Dutch and -Iowa, it is important to study these variants 
because they may help clarify the general trends HCAA Aβ have on delaying fibrinolysis 
and/or stimulating the fibrinolytic/proteolytic system. As mentioned before, the clinical 
features of HCAA Arctic disease stands apart from HCAA-Dutch, -Iowa, and -Italian 
because Arctic-carriers do not present with ICH. Like most HCAA Aβ, Arctic and Italian 
Aβ also demonstrate increased fibrillization propensity with enhanced protofibril 
formation(89, 115), which could contribute to increased stimulation of the tPA-Plg 
fibrinolytic system. I also decided to analyze a double mutant Aβ40 peptide containing 
both Dutch- and Iowa-specific amino acid substitutions (Dutch-Iowa40) since I 
previously observed that Dutch and Iowa40 lead to striking stimulation of fibrinolytic 
enzymatic activity. Clot turbidity analysis also showed that Dutch-Iowa40 delays 
fibrinolysis (data not shown).  
 

I monitored the effects of Arctic40 and Italian40 on tPA-Plg activation/generation, Pn 
activity, and tPA activity (Figure 4.3). Dutch40 led to the higher tPA-Plg activation, 
followed by the double mutant peptide, Dutch-Iowa40 (Figure 4.3A). Arctic40, WT Aβ40, 
and Italian40 similarly enhanced tPA-Plg activation. All Aβ40 peptides tested led to 
significantly increased tPA-Plg activation compared to control buffer (no Aβ). 
Considering the effects on Pn activity (Figure 4.3B), Dutch-Iowa40 led to the highest 
activity followed by Arctic40 and Italian40. Dutch40 and Iowa40 had similar effects on 
Pn activity. WT Aβ40 had the smallest effect on Pn activity, which was still higher than 
control buffer only. Considering the effects on tPA activity, Italian40 had the highest 
effect on tPA activity, followed by Dutch-Iowa40 (Figure 4.3C). Both Dutch40 and 
Iowa40 had similar effects on tPA activity. Arctic40 and WT Aβ40 had the smallest 
effect on tPA activity compared to the rest of the Aβs tested. These results indicate that 
Dutch40  lead to increased tPA-Plg activation, consistent with my previous observation 
in Figure 4.1, and enhanced stimulation of the fibrinolytic enzyme activity relative to WT 
Aβ40. However, Arctic40 and Italian40 exhibit differential effects: Arctic40 has increased 
effects on Pn activity only, Italian40 has increased effects on both Pn/tPA activity, yet 
both Aβs do not increase tPA-Plg activation relative to WT Aβ40.  

 
These findings suggest that the lower effects on fibrinolytic enzyme activity featured 

by Arctic40 may the basis of understanding why there is a lack of ICH in Arctic-carrier 
patients. One confounding finding was that Italian40 exhibited a lack of increased in 
vitro tPA-Plg activation because the clinical features of HCAA-Italian disease includes 
frequent small- and large-scale ICH. The limitation of these in vitro enzymatic assays 
using purified protein and enzymes may be masking the physiological role these mutant 
HCAA Aβ40 peptides have on fibrinolytic enzyme activity. 
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Figure 4.3. A few HCAA Aβ40 variants exhibit differential effects on fibrinolytic 
enzymatic activity. 
The various HCAA Aβ40 (1µM) peptides or vehicle control buffer (5% DMSO-Tris) were 
combined with either (A) tPA (125pM), Plg (250nM), and Pn-specific chromogenic 
substrate Pefa-5264 (200µM) to monitor Plg generation; (B) plasmin (110nM) and Pefa-
5264 (200µM); (C) tPA (12.5nM) and the chromogenic substrate S-2288 (210µM) to 
monitor tPA activity; (A) Dutch40 and the double-mutant peptide Dutch-Iowa40 led to 
increases in tPA-Plg activation and/or plasmin generation relative to WT Aβ40. Arctic40, 
Italian40, and WT Aβ40 had similar levels of tPA-Plg activation, which was still elevated 
compared to control buffer only. (B) Most HCAA Aβ40 peptide variants led to increases 
to plasmin activity compared to WT Aβ40. (C) Excluding Arctic40, most HCAA Aβ40 
peptides led to higher tPA activity relative to WT Aβ40. Kinetic graphs showing enzyme 
activity represent mean ± SEM (standard error mean) bars of ≥3 separate experiments.  

4.2. HCAA Dutch and Iowa Aβ lead to more Plg activation in healthy control 
human plasma 

Due the observed varied differential effects of Arctic40 and Italian40 on fibrinolytic 
enzyme activity (Figure 4.3) that did not follow the trends established by Dutch40, 
Iowa40, and the Dutch-Iowa40 peptides and the possible limitation of the in vitro 
tPA/Pn/tPA-Plg enzymatic assays, I decided to use a more physiologically method to 
assess fibrinolytic enzyme activity. I quantified the amount of Plg activation by SDS-
PAGE and Western blot (WB) analysis using control sodium-citrated healthy human 
plasma (Figure 4.4) incubated in the absence or in the presence of the various HCAA 
Aβ40s for different lengths of time. I probed for the Plg band (~100 kDa) using a Plg-
specific polyclonal antibody (described in Chapter 2.14). Our initial experimentation 
used plasma simply incubated with the Aβs, collected at 0- and 36-hour timepoints 
(Figure 4.4A). However, I noticed that Aβ-incubated plasma even incubated after 36 
hours did not show signs of Plg activation, which is indicated by the diminishment of the 
Plg band as it is converted into plasmin (~80 kDa). This might have been occurring due 
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to the lack of active tPA, which may have been affected by the sodium citrate anti-
coagulant in solution and plasma freeze-thaw cycle. Therefore, in order to restore tPA 
activity in the human plasma, I proceeded to add exogenous purified human tPA to Aβ-
incubated plasma and collected various timepoints (0-hr, 12-hr, and 36-hrs), which I 
then analyzed by WB (Figure 4.4B). I used 3 different human healthy control plasma for 
each Aβ. At the 0-hr (top half of Figure 4.4B) and 12-hr (data not shown) timepoints of 
collection, all the various Aβ-incubated plasmas showed similar levels of intact Plg, 
which is a proxy for the level of Plg activation. Differences in levels of Plg present, was 
observed at the 36-hr timepoint (bottom half Figure 4.4B) and was quantified in the bar 
plot in Figure 4.4C. WT Aβ40 and Arctic40 led to minimal changes to Plg levels, 
indicating that they led to minimal Plg activation, which were similar to control buffer (no 
Aβ). However, Dutch40, Iowa40, Dutch-Iowa40, and Italian40 peptides led to more 
diminishment of the Plg band in our blot, indicative of more Plg activation or Pn 
generation relative to WT Aβ40. Dutch-Iowa40 led to the highest enhancement of 
plasma tPA-Plg activation. The order of Aβ that led to the most to least enhancement of 
tPA-Plg activation in human plasma is as follows: (Dutch-Iowa40 > Iowa40 > Italian40 > 
Dutch40 > Arctic40 ≥ WT Aβ40). Pn, the lower molecular weight band (~80 kDa) in our 
Plg-probe, was also present at the 36-hr timepoint across all groups (Figure 4.4B), but 
was highest for Aβ groups that led to more tPA-Plg activation. However, levels of the Pn 
band did not correlate precisely with the degree of Plg band diminishment (Plg 
activation), therefore, it was not quantified. Our results indicate that Dutch-Iowa40 and 
Iowa40 led to significantly higher tPA-Plg activation compared to WT Aβ40 and 
Arctic40.  
 

Due to the variances in Plg activation among the 3 different human control plasmas, 
our one-way ANOVA analysis (Figure 4.4C) may have not shown statistical differences 
among specific Aβ40 groups. In order to address this, I also compared various Aβ40s to 
Arctic40 using two-tailed unpaired t test statistical analysis (Figure 4.4D). Dutch40 and 
Italian40 demonstrated an increased trend in Plg activation compared to Arctic40. 
Overall, our results point to most HCAA Aβ40 peptides further stimulating and 
enhancing tPA-Plg activation in human plasma. Arctic40 appears to be an exception to 
this trend, where it minimally affects tPa-Plg activation. In this manner, these results 
may be more physiologically relevant than the results obtained using only in vitro 
enzymatic assays with purified proteins (Figure 4.3). 
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Figure 4.4. Most HCAA Aβ40 mutant peptides demonstrate higher tPA-Plg 
activation in normal human plasma relative to WT Aβ40. 
The various HCAA Aβ40 (4µM) peptides or vehicle control buffer (5% DMSO-Tris) were 
mixed, incubated in 20-fold diluted sodium-citrated-treated human plasma of 3 different 
healthy control individuals (A) without exogenous tPA or (B) with exogenous tPA 
(125pM) in order to assess tPA-mediated Plg activation. 0-hr (no incubation), 12-hr, and 
36-hr timepoints were collected deactivated & denatured and analyzed by SDS-PAGE 
and WB analysis probing for plasminogen (~100 kDa) using a Plg-specific antibody 
(anti-Plg). (A) WB analysis of Aβ-incubated plasma without exogenously added tPA did 
not show changes to Plg levels (~100 kDa band) even after 36 hours of incubation. (B) 
WB analysis of Aβ-incubated plasma with exogenously added tPA; Dutch-Iowa40, 
Iowa40, Italian40, and Dutch40 led to further decreases in intact Plg, an indicator of Plg 
activation, and increases in plasmin generation (~80 kDa). (C) Intact Plg quantification 
of 36-hr Aβ-incubated plasmas (normalized to transferrin and control buffer group) 
showed that Dutch-Iowa40, Iowa40, and Italian40 had the lowest amount of intact Plg 
relative to WT Aβ40 and Arctic40. (D) Comparison of the effects of various Aβ40s to 
Arctic40 via two-tailed unpaired t-tests showed that, unlike the other HCAA Aβ40s, 
Arctic40 did not lead to more tPA-Plg activation in human plasma. (****p<0.0001; 
***p<0.001; **p<0.01; *p<0.05; n=3). ns (not significant) =p>0.05. Statistical analyses 
were performed using one-way ANOVA followed by Tukey’s post-hoc test and two-
tailed unpaired t-tests. Bar graphs represent mean ± SEM (standard error mean). 

4.3. Longer length Aβs enhance tPA-Plg activation, Pn activity, and tPA activity 
I also explored the connection between the length of the Aβ peptide and the ability to 

stimulate the fibrinolytic/proteolytic system. I examined the effects of Aβ (1-n), including 
Aβ38, Aβ40, Aβ42, Aβ43, and Aβ46 on in vitro tPA-Plg activation (Figure 4.5A,B) and 
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direct effects on Pn (Figure 4.5C,D) and tPA (Figure 4.5E,F) enzyme activity using 
enzymatic chromogenic assays as employed in Figure 4.1. Most of the Aβs tested led to 
stimulation of tPa-Plg activation compared to control buffer only (no Aβ present). 
However, Aβ38 and Aβ46 led to the highest tPA-Plg activation and highest rate of tPA-
Plg activation (Figure 4.5B).  Aβ43 and Aβ42 led to similar enhanced tPA-Plg activation. 
Aβ40 did not lead to enhancements in tPA-Plg activation compared to control buffer. 
The order of Aβ length, from highest to lowest enhancements of tPA-Plg activation: 
(Aβ38>Aβ46>Aβ43>Aβ42> Aβ40).  
 

Considering the effects on Pn activity, Aβ42 led to the highest activity followed by 
Aβ43 and Aβ46. There were significant differences in rates of Pn activity between most 
Aβs, except a few Aβ peptide pairs (demonstrated in bar plot as not significant (ns) 
(Figure 4.5D)). Aβ40 did not increase Pn activity relative to buffer. Dutch40 and Iowa40 
had similar effects on Pn activity. The order of Aβ length, from highest to lowest 
enhancements to Pn activity: (Aβ42>Aβ43≥Aβ46>Aβ38> Aβ40).  
 

All the Aβs tested led to enhancements to tPA activity (Figure 4.5E). Aβ46, Aβ43, 
and Aβ42 similar higher activity compared to the shorter Aβs. Similar to the effects on 
Pn activity, there were significant differences in rates of tPA activity between most Aβs, 
except a few Aβ peptide pairs (demonstrated in bar plot as not significant (ns) (Figure 
4.5F)). Although Aβ42 led to similar rates of tPA activity as Aβ43 and Aβ46, its initial 
tPA activity curve had a higher slope or Vmax. WT Aβ38 and Aβ40 had the smallest 
effect on tPA activity, which was still higher than control buffer only The order of Aβ 
length, from highest to lowest enhancements to tPA activity: (Aβ42>Aβ43≥Aβ46>Aβ38> 
Aβ40).  
 

These results show that there is not a clear trend between length of Aβ and degree of 
enhancements to tPA-Plg activation and fibrinolytic enzyme activity. However, it was 
interesting to observe that Aβ38 led to much higher tPA-Plg activation followed by 
Aβ46. This pattern resembles their peptide aggregation profile qualitatively assessed by 
TEM imaging (Figure 3.19), which showed that Aβ38 and Aβ46 peptides had increased 
protofibrillar and oligomeric structures compared to Aβ42 and Aβ43. Their increased 
fibrillization capacity suggest there is more β-sheet formation, which may enhance their 
binding and activation of both tPA and Plg in a concerted manner. This may explain why 
relative to Aβ42, Aβ38 and Aβ46 led to clear increases in stimulation of tPA-Plg, but not 
Pn or tPA activity independently. 
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Figure 4.5. Differential effects of Aβ (1-n) on fibrinolytic enzymatic activity. 
The various Aβ (1-n) (1µM) peptides or vehicle control buffer (5% DMSO-Tris) were 
combined with either (A,B) tPA (125pM), Plg (250nM), and Pn-specific chromogenic 
substrate Pefa-5264 (200µM) to monitor Plg generation; (C,D) plasmin (110nM) and 
Pefa-5264 (200µM); (E,F) tPA (12.5nM) and the chromogenic substrate S-2288 
(210µM) to monitor tPA activity; (A) Aβ38 and Aβ46 led to increases in tPA-Plg 
activation and (B) increased rates of activity or Vmax relative to the other length Aβs. 
Aβ42 and Aβ43 has similar effects on tPA-Plg activation. (C) Aβ42 led to highest Pn 
activity, also shown as (D) a high rate of Pn activity (Vmax). (E) Aβ42, Aβ43, and Aβ46 
led to similarly elevated tPA activity and led to (F) approximately equal rates of tPA 
activity (Vmax). Aβ40 had the lowest stimulatory effect across the 3 fibrinolytic enzyme 
activity assessments (tPA-Plg activation, Pn activity, and tPA activity). (****p<0.0001; 
**p<0.01; *p<0.05; n=3). ns (not significant) =p>0.05. Statistical analyses were 
performed using one-way ANOVA followed by Tukey’s post-hoc test. Bar graphs 
represent mean ± SEM (standard error mean) of ≥3 separate experiments.  
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I also assessed the ability of Aβ (1-n) to stimulate tPA-Plg activation using normal 
human plasma using the same methods as in Figure 4.4. Exogenous tPA was added to 
plasma, which was then incubated in the absence of Aβ or in the presence of the 
various Aβ (1-n) peptides for different lengths of time. 0-hr, 12-hr, and 36-hr timepoints 
were collected and analyzed by SDS-PAGE and WB analysis (Figure 4.6A). We 
quantified the levels of intact Plg (~100 kDa), as an indicator of Plg activation (Figure 
4.6B). Lower levels of intact Plg would be indicative of more Plg activation. Aβ46-
incubated plasma collected at the 36-hr timepoint had the lowest intact Plg (Figure 
4.6A), therefore had the highest tPA-Plg activation in human plasma (Figure 4.6B), 
followed by Aβ38. Aβ42 and Aβ43 had marginally more plasma Plg activation compared 
to control buffer alone (no Aβ). Curiously, Aβ40 had the most intact Plg, suggesting that 
the buffer alone was able to stimulate tPA-Plg activation in human plasma compared to 
the Aβ40 peptide, which is reconstituted in the same buffer (5% DMSO-Tris, pH 7.4). 
Our results indicate that Aβ46 and Aβ38 led to increased stimulation of tPA-Plg both in 
our purified enzymatic chromogenic assays (Figure 4.5) and in human plasma, which is 
more physiologically relevant.  

 
Figure 4.6. Longer length Aβ46 featured a higher trend in tPA-Plg activation in 
normal human plasma. 
The various Aβ (1-n) (4µM) peptides or vehicle control buffer (5% DMSO-Tris) were 
mixed, incubated in 20-fold diluted human sodium-citrated plasma exogenous tPA 
(125pM) in order to assess tPA-mediated Plg activation. 0-hr (no incubation), 12-hr, and 
36-hr timepoints were collected deactivated & denatured and analyzed by SDS-PAGE 
and WB analysis probing for plasminogen (~100 kDa). (A) Aβ46 further decreased 
intact Plg and increased plasmin generation (~80 kDa), followed by Aβ43 and Aβ38. (B) 
Intact Plg quantification (normalized to control buffer group) of 36-hr Aβ-incubated 
plasmas showed that Aβ46 had the lowest amount of intact Plg, while Aβ38, Aβ42, and 
Aβ43 showed similar levels. Aβ40 demonstrated much higher levels of intact Plg, even 
more than control buffer.  

4.4. Aβs’ role in “enzymatic approximation effect” in tPA-Plg activation  
As mentioned in Chapter 1.5, Aβ can have functional mimicry to replace fibrin, bind, 

stimulate tPA (94, 96), and enhance the catalysis tPA-Plg activation. Akin to fibrin, Aβ’s 
β-sheet structure in its oligomeric and/or aggregated state may be functioning as a 
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network of fibrin fibers, which can also act as a scaffolding template onto which tPA and 
Plg bind and co-localize. Consequently, the catalysis of tPA’s conversion of Plg into Pn 
is enhanced due to Aβ’s ability to bring these enzymes closer together. This effect is 
known as catalysis by approximation or enzymatic approximation effect (95). In order to 
better understand how the Aβs tested in this thesis led to increases in tPA-Plg 
activation, I carried out in vitro tPA-Plg activation enzymatic assays using various 
concentrations of Plg (Figure 4.7). I tested tPA-Plg activation in the presence or 
absence of WT Aβ42 at increasing concentrations of Plg (Figure 4.7B-F). At the lowest 
Plg concentration, tPA-Plg activation in the presence of Aβ42 is much higher than 
control buffer (no Aβ), whereas the difference between WT Aβ42 and buffer gradually 
diminishes as Plg concentration increases and is completely abolished at the highest 
Plg concentration tested, 4000 nM (Figure 4.7F). These results suggest that by 
increasing Plg’s concentration, we are eliminating the necessary scaffolding template 
effect Aβ42 is providing to bring tPA and Plg closer together to enhance tPA’s catalysis 
of conversion of Plg into Pn. Therefore, it is likely that the Aβs tested in in vitro tPA-Plg 
activation assays potentiate Pn generation via enzymatic approximation effect. 
 

 
Figure 4.7. Increasing Plg concentration abolishes WT Aβ42-induced stimulation 
of in vitro tPA-Plg activation. 
(A) In dose-dependent manner, various concentrations of purified human Plg (250-
4000nM) were mixed with either WT Aβ42 (1µM) peptide or vehicle control buffer (5% 
DMSO-Tris) in solution with tPA (125pM) and Pn-specific chromogenic substrate Pefa-
5264 (200µM) to monitor Pn generation.  Overall, across the Plg concentrations used, 
WT Aβ42 (shades of red curves) led to higher tPA-Plg activation compared to control 
buffer only (shades of blue curves). (B-F) Same data as (A) but shows tPA-Plg 
activation between WT Aβ42 and control buffer at single Plg concentrations. (B,C) At 
lower Plg concentrations, differences in tPA-Plg activation between WT Aβ42 and buffer 
are evident, however, at (D-F) higher Plg concentrations, this differences is abolished. 
tPA-Plg activation kinetic graphs represent mean ± SEM (standard error mean) bars of 
≥3 separate experiments.  
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Our results indicate that the longer length Aβ46, and, unexpectedly, the shorter Aβ38 
lead to increases in tPA-Plg activation relative to the conventionally studied “normal” 
length WT Aβ42. One explanation for these enhanced stimulatory effects on tPA-Plg 
activation could be that these Aβs have assume more aggregated states, as examined 
by our TEM analysis, relative to WT Aβ42. The increased aggregation state and 
fibrillization capacity of these peptides could be further enhancing the enzymatic 
approximation effect featured by Aβ.  
 

To address this possibility, I explored if and how increasing Plg concentration would 
abolish enhancement of tPA-Plg activation in the presence of Aβ46 relative to shorter 
Aβ. I examined the effects of Aβ40 and Aβ46 on in vitro tPA-Plg activation using low Plg 
(250nM) and high Plg (2000nM) concentrations (Figure 4.8). Congruent with previously 
observed results, Aβ40 had minimal effects on tPA-Plg activation relative to control 
buffer alone (no Aβ) at low and high Plg concentrations (Figure 4.8A). As expected, 
Aβ46 led to higher tPA-Plg activation at lower Plg concentrations, however, at higher 
Plg concentrations, the difference between Aβ46 and buffer alone was insignificant 
(Figure 4.8A). These result suggest that Aβ46 features enhanced enzymatic 
approximation effect in tPA-Plg activation relative to Aβ40. 

 
Figure 4.8. Increasing Plg concentration also abolishes the more aggregation 
prone WT Aβ42-induced stimulation of in vitro tPA-Plg activation. 
250nM and 2000nM Plg were incorporated into reactions with either (A) Aβ40 (1µM) or 
(B) Aβ46 (1µM) peptide or vehicle control buffer (5% DMSO-Tris) in solution with tPA 
(125pM) and Pn-specific chromogenic substrate Pefa-5264 (200µM) to monitor Pn 
generation. (A) Aβ40 showed minimal effects in tPA-Plg activation are minimal at low 
(250nM) and high (2000nM) Plg concentrations relative to control buffer. (B) Aβ46 led to 
increased tPA-Plg activation only at low, but now high Plg concentration relative to 
control buffer. tPA-Plg activation kinetic graphs represent mean ± SEM (standard error 
mean) bars of ≥3 separate experiments.  

To further test the hypothesis that an increase in the aggregation or fibrillization 
properties of Aβ could enhance its ability to act as a scaffolding template and bring tPA 
and Plg closer together for catalysis (enzymatic approximation effect), it would be 
crucial to test various Aβs with different aggregation profiles. Ideally, HCAA Aβ should 
be tested in fibrinolytic enzyme activity assays using various Plg concentrations to 
assess their role in increasing the enzymatic approximation effect on tPA-Plg activation.  
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CHAPTER 5: DISCUSSION 
5.1. Overview 

In this thesis, I highlighted the ability of HCAA Aβ to interact and affect the function of 
vital components of hemostasis, including fibrin(ogen) and fibrinolytic/proteolytic 
enzymes. I extended the probe of unique Aβs that may be important in the development 
of cerebrovascular pathology to longer length Aβs, with special emphasis on Aβ46. 
These findings provide an avenue through which we can better understand the etiology 
and pathogenesis of the main pathologies found in most HCAA disease variants, 
namely CAA and ICH, and CAA-related pathology in AD. The findings also underscore 
the new role for fibrin(ogen) in HCAA disease, which may mechanistically interconnect 
CAA and ICH pathophysiologies in HCAA. 
 
5.2. HCAA-linked Aβs’ strong interaction with fibrin(ogen) and alteration to 
fibrin(ogen) structure and function 

WT Aβ-fibrin(ogen) structurally and mechanistically alter the architecture of the fibrin 
network and make fibrin clots Pn-resistant (64, 65). Results in Chapter 3 extend our 
understanding of the Aβ-fibrin(ogen) interaction by probing the interaction between 
HCAA Aβ and fibrin(ogen). Our in vitro findings show that the presence of Dutch- and 
Iowa-mutant Aβs lead to the formation of fibrin clots that are more structurally altered 
(Figure 3.7) and more resistant to Pn-mediated fibrinolysis compared to WT Aβ-induced 
clots (Figure 3.9). These findings may be explained by the fact that mutant Dutch- and 
Iowa-Aβ42 and -Aβ40 have stronger binding affinities for Fbg compared to both WT 
Aβ42 and WT Aβ40, respectively (Figure 3.2). While the Aβ40:Aβ42 ratio is elevated in 
CAA (16, 21), because there is still considerable levels of Aβ42 in CAA deposits (116, 
117), we often included both HCAA Aβ variant lengths. 

The increased binding affinity between HCAA Aβs (Dutch and Iowa (Figure 3.4) and 
Arctic Aβ (Figure 3.17)) and Fbg may be explained by the increased aggregation 
propensity featured by the mutant Aβs reported in the literature (89) and as seen in our 
TEM analysis of Aβ peptides (Figure 3.4). Our assessment whether an increased 
aggregated state in Aβ would increase its binding for Fbg (Figure 3. 6) indicated that an 
aggregated Aβ42 peptide with a more proto-fibrillar structure did not have an increased 
binding affinity to Fbg compared to less aggregated Aβ42. In addition, our SPR Fbg 
binding results for Dutch40 and Iowa40 further drive the point that differences in the 
aggregation state alone of Aβ is not enough to dictate Fbg binding strength. Given that 
SPR response signal is known to be directly proportional to the change in bound analyte 
(Aβ) to the ligand (Fbg), the SPR response curves for Iowa40 were higher compared to 
Dutch40 (Figure 3.4E,F) at similar peptide concentrations most likely because Iowa40 
aggregated into larger protofibrils compared to Dutch40 (Figure 3.4E,F). However, 
Dutch40 and Iowa40 had comparable binding affinities to Fbg, 12 ± 2.4nM and 6.8 ± 
2.3nM, respectively, that are not statistically different. Taken together, our results 
indicate that while the aggregation state of the HCAA Aβ or WT Aβ may have an 
influence in its binding affinity to Fbg, it seems that is it not the sole factor in determining 
Fbg binding strength. It is possible that the amino acids substitutions in the Dutch-, 
Iowa-, Arctic-Aβ peptides may have a larger influence in their interaction with Fbg. 
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The possible mechanisms through which HCAA Aβs perturb clot structure and 
fibrinolysis are likely similar to as WT Aβ42’s perturbation on clot structure and lysis 
(64). In non-HCAA AD patient cases, WT Aβ42 contributes to cerebrovascular 
pathology, CAA formation, and delays fibrinolysis by binding to two regions; the C-
terminus of the β-chain of fibrinogen near the b-hole (63), and to a region of the αC-
region of fibrinogen (Aα239-421)(67). This αC region of fibrinogen is known to bind 
plasminogen and includes Pn cleavage sites(68). The higher binding affinity of the 
mutant HCAA Aβs, specifically Dutch and Iowa Aβ peptides, to fibrin(ogen) may further 
impede plasmin(ogen) binding and access of tPA and plasmin(ogen) to fibrin clots, 
which can contribute to the increases in time to half-lysis times compared to WT Aβ 
(Figure 3.9C,D). Stronger binding to the region close to the b-hole of fibrinogen may 
further impair lateral aggregation of fibrin protofibrils(63) and can result in the observed 
Dutch- and Iowa-Aβ induced clot structures that are more irregular and have more gaps 
(Figure 3.7), thus also lowering the maximal OD as observed in the clot lysis kinetic 
curves (Figure 3.9A,B).  

Although, Dutch and Iowa Aβ show similar interactions with fibrin(ogen), in terms of 
binding affinity, effects on fibrin clot structure, and effects on clot lysis, there are 
nuanced differences between the mutant Aβ peptides that should be noted. Differences 
in clot structure induced by Dutch40 (Figure 3.7E), compared to Iowa40’s effect (Figure 
3.7F), include qualitatively different fibrin clumps with a rosette-like appearance, more 
aggregates, and thinner fibers (Figure 3.7I,K). Possible reasons for these differences in 
fibrin clot perturbation includes differences in the Aβ aggregation profile and changes to 
the stoichiometry between WT and HCAA Aβ peptides for fibrin(ogen) (64, 67). Our 
TEM analysis of the structure of the oligomeric and proto-fibrillar forms of Aβ peptides 
(Figure 3.4) shows that while Iowa42 and Dutch42 peptides both have short proto-
fibrillar forms, Dutch40 and Iowa40 peptides differ. Iowa40 peptide shows increased 
elongated proto-fibrils compared to Dutch40’s aggregation pattern. Differences in 
aggregated peptide structures between Dutch40 and others Aβs could account for the 
differences in which they can affect fibrin clot structure. In addition, HCAA mutant Aβs 
may have additional binding regions within fibrin(ogen), which could lead to altered 
molar Aβ-Fbg stoichiometries, thus sleading to differential effects on clot structure. 

Mutant Italian Aβ40 (E22K/E693K) found in HCAA-Italian disease (112), another 
autosomal dominant early-onset Aβ-type HCAA variant that clinically presents with 
severe CAA and ICH, was also investigated. There is no animal model for this HCAA 
variant. Its effect on clot lysis (Figure 3.18) was congruent with Dutch40 and Iowa40’s 
effects. Dutch40, Iowa40, and Italian40 led to further prolongation of clot lysis relative to 
WT Aβ40. Although, we did not resolve Italian40’s binding affinity for fibrin(ogen), its 
increased aggregation propensity (112, 114), its amino acid substitution at the same site 
as Arctic and Dutch Aβ (Figure 1.1) in a key Fbg-binding region (67), allows us to 
predict that it also binds strongly to Fbg.  

5.3. The overlapping role of WT- and HCAA-linked Aβs and fibrino(gen) 
interaction in cerebral co-deposition AD and HCAA 

My results in Chapter 3.7, show high levels of mutant Aβ-fibrin(ogen) co-deposition in 
HCAA-Dutch and -Iowa patient post-mortem occipital brain tissue, especially at cerebral 
blood vessel sites with a high burden of CAA pathology, which may be explained by the 
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stronger interaction between HCAA Aβ and fibrin(ogen) observed in binding, clot 
structure, and function. Our immunofluorescence (IF) analysis of HCAA patient brains 
(Figure 3.13 and Figure 3.14) helped corroborate the physiological relevance of our in 
vitro findings showing stronger interactions between mutant HCAA Aβ, specifically their 
oligomeric form, and fibrin(ogen). While, this strong interaction can occur throughout the 
brain, wherever there is CAA pathology, the brain area that we decided to compare 
among the three human groups (HCAA-Dutch, EOAD, and ND groups are described in 
Table 3.1) was the occipital cortex. Occipital brain tissue was selected based on the 
known predilection of CAA for posterior regions, including the occipital lobe (24, 25). 
This occipital localization is found in both sporadic CAA patients and in AD patients with 
concurrent CAA, with increasing occipital vascular involvement with increasing AD 
pathology (24). In the case of HCAA, vascular deposits also start in the occipital lobe, 
but in advanced cases all brain regions are involved (5, 11). It is important to note that 
although, in HCAA, similar to sporadic CAA, the Aβ40:Aβ42 ratio is elevated in vascular 
amyloid deposition (16, 21), Aβ42 is still a major component of CAA deposits(116, 117). 
 

Our analysis of Aβ and fibrin(ogen) co-localization in human HCAA patient brains 
highlight the role the aggregated state of Aβ has in AD vascular pathology. In our 
analysis, the use of Congo Red detected highly aggregated and congophillic Aβ at Aβ 
parenchymal plaques and CAA sites in HCAA and EOAD patients, however, there was 
no distinction in Aβ deposit levels between the two groups (Figure 3.13C). In contrast, 
by using NAB61, we were able to reveal much higher levels of Aβ oligomers in HCAA-
Dutch brains compared to EOAD brains, especially at sites of CAA (Figure 3.14B).  
Further stratification of our IF analyses based on vessel size indicated that there were 
different patterns of congophillic Aβ deposits in HCAA-Dutch and EOAD brains across 
larger (Figure 3.15A-E) and smaller (Figure 3.15F-J) vessels. In HCAA-Dutch brains, 
smaller vessels contained much lower congophillic Aβ deposits (Figure 3.15G) 
compared to EOAD brains, which is characteristic of HCAA-Dutch CAA pathology (39). 
EOAD brains also contained abundant CAA-laden large and small vessels with 
aggregated Aβ deposits (Figure 3.15B,G), which is in agreement with the high incidence 
of CAA pathology in AD patients (3). These differences in Aβ deposit patterns based on 
vessel size reflects the existence of substantial CAA pathology in both patient groups, 
with the added caveat that HCAA Dutch-type CAA is mostly restricted to the arterioles 
(39). Although, NAB61 was also able to detect parenchymal plaques in HCAA-Dutch 
and EOAD brains, its specificity in detecting vascular Aβ oligomers, including in larger 
(Figure 3.15C) and smaller (Figure 3.15H), highlighted the role cerebrovascular mutant 
Aβ oligomers have in their interaction and co-deposition with fibrin(ogen) along cerebral 
vessel of various sizes (Figure 3.15E,J). Furthermore, while smaller vessels in EOAD 
brains had noticeable levels of congophillic Aβ (Figure 3.15G) and Aβ oligomer (Figure 
3.15H), fibrin(ogen) co-localization with Aβ oligomer (Figure 3.156J) was significantly 
lower compared to HCAA-Dutch brains. These results are in agreement with our 
previous in vitro binding experiments revealing that there is a strong binding affinity 
between oligomeric Aβ and fibrin(ogen), especially mutant oligomeric HCAA Aβs as 
observed in our SPR binding experiments (Figure 3.2), and fibrin(ogen), but weaker 
binding between fibrin(ogen) and Aβ aggregates and monomers (69).  
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Due to aging, genetic, and environmental influences, there are decreases in the 
clearance of Aβ, which leads to its accumulation at the cerebrovascular interface (31, 
34). My results in Figure 3.11 indicate that even low nanomolar levels of HCAA Aβ can 
lead to alterations in fibrinolysis. Therefore, the BBB dysfunction typically seen in AD 
and HCAA patients (39, 79) may allow sufficient amounts, ranging from nanomolar to 
micromolar concentrations, of mutant HCAA-linked Aβ oligomers to transit through to 
the BBB, interact with circulating vascular fibrin(ogen), and then co-deposit with Fbg in 
HCAA patients’ cerebrovasculature. This would lead to HCAA Aβ-induced clots that are 
severely structurally abnormal and resistant to fibrinolysis. Therefore, our findings would 
suggest there could be persistent HCAA Aβ-fibrin(ogen) along cerebral vessels, which 
can greatly contribute to the exacerbated CAA pathology observed in HCAA disease. 
The one caveat to this trend is Arctic Aβ that does not delay fibrinolysis relative to buffer 
(Figure 3.17). Although unclear, Arctic Aβ40’s inability to delay clot lysis might be 
related to its lack of stimulation of in vitro tPA-mediated Plg activation, which is 
discussed in Chapter 5.5.  

WT Aβ alone can cause endothelial and smooth muscle cell dysfunction, which can 
lead to BBB dysfunction (31, 34). In comparison, studies using Dutch42, Arctic42, 
Italian42, and Iowa42 have demonstrated they increase inhibition of neuronal viability 
and increase cell cytotoxicity in cell culture relative to WT Aβ42 (118, 119). Dutch40 and 
Iowa40 treatment of SMC explants from human cerebral microvessels has been shown 
to elevate proteolysis of SMC α-actin and decrease their viability compared to WT Aβ40 
(120, 121). Dutch Aβ can lead to smooth muscle cell death via expression and 
activation of matrix metalloproteinase 2 (MMP-2) (109). Furthermore, in vitro studies 
have shown that soluble oligomeric HCAA Dutch Aβ is more neurotoxic compared to its 
more aggregated form (122), which complements our IF analysis in HCAA-Dutch brains 
(Figure 3.13). I showed there was abundant vascular Aβ oligomer (NAB61 signal)-Fbg 
co-localization at sites of CAA, which is likely composed of WT and mutant Dutch Aβ. 
As noted in AD mouse models, increased Aβ-fibrin(ogen) deposition at sites of CAA 
pathology can lead to detrimental effects in the microvasculature of AD mice, increased 
co-deposition, which can impair perfusion of the surrounding parenchyma (123), and 
lead to dystrophic neurites and neuronal death (59). The increased persistence of 
mutant HCAA Aβ-fibrin(ogen) co-aggregates may exacerbate the vast 
neuropathological changes typically observed in non-mutant AD CAA cases, which 
features cerebrovascular WT Aβ-Fbg co-deposition, and may lead to additional 
pathologies observed in HCAA brains, such as neuroinflammation, vascular wall 
remodeling, and Aβ clearance (38, 124). The possible ramification HCAA Aβ-
fibrin(ogen) interaction in the brain has an added layer of complexity when considering 
the direct pathological effects of fibrin(ogen) in the brain. Although, the brain’s innate 
immune system, including microglia and astrocytes, can be induced and activated by 
WT Aβ (125) and HCAA Dutch Aβ (79) alone, the persistence of fibrin(ogen) in CAA-
laden vessels can also bring about severe local pro-inflammatory changes, which can 
contribute to vascular pathology in HCAA disease and AD (126, 127). Recent studies 
(128), have shown that fibrin can interact with receptors on innate immune cells in the 
brain and its deposition in the brain induces chronic inflammation in healthy mouse 
brains leading to synaptic dysfunction via loss of dendrites and spines.  
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Immunohistochemical studies of HCAA-Dutch patient brains have shown abundant 
activated microglial and reactive astrocytes surrounding vascular amyloid (i.e. CAA 
sites) and parenchymal plaques (21, 79), which have been implicated in having a 
detrimental role in AD pathology (73, 129) and most likely in HCAA. Ryu et al., (73) 
showed that dense parenchymal and vascular plaques, indicative of fibrillar congophillic 
Aβ, were surrounded by activated glial cells devoid of cytoplasmic Aβ42+ granules, 
while non-reactive glial cells surrounding non-fibrillar plaques were Aβ42+ suggesting 
that mutant Dutch Aβ may have impaired clearance from the brain depending on its 
aggregated state. This highlights the importance of my results showing both congophillic 
and oligomeric Aβ’s association with fibrin(ogen) in cerebral vessel walls in HCAA brain 
(Figure 3.13 and Figure 3.14). It is possible that the HCAA Aβ oligomer-fibrin(ogen) 
complex is harder to clear away due to defective fibrinolysis, as shown in this thesis, 
and by glial uptake. Additionally, HCAA Aβ may have impaired clearance from the brain 
because of their impaired degradation by proteolytic enzymes. While Pn’s principal 
hemostatic role is to degrade clots to allow the continuous flow of blood in the 
circulation, it is known to cleave oligomeric and fibrillar WT Aβ (130, 131). However, 
closer examinations of mutant Aβ with increased aggregation propensities have showed 
that oligomeric HCAA Aβ40s, including Dutch40, Arctic40, and Italian40 are resistant to 
neprilysin-proteolysis (132) and to varying degrees, feature resistance to insulin 
degrading enzyme (IDE) and plasmin(Pn)-catalyzed (133) proteolysis.  

While there is an extensive overlap in the clinical features and pathologies  between 
HCAA- and Aβ-type CAA (Table 1.1), present in over 80% of AD patients, HCAA Dutch 
and Iowa-type patients present with a myriad of other neurovascular pathologies: they 
include additional ECM remodeling involving a deregulated TGF-β pathway (11), 
fibrosis/hyalinosis of the vessel wall, and loss of vessel wall integrity (6, 12-14). Another 
distinct pathology observed in HCAA are secondary CAA-associated vasculopathies, 
including “vessel-within-vessel” formation, perivascular astrogliosis, microgliosis, and 
neuritic degeneration. Neurofibrillary degeneration and presence of NFTs are absent or 
limited in HCAA disease (25). Mouse models that can recapitulate the pathophysiology 
specifically observed in HCAA and can distinguish it from pure forms of AD with CAA or 
sporadic CAA pathology is critical in understanding HCAA disease. A good HCAA 
model could lead to the development of treatments to a disease that is as of now still 
uncurable. While a few AD mouse models, like the 5XFAD mouse model, can exhibit 
CAA pathology (59), the TgSwDI mouse model, developed by the Van Nostrand group 
at Stony Brook, was one of the first animal models to dramatically develop large 
amounts of microvascular CAA relative to parenchymal Aβ plaques (134). The 
transgenic mouse model was made to express the human APP transgene containing 3 
EOAD mutations, including the Swedish (K670M/N671L), Dutch (E693Q), and Iowa 
(D694N) mutations driven by the thymus cell antigen 1 (Thy1) promoter that leads to the 
predominant expression of transgenic APP in neurons and glia in the brain. The 
Swedish mutation results sits at the β-secretase cleavage site of APP, likely leading to 
increased cleavage of APP and increased Aβ production. This mouse line also develops 
neuroinflammation pathology and signs of cognitive impairments. Given that this mouse 
model develops extensive CAA and expresses mutant human Dutch and Iowa Aβ, it 
would be a great model to study in order to complement our HCAA-Aβ-Fbg binding 
results (Figure 3.2) and co-deposition analyses in HCAA-Dutch human brain (Chapter 
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3.7). The caveat is that the model does not precisely feature the severity of the 
cerebrovascular pathology in HCAA patients. TgSwDI mice do not feature abundant nor 
severe ischemic and hemorrhagic strokes and mostly develop capillary CAA, which 
largely contrasts with the large-to-medium sized vessel (arterial and arteriole) CAA 
observed in HCAA patients. Other useful and more recently developed transgenic 
mouse models of HCAA disease, include tg-APPDutch (16) and tg-ArcSwe (135, 136), 
which overexpress the HCAA Dutch and Arctic mutations, respectively. The ArcSwe 
model overexpresses human Arctic Aβ and models HCAA-Arctic disease given the 
development of CAA with lack of ICH, which also more closely resembles AD pathology 
(136). The APPDutch model overexpresses human Dutch Aβ and more closely 
resembles its human HCAA-Dutch analog since it presents with severe CAA, SMC 
degeneration, ICH, and neuroinflammation(16). It is likely that the HCAA-Aβ-Fbg 
interaction will have to be stratified by HCAA disease models. 

5.4. HCAA-linked Aβ mutant variants greatly enhance tPA-Plg activation and 
components of the fibrinolytic system 

Due to the potential crosstalk between coagulation and inflammation (137), it is 
difficult to discern what other pathways or mechanisms contribute to specific vascular 
pathologies in HCAA that include CAA and hemorrhagic strokes. Aβ’s partner in CAA 
deposition, fibrin, the cleaved form of Fbg, plays a major role in Plg activation by 
stimulating the initial conversion of Plg into plasmin (Pn) via tPA binding/activation, and 
further enhancing the rate of tPA-Plg activation catalysis (68). However, fibrin is not the 
sole contributor to Plg activation. As mentioned in Chapter 1.5, small fragments of Aβ 
containing the Dutch mutation and other fibrillar Aβ peptides have been observed to 
enhance tPA-Plg activation in vitro (97, 138). Indeed in Chapter 4.1, I demonstrated that 
most of the full-length HCAA Aβs studied in this thesis increased the activities of tPA 
and Pn (Figure 4.2) and further stimulated tPA-Plg activation in chromogenic enzymatic 
assays (Figure 4.1) and in human plasma.  

Merging results in Chapter 4 indicating that most HCAA Aβ increase fibrinolytic 
enzyme activity with results in Chapter 3 showing that there is increased HCAA Aβ-Fbg 
interactions, led to the formation of a hypothesis surrounding the role of the Aβ-Fbg-
proteolytic/fibrinolytic system interaction in HCAA cerebrovascular pathology:  a 
structurally altered clot with co-deposited HCAA Aβ-fibrin(ogen) that is resistant to Pn-
mediated degradation, is not cleared effectively, and simultaneously dramatically 
enhancing the proteolytic activity of tPA and plasmin(ogen), both principal mediators of 
fibrinolysis. My Chapter 3 and 4 results for Dutch and Iowa Aβs were tabulated for 
easier comparison (Table 5.1). Effects that were quantitatively increased relative to WT 
Aβ were shaded in green. My data suggest that mutant oligomeric HCAA Aβ may be 
interacting and binding with vascular fibrin(ogen) with high affinity in and around 
cerebral blood vessels, which can lead to their co-deposition.  
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Table 5.1. Effect of HCAA Aβ-linked mutations on the Aβ-Fbg interaction and 
fibrinolytic enzymatic system compared to WT Aβ. 

 
Statistical analysis: ****p<0.0001; ***p<0.001; **p<0.01; with statistical analyses using 
one-way ANOVA followed by Tukey’s post-hoc test. 
 

Overall, my results show that the most well studied HCAA disease variants, HCAA 
Dutch and Iowa Aβ, with special emphasis on their oligomeric forms, had increased Fbg 
binding and led to increase perturbation to fibrin clot structure and function. These 
mutant oligomeric Aβs also led to significant increases in in vitro tPA-Plg activation and 
in human plasma, which may create a local vascular hemorrhagic environment that is 
detrimental to the integrity of cerebral vessel walls. Taken together, these results would 
form the basis for our model (Figure 5.1) that presents the sequence of events that may 
interconnect these processes and highlights the new roles of mutant HCAA Aβ, 
fibrin(ogen), and proteolytic/fibrinolytic enzymes in HCAA vascular pathology. The 
sequence of events depicted in the model (Figure 5.1) are as follows: Akin to normal or 
WT Aβ-fibrin(ogen) co-deposition in AD patients and AD mouse models (59, 66), due to 
age-, environmental-, or genetic-related factors, [Step 1] there is increased transit 
across the BBB, with mutant HCAA Aβ oligomers efflux and Fbg influx (40, 62, 76, 77, 
79). Mutant Aβ oligomers and congophillic aggregated Aβ can then start interacting 
within the various layers of the vessel wall. The stronger binding affinity of HCAA Aβ 
oligomer for Fbg leads to abundant mutant Aβ-Fbg co-deposition initially in and around 
cerebral blood vessel walls (mostly arteries and arterioles). Aβ can initiate coagulation 
and conversion of Fbg into fibrin via activation of the FXII-driven intrinsic coagulation 
and contact system leading to the generation of thrombin and bradykinin (65). 
Therefore, both Fbg and fibrin can interact with mutant Aβ, very often at sites of CAA, 
leading to the formation of persistent Aβ-fibrin(ogen) clot aggregates that are structurally 
abnormal. [Step 2] The fibrinolytic system, consisting of tPA and plasmin(ogen), are 
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activated by the presence of co-deposited/co-aggregated fibrin(ogen) and mutant Aβ, 
but cannot effectively degrade the structurally altered Pn-resistant clot (not featured by 
Arctic-Aβ-induced clots). In addition, the presence of vascular HCAA Aβ deposits may 
lead to the activation of the TGF-β pathway (11) and increased expression of MMP-2 
from vascular smooth muscle cells (109), which can lead to extensive ECM remodeling, 
thus weakening the integrity of the vessel wall. [Step 3] Persistent vascular mutant Aβ-
Fbg leads to further local enhancement and amplification of the fibrinolytic system, 
which include enhanced tPA-mediated Plg activation and increased tPA/Pn activity (not 
featured by Arctic-Aβ-induced clots). The excess proteolytic activity by the increased 
Pn generation and enhancements to Pn activity leads to abundant collateral and non-
specific cleavage of the vessel wall ECM and tissue. [Step 4] Finally, due to a very 
compromised vessel wall, micro- and macro-intracerebral hemorrhages occur (i.e. lobar 
hemorrhages and microbleeds, respectively). Hemostasis can occur with circulating 
platelets and fibrin that can manage smaller cerebral bleeds (microbleeds) by forming 
clumps at sites of vessel injury. However, larger-caliber hemorrhages are largely lethal 
in HCAA patients. The first stroke in HCAA-Dutch patients is lethal in 1/3 of HCAA-
Dutch patients (25). 
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Figure 5.1. Model scheme: HCAA Aβ’s effects on fibrin(ogen) structure/function 
and fibrinolytic enzyme activity are interconnected leading to HCAA pathology. 
[Step 1] Increased mutant HCAA Aβ oligomers efflux and Fbg (dark blue fibers) influx 
across the BBB, which leads to abundant vascular oligomeric and 
congophillic/aggregated (both are depicted as green circles) mutant Aβ deposition. 
Very often, vascular Aβ co-deposits/co-aggregates with Fbg in and around cerebral 
blood vessel walls. Aβ can initiate coagulation and conversion of Fbg into fibrin (light 
blue wavy fibers) via activation of the intrinsic coagulation system leading to the 
generation of thrombin, which cleaves Fbg into fibrin. Both Fbg/fibrin interact with 
mutant Aβ forming a persistent and stabilized Aβ-fibrin(ogen) aggregate at CAA sites. 
[Step 2] Structurally altered mutant Aβ-fibrin(ogen) clots exhibiting increased Pn-
resistant proteolysis are not effectively degraded and are not cleared (not featured by 
Arctic-Aβ-induced clots). In addition, HCAA Aβ leads to extensive ECM remodeling 
(MMP-2 activation), weakening the integrity of the vessel wall. [Step 3] Persistent 
vascular mutant Aβ-Fbg leads to further local amplification of the fibrinolytic system: 
enhanced tPA-mediated Plg activation and increased tPA/Pn activity (not featured by 
Arctic-Aβ-induced clots). The excess proteolytic activity by the increased Pn 
generation and activity enhancements cleave the vessel wall. [Step 4] Finally, due to a 
very compromised vessel wall, micro- and macro-intracerebral hemorrhages occur (i.e. 
lobar hemorrhages and microbleeds, respectively). Hemostasis is started with 
circulating platelets and fibrin that can clump at sites of vessel injury. 

Alterations, including enhancements to enzymatic activity, to the proteolytic system 
may be contributing to a local hemorrhagic environment in HCAA disease where 
proteolytic amplification could lead to focal degeneration of the vessel wall. Supporting 
this theory, previous analyses in AD mice show increased tPA and Plg protein 
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expression around cortical Aβ plaques (139), which suggests there could also be 
increases in these fibrinolytic proteins/enzymes around vascular amyloid deposits.  
Interestingly, recent RNA sequencing studies using postmortem HCAA-Dutch patient 
brain tissue has shown transcriptional up-regulation of SERPINE1 (PAI-1) and 
SERPING (C1-inhibitor)(140), both of which play major roles in regulating aspects of 
hemostasis, including fibrinolysis, tPA activity, and Plg activation.  Alterations to key 
regulators of fibrinolysis could be occurring in response to co-deposited 
fibrin(ogen)/HCAA Aβ in the vascular wall. Their results complement my findings in this 
thesis that show that HCAA Aβ may have critical roles in both impairing fibrinolysis and 
enhancing plasminogen activation, therefore altering the balance between thrombosis 
and fibrinolysis. These findings emphasize the more impactful pathophysiological role of 
mutant HCAA Aβs in CAA-associated vasculopathy in HCAA disease compared to WT 
Aβ in non-mutant CAA cases. 

In a paradoxical manner, as mentioned in Chapter 5.3, proteolytic and fibrinolytic 
enzymes such as neprilysin, IDE, and Pn can degrade Aβ. Indeed, quasi-effective Pn-
mediated degradation of vascular Aβ does occur in the context of AD disease. Induction 
of a focal cerebral vessel thrombosis (clot) in an AD model (TgCRND8) that exhibits 
abundant vascular Aβ-Fbg co-deposition showed delayed in vivo fibrinolysis relative to 
WT control-littermates (66). This phenomena may be occurring in HCAA brains, but to a 
much grander scale where there is much less efficient Aβ degradation and clot 
fibrinolysis due to the following: the ability of mutant HCAA Aβs alone to feature 
increased resistance to Pn-mediated proteolysis (133), delay Pn-mediated in vitro 
fibrinolysis in HCAA Aβ-induced clots (Figure 3.9), and have increased Fbg-co-
deposition/co-localization in HCAA brains compared to EOAD brains (Figure 3.12).  

There were a few nuanced differences between the effects the various HCAA Aβs 
had on fibrinolytic enzyme activity and tPA-Plg activation. The differences in tPA-Plg 
activation between WT Aβ40 and Dutch40 and Iowa40 were much more pronounced 
than the differences between the Aβ42 counterparts. Iowa42 led to increases in tPA-Plg 
activation relative to WT Aβ42, whereas Dutch42 showed an increased trend. 
Examination of the effect of HCAA Aβ40 variants in healthy control human plasma 
(Figure 4.4), showed that Iowa40 and the double-mutant Aβ peptide, Dutch-Iowa40, led 
to vast increases in tPA-Plg activation relative to WT Aβ. Interestingly, Italian40, 
expressed in hemorrhagic-type HCAA brains (HCAA-Italian), did show clear 
enhancements to enzyme activities of Pn (Figure 4.3B) and tPA (Figure 4.3C), but I did 
not observe a corresponding increase in tPA-Plg activation via chromogenic assays and 
in normal plasma (Figure 4.4). Italian Aβ40 only showed an increased trend in (not 
significant) tPA-Plg activation in plasma. Arctic40 clearly showed a lack of 
enhancements to tPA-Plg activation (and tPA/Pn activity) via chromogenic assay and in 
normal plasma, which very often resembled the effects of WT Aβ40. It was unclear why 
Dutch40 dramatically enhanced tPA-Plg activation (and tPA/Pn activity) in our 
chromogenic assays, but not in human plasma. The aggregated state of the Dutch40 
peptide may have changed over the course of months at -800C between when the 
experiments were conducted, which may have had an impact on its ability to enhance 
tPA-Plg activation.  
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It is unclear why we observed these discrepancies in tPA-Plg activation. One 
possibility is that differences in the aggregation propensities of these HCAA Aβs, may 
differentially enhance the enzymatic approximation effect observed between Aβ-Plg-tPA 
as shown in Figure 4.7. Another possibility involves differences in binding affinity 
difference between these HCAA Aβ, Plg, and/or tPA, which merits future exploration to 
understand the exact structural and physicochemical mechanism behind mutant Aβ’s 
ability to generally enhance fibrinolytic enzyme activity relative to WT Aβ. 

5.5. The spectrum of effects of different HCAA Aβs on fibrinolysis and the 
fibrinolytic system 

As mentioned before in Chapter 1.2, HCAA-Arctic disease pathology has many 
similarities to the other Aβ-type HCAA variants, however, the main difference is the 
more gradual onset of cognitive decline and lack of ICH and. My results regarding Arctic 
Aβ’s interaction with fibrin(ogen) and the fibrinolytic system may partially explain the 
unique clinical features of this mutation, principally the lack of ICH in Arctic-carrier 
patients who are afflicted with abundant CAA. In Chapter 3.8.2, my results show that 
Arctic Aβ40 stands as an exception to the connection between stronger binding strength 
to fibrin(ogen) and delayed clot lysis as observed with the other HCAA Aβ40 variants 
tested (Dutch40, Iowa40, Italian40). Arctic Aβ’s stronger binding to Fbg (Figure 3.17) 
may explain its effect in lowering the maximum clot turbidity (Figure 3.18), which could 
be indicative of its closer interaction with the b-hole of fibrin(ogen) thus altering its 
structure. However, unlike the other HCAA Aβs, it does not prolong clot lysis relative to 
WT Aβ40 (Figure 3.18). This would suggest that while Arctic40 could lead to alteration 
to clot structure it might be binding to fibrin(ogen) differently. The Aβ-Fbg molar 
stoichiometry and the Aβ binding sites on Fbg could be different for Arctic Aβ and in 
such a way that does not hinder plasminogen’s access to fibrin.  

 
My results in Chapter 4.1 indicated that while the most well studied HCAA Aβ 

variants, Dutch and Iowa Aβ, led to increased tPA-Plg activation in vitro (Figure 4.2) and 
in human plasma (Figure 4.4) relative to WT Aβ, Arctic40 did not. Arctic40 also 
exhibited other unusual characteristics. It enhanced Pn activity, but not tPA activity 
(Figure 4.2). Perhaps, in the realm of all configuration that could lead to more tPA-Plg 
activation, tPA activity is more important, which might be the reason why Arctic40 did 
not lead to more Plg generation. There is also the possibility that Arctic Aβ interacts with 
tPA and Plg differently based on its structure or binding affinity to tPA/Plg, which has not 
been yet explored. Overall, the nuanced differences observed between the various 
HCAA mutant Aβs in terms of degree of ability to delay fibrinolysis and stimulate tPA-
Plg activation may be due to binding differences to these proteins and enzymes. HCAA 
Aβ may have additional binding regions within Fbg. The Strickland Laboratory has 
previously shown that there are two Aβ binding regions within fibrin(ogen); one is the C-
terminus of the β-chain of fibrin(ogen) (b366-b414) near the b-hole (63) and the other is 
the αC-region of fibrin(ogen) (Aa239-421)(67). Since HCAA Aβs exist in several 
multimeric forms and Aβ-binding induces oligomerization of fibrin(ogen) (63), 
stoichiometric analysis of would be difficult. The interaction between HCAA Aβ and 
fibrin(ogen) may not only be stronger but may also be different among the various 
mutant Aβ, leading to different Aβ-Fbg molar stoichiometries. 
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Placed together, these findings suggest that while vascular Aβ in HCAA-Arctic brains 

may co-deposit with fibrin(ogen) extensively, due to their stronger binding affinity, there 
may be a lack of cerebral hemorrhage, due to Arctic40’s inability to dramatically 
stimulate the fibrinolytic/proteolytic system, which is incongruent with other HCAA 
disease variants. Thus, the cerebrovasculature of HCAA-Arctic patients features sites of 
severe CAA with the incidence of ICH. Future experiments should be performed to 
probe how and where Arctic40 binds to fibrinolytic enzymes, Plg and tPA, and Fbg. This 
might help us further understand why HCAA-Arctic patients are afflicted with severe 
CAA, but not ICH. The model in Figure 5.1 illustrates how the interaction between 
HCAA Aβ variants, fibrin(ogen), and the fibrinolytic system could explain the 
development of CAA and the presence or absence of ICH in HCAA disease variants.  
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Figure 5.2. Model schematic of mechanisms of various HCAA-linked Aβ leading to 
HCAA pathology. 
HCAA Aβ peptide variants bind strongly with Fbg (as shown in this thesis: Dutch, Iowa, 
Arctic Aβ) and lead to altered clot structures. However, not all mutant Aβs delay 
fibrinolysis. Atypically, Arctic Aβ variant does not delay fibrinolysis. It seems that these 
fibrin(ogen) effects are interconnected to an extent and can significantly contribute to 
the formation of severe CAA as seen in HCAA disease. Most Aβ variants can also 
further enhance tPA-Plg activation and tPA/plasmin activity relative to WT Aβ, but not 
Arctic Aβ. It is possible Arctic Aβ’s minimal effect on a clot’s resistance to plasmin-
mediated degradation and minimal effect on plasmin generation creates a vascular 
environment where there is abundant Aβ-Fbg co-deposition (increased CAA) without an 
increase in proteolytic activity, which might be necessary to induce cerebral 
hemorrhage. 
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5.6. Longer length Aβs’ interaction with fibrin(ogen) and the fibrinolytic system 
I investigated the effects of longer length Aβs in Aβ-Fbg interaction and in fibrinolytic 

system activation as an extension of my thesis focused on probing the effect of various 
Aβs on elements of hemostasis, including clotting and fibrinolysis. My results in 
Chapters 3.9 and 4.3, show the differential effects of different length WT (non-mutant) 
Aβ (1-n), specifically Aβ38, Aβ43, Aβ46, in fibrin(ogen) interactions and with the 
fibrinolytic enzymatic system. The effects of these different length Aβs were also 
examined conjointly with Aβ42 and Aβ40 length peptides. The strong correlation 
observed between longer Aβs (≥ 42) and binding affinity strength for Fbg (Figure 3.20) 
suggests that Aβs of varying lengths interact with fibrin(ogen) in different ways, which 
can lead to different consequences for hemostasis. Although longer Aβs had weaker 
binding affinities for Fbg they did significantly prolong in vitro clot lysis (Figure 3.22). 
Particularly, Aβ46 drastically delayed clot lysis relative to shorter Aβ40 and Aβ42 
peptides. As evidenced with my results in Chapter 3, the HCAA Aβ-fibrin(ogen) 
interaction is much stronger than WT Aβ and as previously discussed could lead to 
different Aβ-Fbg stoichiometries, which might be the case with these longer length Aβs. 
In addition, the majority of HCAA Aβ assumed a more aggregated state (Figure 3.4). 
While, I showed that inducing a more aggregated in Aβ did not directly increase Aβ’s 
binding affinity for Fbg (Figure 3. 6), an increased aggregated state can still influence 
how it binds to fibrin(ogen). Indeed, TEM profiling of Aβ43 and Aβ46 peptides (Figure 
3.19) showed that relative to Aβ40 and Aβ42, they exhibited increased formation of 
oligomeric and protofibrillar/fibrillar structures, respectively. These findings agrees with 
the literature indicating that Aβ43 features increased fibrillization capacity (106, 107) 
and the potential of longer length Aβs to be more amyloidogenic. Perhaps, the 
increased aggregated state of these longer length Aβs contributes to their ability to 
prolong clot lysis and alter clot structure (Figure 3.21), with special emphasis on Aβ46.  

 
Interestingly, Aβ38 assumed a more aggregated state with rod-like protofibrillar 

structures (Figure 3.19) but did not prolong clot lysis. However, Aβ38’s effect on clot 
lysis showed that it significantly lowered the maximum turbidity (Figure 3.22D), which is 
indicative of alterations to clot formation. Our scanning electron microscopy (ScEM) 
analysis of clot structures (Figure 3.21) incubated in Aβ (1-n), however showed that 
Aβ38 did not significantly alter the architecture of the fibrin network. A possible 
explanation for this Aβ38-associated discrepancy might involve Aβ38’s selective ability 
to perturb clot formation in a dynamic reaction where thrombosis and fibrinolysis are 
occurring simultaneously in solution.  

 
The increased aggregation state of Aβ38 and Aβ46 peptides might also explain why 

they both exhibited increased tPA-Plg activation in the chromogenic enzyme assay 
(Figure 4.5) and in human plasma (Figure 4.6). As explored in Chapter 4, I showed that 
Aβ46’s increased ability to stimulate tPA-Plg activation is likely due to an enzymatic 
approximation effect (Figure 4.8). While all Aβs, except for WT Aβ40, usually led to 
increased tPA-Plg activation and enhancements to tPA and Pn activity, Aβ46’s 
increased aggregated state relative to shorter length Aβs, might increase its ability to 
serve as binding template or scaffolding onto which tPA and Plg can be brought closer 
together enhancing the catalysis of Plg conversion into Pn. Aβ38’s ability to increase 
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tPA-Plg activation might follow suit. My Chapter 3 and 4 results of Aβs (1-n) were 
tabulated for easier comparison (Table 5.2). Effects that were quantitatively increased 
relative to Aβ42 were shaded in green, effects that were decreased were shaded in light 
red. 

Table 5.2. Effects of Aβ (1-n) on the Aβ-Fbg interaction and fibrinolytic enzymatic 
system relative to Aβ42 

 
Statistical analyses: ****p<0.0001; **p<0.01; with statistical analyses using one-way 
ANOVA followed by Tukey’s post-hoc test. ****p<0.0001; ***p<0.01, *p<0.05; with 
unpaired two-tailed t-test  
 

It is possible that there are longer length Aβs in parenchymal plaques and in CAA, in 
addition to the conventional Aβ42 and Aβ40 lengths typically studied (99-101). 
Sequential proteolytic activity of β-secretase and the γ-secretase/presenilin complex 
(11) of the amyloid precursor protein (APP) generates Aβ peptides of different lengths 
(108). The catalytic component of y-secretase, presenilin (PSEN), further cleaves APP, 
which creates and releases 39-51 amino acid Aβ peptide fragments. A closer inspection 
of γ-secretase proteolytic activity reveals that an initial ε-endopeptidase cleavage of 
APP releases the soluble intracellular domain and long Aβs, including Aβ49 and Aβ48. 
Sequential carboxypeptidase-like γ-secretase cleavages can generate shorter Aβ 
peptides until it is released. It is not well known what drives the sequential processing of 
APP and how genetic (such as APP or PSEN mutations), environmental, and/or lifestyle 
risk (such as hypertension and diabetes) modifiers linked with AD leads to the 
production of amyloidogenic Aβ, including Aβ42. Recently, it’s been shown that familial 
AD mutations in PSEN and APP destabilize in vitro the APP-γ-secretase/presenilin 
complex and processing of APP, therefore promoting the production of long 
amyloidogenic Aβ species (≥ Aβ43), including Aβ45 and Aβ46 (108). There is evidence 
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that longer length Aβs are deposited in the parenchyma and cerebrovasculature of AD 
individuals. Aβ43 levels have been found in diffuse parenchymal plaques in human AD 
brains (105, 141) and in vascular amyloid in human CAA deposits (106). Given my 
results in this thesis, longer Aβs, like Aβ46, may have a significant role in facets of AD-
vascular pathology.  

5.7. Future directions 
While HCAA mouse models, including the TgSwDI, APPDutch, and TgArcSwe, as 

previously discussed, do not replicate human HCAA pathology perfectly, they could still 
help confirm the differences in cerebrovascular Aβ-Fbg deposition seen between mice 
expressing human WT and HCAA Aβ. We could compare a typically studied AD mouse 
model used in the Strickland Laboratory that develops abundant CAA (5XFAD or 
TgCRND8 models) to a HCAA mouse model(s) that forms more CAA. APPDutch mice 
(16) and tg-ArcSwe (135, 136) would be an ideal HCAA mouse model to investigate in 
comparison to WT Aβ-expressing mice. APPDutch and ArcSwe mice express human 
mutant Dutch and Arctic Aβ in the cerebrovasculature, respectively, and feature 
abundant CAA. Additionally, APPDutch mice feature large vessel CAA and hemorrhagic 
strokes. In this manner, we could recapitulate and expand on the human tissue analysis 
comparison between HCAA-Dutch and EOAD patient groups conducted in this thesis. 
We would quantify % fibrin(ogen) in CAA+ vessels and % Aβ-Fbg co-localization 
through the cortex across various HCAA variants disease models. 

  
Since prior AD mouse studies have revealed that there is still quasi-effective Pn-

mediated degradation when focal cerebral thrombosis were induced (66), it would be 
important to measure and compare in vivo fibrinolysis times between AD and HCAA 
mouse models. There might be further delays to fibrin degradation and clearance when 
two-photon induced in vivo cerebral clots are made in HCAA mouse models relative to 
AD mouse brains. Another approach to assess the importance of fibrin(ogen) in HCAA 
pathology in HCAA disease models involves using anti-sense oligonucleotide (ASO) 
technology that can target liver production of proteins such as Plg (129) and Fbg. ASO 
targeting of Fbg would knock down the levels of systemic circulating Fbg. As mentioned 
before, genetic and pharmacological depletion of Fbg in an AD mouse model reduced 
amyloid and vascular pathology, which lessened CAA burden (59, 62). ASO-mediated 
gene knockdown of Fbg (using a specific Fbg-targeted ASO) in an HCAA mouse model 
that features ICH, such as the APPDutch mouse model, would allow us to determine if 
early treatment lowering systemic Fbg could lessen mutant Aβ-associated CAA and its 
associated pathologies including vascular microgliosis and cerebral hemorrhage. 
Additionally, incorporating dual Fbg-specific and Plg-specific ASO treatments might help 
confirm the mechanism posited in this thesis. Manipulating Fbg and Plg levels could 
confirm the physiological mechanism behind how vascular mutant HCAA Aβ-Fbg co-
deposition on vessel walls leads to an increased hemorrhagic environment as observed 
in HCAA patient brains. 

In this thesis, I showed that mutant Aβs led to increased perturbation to clot structure 
and increased resistance to plasmin-degradation, thus likely to very persistent and 
abundant mutant Aβ-fibrin(ogen) clots co-deposited around sites of CAA in HCAA 
brains (Dutch and Iowa-brain). Most HCAA Aβ variants also led to increased in vitro 
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tPA-Plg activation in chromogenic assays and in human plasma relative to WT Aβ, 
which in part may explain the hemorrhagic phenotype observed in HCAA brains, 
specifically at sites of CAA. Taken together, these results would form the basis for our 
model (Figure 5.1). To test the validity of this model in human HCAA brain, we would 
have to inspect the enzyme activity and protein levels of tPA, Plg, and Pn in the 
cerebrovasculature across various human HCAA variants, including HCAA-Dutch, -
Iowa, -Italian, and -Arctic carrier individuals. Excessive tPA and Pn proteolytic activity in 
HCAA may collaterally injure cerebral blood vessels in HCAA brains. It would be 
important to examine the protein abundance and enzyme activity of tPA/Plg/Pn in and 
around CAA sites in HCAA brains. As noted in my IF imaging results in Chapter 3.7, 
while the frequency and abundance of fibrin(ogen) co-depositing with Aβ around 
cerebral vessel walls was very high compared to EOAD brains, there were often CAA 
sites in HCAA brains that did not have Aβ-Fbg co-deposition. Therefore, it would be 
interesting to compare the amount of proteolytic enzyme levels and activity in CAA sites 
that are have abundant Fbg (Fbg+) and have less Fbg (Fbg-null). Immunohistological 
approaches using tPA/Plg-specific antibodies (129) and in situ tPA and Pn activity 
zymography (142) experiments would enable this assessment.  

 
Since my HCAA brain tissue analysis consisted of only the Dutch patients due to 

limited availability of the tissue in brain banks around the world and used in research 
laboratories, it would be beneficial if we could procure more Dutch-, Iowa-, Italian-, and 
Arctic-brain samples if available. We can ask our collaborators at the Leiden University 
Medical Center, who provided the five HCAA-Dutch brain samples used in my IF 
analysis, for assistance. Increasing the number of samples and HCAA variants studied 
would help confirm the in vitro effects of HCAA Aβ on fibrinolysis and fibrinolytic enzyme 
activity that I observed in this thesis. In addition, more biochemical experiments are 
required to further elucidate the how and why different HCAA Aβ and different length 
Aβs differentially affect tPA-Plg activation and tPA/Pn activities. Binding experiments 
between the various Aβ and tPA/Plg/Pn via surface plasmon resonance and pull-downs 
might resolve their binding affinities and where they bind to each other, respectively. 
Pull-down experiments of Aβ-Fbg in HCAA brain tissue would also help corroborate the 
significance of the strong binding affinity for Fbg and high levels of mutant Dutch Aβ-
Fbg co-deposition. Furthermore, isolation of microvessels in HCAA Dutch and Iowa 
brains would further elucidate the specific role of the mutant Aβ-Fbg binding in the 
cerebrovasculature compared to in parenchymal plaques. These experiments would 
also allow us to assess the aggregated state (oligomers, monomers, or higher order 
states) and role of Aβ at sites of CAA pathology. 

 
Shorter length Aβ’s may have a more important role in HCAA than in AD pathology. 

While, Aβ38 has been observed in human AD CSF, plasma, and brain extracts (143), 
immunohistological examinations of AD and HCAA brains show that there is not 
extensive Aβ38 deposition in cerebral vessels or in parenchyma plaques in AD brains 
(113). However, there was abundant cerebral cortical Aβ38 deposition in HCAA-Arctic 
and Italian-carrier patients’ at sites of parenchymal plaques and capillaries/arterioles 
featuring CAA pathology (113). HCAA-Iowa patient brain analyses have also revealed 
the presence of Aβ38 in the parenchyma and vessels (144). Examination of the effect of 
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longer and shorter length Aβs harboring HCAA mutations in clot lysis and fibrinolytic 
enzyme activity would further elucidate their importance in CAA formation, CAA-
associated vasculopathies, and the evolution of intracerebral hemorrhages.  

 
5.8. Conclusion 

This thesis provides evidence that mutant HCAA Aβ featured increased perturbation 
to in vitro fibrinolysis and fibrinolytic enzyme activity. These findings improve our 
understanding of the etiology and pathogenesis behind HCAA’s main cerebrovascular 
pathologies and suggest a role for fibrin(ogen) and mutant HCAA Aβ oligomers in this 
disease. Amino acid mutations in the HCAA Aβ peptides increase the interaction 
between deposited Aβ and fibrin(ogen) along the cerebrovasculature in HCAA brains. 
While likely not the sole contributor, the stronger interaction could be a driver of the 
formation of the exacerbated CAA found in HCAA. Aβ-Fbg co-deposition might also 
simultaneously enhance local Pn activity and generation, which can contribute to ICH. If 
the mutant Aβ-Fbg interaction is a significant contributor to the deadly cerebral 
hemorrhages in HCAA disease, targeted inhibition of their interaction along the 
cerebrovasculature could provide a therapeutic opportunity for this uncurable disease 
and in AD patients afflicted by severe CAA pathology. 

Furthermore, the findings in this thesis are not limited to our understanding of HCAA 
pathology. Since HCAA is an ideal disease to examine CAA pathology, these findings 
can help us further understand the molecular mechanisms underlying CAA formation, 
CAA-induced cerebrovascular pathology in AD, and cases of pure forms of sporadic 
CAA. The interaction between “normal” WT Aβ and fibrin(ogen) has a significant role in 
CAA formation (66, 69) though likely at a slower temporal scale compared to HCAA 
cases, due WT Aβ’s weaker binding affinity for Fbg. While WT Aβ’s featured lower 
enhancements to fibrinolytic/proteolytic enzyme activity compared to HCAA Aβs, their 
interaction may still have a significant in the formation of microbleeds in CAA cases. 
Although, not ubiquitous, microbleeds are found in 18-32% of AD patients (145) in 
cortical and subcortical regions observed via magnetic resonance imaging (MRI). While 
studies looking at the connection between vascular lesions and AD progression are 
limited, usually involve small sample groups, and show a loose correlation between 
severity of AD disease and large-scale ICH (macro-hemorrhages), there is precedent 
for a possible interaction between WT Aβ, fibrin(ogen), and the proteolytic/fibrinolytic 
system contributing to smaller cerebral bleeds. van Veluw et al. (78), has recently 
shown that there was frequent and abundant Aβ and fibrinogen deposition at sites of 
microbleeds and microinfarcts in CAA human cases. In addition, recent analyses 
conducted in the prospective population-based Rotterdam Study (146) have shown that 
there is an increased prevalence of cerebral microbleeds, especially around sites of 
CAA, in early-onset AD individuals (145), which was also associated with an increased 
risk for dementia, including AD dementia.  

This research also provided evidence for a new potential role for longer length Aβ46. 
While its binding affinity for Fbg is not as strong as the Aβ42’s, it interacts uniquely with 
fibrin(ogen) to drastically prolong clot lysis. It also features increased plasminogen 
activation. These findings highlight a possible role of long Aβs in facets of AD-related 
vascular pathology.  
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