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Abstract  

Alzheimer’s disease (AD) is a common cause of dementia and has a higher incidence in females. One of 

the pathological hallmarks of AD is the abnormal accumulation of amyloid-β (Aβ) plaques in the brain, 

which ultimately results in cognitive decline. It has been hypothesized that the accumulation of Aβ is 

facilitated by a modified form of Aβ, referred to as pyroglutamate Aβ (Aβ-pE3), which forms the core of 

Aβ plaques. Additionally, most AD patients display cerebral amyloid angiopathy (CAA), where Aβ 

accumulates around vessels of the brain. CAA can lead to a reduction in capillary number referred to as 

capillary rarefaction. This could reduce blood flow to the brain and contribute to the AD-associated 

cognitive decline. Whether the underlying mechanisms behind the higher incidence of AD in females 

involve sex differences in Aβ, Aβ-pE3, CAA, or capillary rarefication is not clear. Thus, we used 

histological techniques to characterize the 5x-FAD mouse model of Aβ accumulation independently of 

aging to determine if differences in Aβ or Aβ-pE3 accumulation, CAA, and capillary rarefication vary by 

sex in AD. At 3 months of age, there was no sex difference in Aβ plaque density and coverage in the cortex 

and hippocampus of 5x-FAD mice. However, female 5x-FAD mice displayed a significantly higher Aβ-pE3 

plaque density, coverage, and percentage of Aβ-pE3-cored plaques in those same regions. No sex 

differences in Aβ and Aβ-pE3 plaque density was observed in 1- and 2-month-old 5x-FAD mice. No 

differences were observed in blood vessel volume or capillary number when comparing 3-month-old 5x-

FAD male and female mice to their wild-type littermates. Additionally, CAA was present on the pial vessels 

and, to a lesser extent, parenchymal vessels of 3-month-old 5x-FAD mice without sex differences. Thus, 3-

month-old 5x-FAD mice display sex differences in Aβ-pE3, but not overall Aβ accumulation, CAA, or 

capillary rarefaction. This sex difference in Aβ-pE3 seemed to not be present in 1- and 2-month-old 5x-

FAD mice. Although 3-month-old female 5x-FAD mice had an elevated Aβ-pE3 load, no capillary 

rarefication and parenchymal CAA was observed. This suggests that the microvasculature of these mice is 

unaffected, at least at the age studied. Future studies are aimed at assessing possible sex differences in the 

function of these vessels.   
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Introduction 

Alzheimer’s disease (AD) is one of the primary types of dementia, and in 2020, 5.8 million 

Americans aged 65 and older are estimated to be living with AD, a number predicted to increase to 13.8 

million by 20501. This also poses an economic burden as the cost of AD and related dementias in the United 

States was estimated to be $305 billion in 2020 and expected to rise with the increased aging population2. 

It is becoming clear that AD has higher incidence in age-matched women compared to men, particularly 

beyond 80 years of age3-8. According to the Alzheimer’s Association, in the United States almost 2/3 of AD 

cases are in women2. However, it should be noted that this sex difference observation remains controversial, 

as some studies report the lack of difference 9,10 or even higher AD incidence in age-matched men compared 

to women11.  

AD is characterized clinically by cognitive decline and neuro-pathologically by the presence of 

extracellular amyloid-β (Aβ) plaques and neurofibrillary tangles, which are aggregate of 

hyperphosphorylated tau protein within neurons12. Although the clinical manifestations of AD may vary, 

common behaviors associated with the cognitive decline include memory loss, difficulty with planning 

and/or problem solving, trouble completing familiar tasks, impaired recognition of space or time, impaired 

visuospatial comprehension, difficulty with conversation, frequent inability to retrace steps, impaired 

judgement, less engagement in work or social activities, and changes in mood or personality13. Atrophy of 

brain regions such as the hippocampus, neocortex, entorhinal cortex, and several subcortical structures such 

as the basal ganglia have been observed in AD patients14. When taking sex into account, several studies 

observed that decline in certain aspects of cognition such as verbal memory is more pronounced in AD 

women compared to AD men15,16,20. Also, some studies suggest that brain atrophy is more severe in AD 

women compared to AD men17-19,20.   

Although the cause of AD is not fully clear, one of the prevailing hypotheses, called the "amyloid 

cascade” hypothesis, posits that the aggregation of Aβ is the causative agent that leads to cell death, 

neurofibrillary tangles, vascular damage, and dementia21. Aβ is a peptide derived from enzymatic 



9 
 

processing of the membrane-bound amyloid precursor protein (APP) by β- and γ-secretases22. APP is 

primarily expressed in central neurons, with a lower expression in select neuronal and non-neuronal tissue 

in the periphery23. Some studies also suggest that APP can be expressed in glial cells23-25 and brain 

endothelial cells24,25.  The imprecise cleavage of APP by γ-secretase has been suggested to play a major 

role in generation of different Aβ variants by mechanisms not yet fully elucidated26. However, mutations 

in proteins that comprise the γ-secretase complex, such as presenilin 1 (PSEN1) and 2 (PSEN2), in 

conjunction with mutations in APP, can elevate the production of pathologic forms of Aβ27,26,22.  Most 

mutations in APP occur near secretase-cleaving sites and near the Aβ peptide sequence28. Such mutations 

include the Swedish mutation, which is located near the β-secretase cleavage site and is one of the APP 

mutations that results in increased Aβ production28. Other mutations such as the London and Florida 

mutations, are located near the γ-secretase cleavage site and likewise result in increased Aβ production28. 

The two most abundant variants associated with AD are Aβ1-40 and Aβ1-42, which comprise of 40 and 42 

amino acids respectively22. Aβ1-40 is a more soluble form and primarily found as perivascular deposits, also 

referred to as cerebral amyloid angiopathy (CAA)26. On the other hand, Aβ1-42 is less soluble29 and is the 

main component of parenchymal plaques, also referred to as senile plaques22. It is important to note that 

Aβ1-42 can also be found in vascular deposits in leptomeningeal and parenchymal arterioles of AD patients, 

along with Aβ1-40
30. The Swedish mutation has been observed to result in production of both Aβ1-40 and Aβ1-

42
31. However, the London and Florida mutations have been observed to result in a greater production of 

the Aβ1-42 variant with little to no effect on the production of Aβ1-40
32. Despite the importance of Aβ in the 

pathophysiology of AD, it remains controversial if Aβ levels show sex differences. Some studies report no 

sex differences35,33 or potentially greater plaque burden in females35. One human study also notes a greater 

degree of CAA in males compared to females36. Nonetheless, sex differences in Aβ among the AD 

population has not been thoroughly explored and any discrepancies in the few studies that do attempt to 

explore those differences could be attributed to a number of factors such as differences in study designs and 

techniques used to acquire data20.  
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Early studies have attempted to identify and isolate the major species of Aβ that comprised the core 

of senile plaques from postmortem brain samples of AD and Down Syndrome patients37. Such studies noted 

that the species that comprised the core of these plaques had a peptide sequence almost identical to Aβ but 

possessed a truncated N-terminus and began with a phenylalanine at position 437.  Subsequent studies 

attempted to sequence the N-terminus of this peptide, with limited success. This observation, however, led 

to the hypothesis that the N-terminus of this species is blocked and cannot be accessed without proteolytic 

digestion38,39. A later study by Mori et al. successfully elucidated the sequence of this species using 

proteolytic treatment with pyroglutamylpeptidase and observed that it possessed a pyroglutamate at position 

340. This pyroglutamate has made this species resistant to degradation, preventing it from being sequenced 

in prior studies37- 39. However, once its sequence was elucidated, further characterization of this isoform 

was possible39. This isoform, now referred to as pyroglutamate Aβ (Aβ-pE3), is derived from Aβ species 

that have been modified by an enzyme called glutaminyl cyclase (QC)41. This enzyme is also involved in 

post-translational modification of several hormones via cyclizing amino-terminal glutaminyl residues into 

pyroglutaminyl residues42. Additionally, QC has been suggested to be elevated in the cortex of AD patients 

compared to non-AD patients43. The conversion of Aβ to Aβ-pE3 is initiated by removal of two charged 

amino acids from the N-terminus of the Aβ peptide39. Some potential enzymes that have been suggested to 

accomplish this are aminopeptidase A44, mephrin β45, and dipeptidyl peptidase IV46, however, the identity 

of the enzyme(s) involved is unknown39. After removal of the two amino acids at the N-terminus, QC 

catalyzes the formation of a pyroglutamyl lactam ring at the amino terminal which makes Aβ-pE3 more 

hydrophobic and resistant to degradation compared to the full length Aβ39,47. A number of in vitro studies 

show that Aβ-pE3 forms highly stable beta sheets48, possesses a higher aggregation propensity48, display 

rapid fibril formation49, and are more resistant to degradation50 compared to Aβ1-40 and Aβ1-42, suggesting 

this may be a potential seeding species for Aβ plaques49. Additionally, the observations that this species 

forms the core of plaques47 and that Aβ-pE3 is the primary constituent of diffuse plaques, one of the earliest 

phases of amyloid deposition51, further support the hypothesis that Aβ-pE3 may play a major role in 

initiating and/or facilitating the accumulation of neurotoxic Aβ plaques in AD. Although Aβ-pE3 levels 
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have been shown to be elevated in AD brains compared to non-cognitively impaired controls43,52,53, limited 

studies compared AD males versus AD females, and those that performed such analysis reported an absence 

of sex differences53,54. Interestingly, one human study notes that plasma QC activity may be higher in AD 

females, but not AD males55. Another study looking at QC levels in peripheral mononuclear cells noted 

elevated QC mRNA in the AD group compared to the control group, without sex differences56.  However, 

given the small sample sizes of the above studies43,53-56, it is difficult to conclude whether sex differences 

exist in Aβ-pE3 levels or QC processing of Aβ. Thus, whether there are sex differences in accumulation of 

Aβ-pE3 has not been satisfactorily explored.  

Another factor that may contribute to further accumulation of Aβ plaques in the brain parenchyma 

of in AD and subsequent neuronal cell death is neurovascular dysfunction as a consequence of a reduction 

in capillary density, referred to as capillary rarefaction57, 58. Aβ aggregates around the blood vessels of the 

brain, particularly the capillaries as CAA, resulting in narrowing or damage to the blood vessel which can 

contribute to reduced blood flow to the brain59,60. Histological analyses have observed that AD patient brains 

have altered capillary morphology61,62 as well as reduced capillary density62-64. However, there are some 

studies that did not observed any significant changes in capillary density between AD patients and elderly 

controls61,65,66 and some even reported greater capillary densities67-69. The variability in these observations61-

63,65-69 could be due to several factors such as relatively small sample sizes and differences in experimental 

procedures. Additionally, microbleeds, which are hemorrhagic lesions on cerebral microvessels associated 

with CAA70,71, were suggested to be present in 18- 32% of those with AD72. Further, capillary CAA 

comprises up to 30% of CAA cases74,75 and seems to better correlate with AD pathology compared to 

general CAA, which includes Aβ deposits on larger vessels such as arteries76. Additionally, capillary CAA 

has been associated with hippocampal microinfarcts and decline in cognitive functions77. Histological 

analysis of CAA in different cerebral blood vessels suggest that the capillaries play an important role in 

elimination of Aβ via a perivascular route whereby Aβ enters the perivascular drainage primarily at the 

level of the capillaries78, which could leave capillaries particularly susceptible to Aβ accumulation. 
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Associations have been observed between capillary CAA, capillary damage, and cognitive decline; 

however, the role of CAA and microvascular rarefaction in AD needs further exploration. 

The cerebral circulation is organized in such a way that the high metabolic demands of the brain 

are met79, and small perfusion deficits along any segment of the cerebral circulation, such as capillary 

rarefaction and/or CAA, are associated with neurodegenerative diseases such as AD80. Despite its relative 

small size (approximately 2% of total body weight in a healthy adult), the brain receives approximately 15-

20% of the cardiac output79. Once blood leaves the left ventricle of the heart during systole, it travels 

through the aorta, which branches into the brachiocephalic, the left common carotid, and the left subclavian 

arteries81. The brachiocephalic artery then gives rise to the right common carotid and right subclavian 

arteries81. The subclavian arteries then give rise to the vertebral arteries81. The left and right carotid arteries 

then divide into the external (perfusion to the neck and face) and internal carotid arteries81. The vertebral 

arteries conduct blood to the base and posterior regions of the brain, accounting for approximately 20% of 

total blood flow81. On the other hand, internal carotid arteries conduct blood to more anterior regions, 

accounting for approximately 80% of total brain perfusion81. Near the base of the brain, the vertebral arteries 

converge to form the basilar artery, which then form an anastomotic ring with the internal carotid arteries 

named the Circle of Willis79,81. The Circle of Willis then gives rise to the anterior, middle, and posterior 

cerebral arteries which give rise to smaller arteries and arterioles that run along the surface of the brain, 

called the pial or leptomeningeal circulation79,81. The segments of the anterior cerebral artery primarily 

supply the frontal lobed and parts of the parietal lobes81. The medial cerebral artery supplies most of the 

lateral and ventral regions of the brain as well as deeper regions81, such as portions of the temporal and 

parietal lobes and basal ganglia81. The posterior cerebral artery primarily supplies blood to inferior and 

medial regions of the brain such as the occipital lobe and portions of the temporal and parietal lobes81. The 

pial vessels form a network of collaterals such that occlusion of one pial vessel does not drastically decrease 

cerebral blood flow and is virtually assymptomatic79. Branching from the pial arteries and diving into the 

brain at an almost 90° angle are the penetrating arterioles79. These arterioles are considered “bottlenecks” 
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of the cerebral microcirculation, as they do not exhibit extensive branching and occlusion of a single 

penetrating arteriole result in a drastic reduction in blood flow to that particular vascular territory and a 

detectable ischemic lesion82. These penetrating arterioles then give rise to parenchymal arterioles as they 

dive deeper into the brain and become almost completely ensheathed by astrocytic end-feet79. Capillaries 

branch out of parenchymal arterioles, which are also ensheated by the astrocytic end-feet79. In a normal, 

healthy brain, it has been estimated that each neuron has its own capillary83,79 that is always perfused with 

blood84,79. Unlike the arteries and arterioles, cerebral capillaries do not possess smooth muscle cells, but 

cells hypothesized to possess contractile-like properties called pericytes have been observed on these 

capillaries85,79. Blood leaving the capillaries then enters the post-capillary venules and drains into superficial 

veins located on the pial surface and deep or central veins located within the brain parenchyma79. All of 

these vessels are encased in a basal lamina comprised of extracellular matrix proteins such as collagen IV, 

heparin sulfate proteoglycans, laminin, and fibronectin84,79.  

One unique aspect of the cerebral circulation is that a greater proportion of the vascular resistance 

lies in larger pial arteries 79. Pressure gradient measurements of different sections of the cerebral circulation 

suggests that approximately 50% of the vascular resistance may be attributed to the internal carotid, 

vertebral, and pial arteries86,79, in contrast to the vasculature of most organs, where the major site of vascular 

resistance lies in the arterioles which smaller than 100 μm in diameter87,79. Thus, in the brain, both larger 

arteries and small arterioles greatly influence vascular resistance and tissue perfusion distribution79. In the 

AD brain, CAA present on resistance arteries / arterioles contributes to degeneration of the smooth muscle 

layer, which can potentially lead to ruptures in the blood vessel wall and impaired regulation of local 

perfusion88,83. Additionally, Aβ itself has been observed to induce vasoconstriction89,83, although it is 

unlikely that such occurs in extracranial arteries, as they do not display CAA83. Thus, the presence of CAA 

on pial arteries, penetrating and parenchymal arterioles, may contribute to impaired regulation of cerebral 

blood flow and, in the long-term, cognitive decline.  
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Mouse models have proven valuable as a pre-clinical model to study AD. Although the majority of 

AD cases are sporadic late onset, many of these mouse models rely on genetic mutations associated with 

familial AD (FAD), with the rationale being that events downstream of the initial trigger are similar90,91. 

Additionally, rodents do not naturally develop Aβ plaques, thus, to recapitulate the disease pathology, 

transgenic manipulation is needed92. Oftentimes, these mice possess mutations in the APP gene, such as the 

PDAPP, Tg2576, APP23, J20, and TgCrND8, and, in some models, also PSEN1 and PSEN2, such as the 

APP/PS1, 5x-FAD, and 3x-TgAD mice, all of which result in overproduction of Aβ93,91,92. The 

characteristics that differentiate these mouse models pertain to the gene constructs used such as the type of 

promoter used and the mutations in the APP genes91,93. Despite the ability to induce Aβ plaque deposition 

in these mice models, there are several caveats that are important to consider. These mouse models may not 

fully recapitulate the entire AD process, thus caution is warranted when choosing which model to use91-

93,90. Most of these mouse models harbor mutations associated with familial or early onset AD, which has 

been reported to comprise roughly 5% of total AD cases94, whereas the remaining 95% of AD cases are 

sporadic or late onset90-92,94. Also, another major drawback to these animal models is that there is no one 

model that harbors all aspects of AD93. For example, many mouse models only recapitulate Aβ 

accumulation and do not accumulate hyperphosphorylated tau, although a model of both exists, which is 

the 3x-TgAD model92,93. Additionally, overexpression of APP in these murine models may result in artificial 

protein interactions or physiological artifacts not normally observed in AD91-93. Nonetheless, these mouse 

models prove to be useful for identification of novel drugs for or cellular pathways involved in AD93,92. 

Several AD mouse models display sex differences whereby females are more prone to plaque accumulation 

and displaying earlier onset of pathology than their male counterparts95. However, not all AD mouse models 

display this sex difference, and, in some models, males have been reported to have a greater baseline plaque 

load compared to females96.   

Thus, the objective of this study was to assess whether the higher incidence of AD in females 

correspond with greater accumulation of Aβ, Aβ-pE3, CAA, and capillary rarefaction. We hypothesize that 
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the greater incidence of AD in females may reflect an exacerbated accumulation of Aβ and Aβ-pE3, CAA, 

and capillary rarefication compared to males. To determine whether sex differences may influence Aβ, Aβ-

pE3, CAA, and capillary rarefaction, these sets of experiments will seek to characterize these different 

aspects of AD in a mouse model of AD. These findings may provide insight into the mechanisms and 

processes may account for the sex differences in AD. Furthermore, these experiments can provide 

information that can help further characterize the mouse model used.  

 

Materials and Methods 

Animals 

5x-FAD mice (Jackson Labs, strain 34840-JAX) are a model of early-onset familial Alzheimer’s 

disease (FAD). These mice harbor five FAD-related mutations:  the Swedish (K670N/M671L), Florida 

(I716V), and London (V717I) mutations associated with human APP as well as M146L and L286V 

mutations associated with PSEN1 under the transcriptional control of the neuron specific Thy1 promoter97. 

These mutations contribute to the rapid amyloid-β accumulation, which makes these 5x-FAD mice a useful 

model for amyloid deposition observed in AD. Mice used were bred on a C57bl/6J background and non-

transgenic littermates were used as controls. Mice were genotyped by PCR analysis of tail clippings using 

primers listed in Table 1 (Figure 1).   

Name Primer Sequence (5’ to 3’) 

5x-FAD Common ACC CCC ATG TCA GAG TTC CT 

5x-FAD WT Reverse TAT ACA ACC TTG GGG GAT GG 

5x-FAD Mutant Reverse CGG GCC TCT TCG CTA TTA C 
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Table 1. Primers used to genotype 5x-FAD mice. 

 

Figure 1. Representative image of gel to discern wild-type from 5x-FAD mice. Lane 1 contains a DNA 

ladder used to determine base pair (bp) size of the DNA bands. Samples containing a band exclusively at 

216 bp are wild-type (Lanes 2 and 4). Samples containing a band exclusively at 129 bp are homozygous 

mutant 5x-FAD (Lane 3). Samples containing a band at 216 and 129 bp are hemizygous 5x-FAD (Lane 5).    

 

Perfusion-fixation 

5x-FAD and wild-type mice were euthanized with pentobarbital (80mg/kg, intraperitoneal, Vortech 

Pharmaceuticals, Dearborn, MI) at 3 months of age. Mice were transcardially perfused with phosphate 

buffered saline (PBS) containing cis-diltiazem hydrochloride (10 μmol/L, Millipore Sigma, D2521) and 1 

unit/mL heparin, followed by perfusion with 4% paraformaldehyde. Brains were excised, post-fixed in 4% 

paraformaldehyde at room temperature overnight, and then washed with PBS before storage at 4ᵒC. Brains 

were then sectioned on a Leica VT1000P vibratome to obtain 50 μm-thick coronal sections. Sections were 

collected in PBS and stored at 4ᵒC.  

 

1 2 3 4 5 

216 bp 
129 bp 
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Thioflavin-T Histochemical Staining 

For thioflavin-T staining, 50 μm coronal sections were permeabilized in 0.1% Triton X-100 for 2 

hours, treated with 15% formic acid for 15 minutes, and then washed with PBS. The sections were then 

treated with 0.5% sodium borohydride followed by 3 washes with PBS. The sections were then incubated 

in 5% horse serum, 0.1% Triton X-100 in PBS. After these treatments, the sections are incubated in a 0.5% 

thioflavin-T solution for 10 minutes, protected from light and then subsequently washed with 80% ethanol, 

95% ethanol, and then PBS prior to mounting onto a slide98.  

 

Immunohistochemistry (IHC) 

Free-floating sections from wild-type and 5x-FAD mice were processed for immunohistochemistry 

in parallel at room temperature. Sections underwent antigen retrieval using 10 mM Tris-sodium citrate pH 

8.5 at 80ᵒC for 1.5 hours, and then cooled to room temperature for 10 minutes before being washed with 

PBS. The sections were permeabilized in 0.1% Triton X-100 in PBS for 2 hours on a shaker at room 

temperature. Then, they underwent treatment with 15% formic acid in PBS for 15 minutes to enhance Aβ 

staining and subsequently washed with PBS. Slices then underwent 0.5% sodium borohydride treatment 

for 15 minutes to reduce background fluorescence and then washed with PBS. After the sodium borohydride 

treatment and associated washes, slices were incubated in blocking solution comprised of 5% horse serum, 

0.1% Triton X-100 in PBS for 1 hour prior to incubation with a rabbit polyclonal antibody against 

pyroglutamate amyloid-β (1:1000, Synaptic Systems, Göttingen, Germany, catalog# 218 003) and a goat 

polyclonal antibody against collagen IV (1:1000, Novus Biologicals, Centennial, CO, catalog# NBP1-

26549) for approximately 48 hours at 4°C. Sections were then washed with PBS prior to secondary antibody 

incubation with donkey anti-goat Alexa Fluor 594 (1:500, Jackson ImmunoResearch, catalog# 705-585-

147) and donkey anti-rabbit Alexa Fluor 488 (1:500, Jackson ImmunoResearch, catalog# 711-545-152) 

diluted in a solution of 2% horse serum, 0.1% Triton X-100 in PBS for 2 hours. Brain sections were then 
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washed with PBS, and then mounted onto glass slides using the Fluoroshield with p-phenylenediamine 

(PPD) to preserve the fluorescence signal.   

For immunolabeling of Aβ in the pial vessels, brain slices were processed similarly using the above 

protocol, however, no antigen retrieval was performed, and primary antibody incubation was overnight. 

The primary antibodies used were rabbit monoclonal antibody against amyloid-beta [mOC64] (1:1000, 

abcam, catalog# ab201060) and goat polyclonal antibody against alpha-smooth muscle actin (1:500, 

ThermoFisher Scientific, catalog# PA5-18292). The slices are then washed in PBS and incubated in a 

secondary antibody solution consisting of donkey anti-goat Alexa Fluor 594 (1:500, Jackson 

ImmunoResearch) and donkey anti-rabbit Alexa Fluor 488 (1:500, Jackson ImmunoResearch) diluted in a 

solution of 2% horse serum, 0.1% Triton X-100 in PBS for 2 hours. The sections are washed in PBS and 

then mounted onto slides for imaging. 

For Aβ-pE3 and thioflavin-T co-labeling, 50 μm coronal sections underwent the similar treatments 

as mentioned for the thioflavin-T staining. However, after the final PBS wash step, the sections were 

incubated with a rabbit polyclonal antibody against Aβ-pE3 (1:1000, Synaptic Systems, Göttingen, 

Germany, catalog# 218 003) overnight. After the primary antibody incubation, the section was washed with 

PBS and then incubated with the donkey anti-rabbit Alexa Fluor 405 (1:500, Jackson ImmunoResearch) 

secondary antibody diluted in 2% horse serum, 0.1% Triton X-100 in PBS for 2 hours. After the secondary 

antibody incubation, the section was washed with PBS and mounted onto a slide.   

For Aβ-pE3 and Aβ co-labeling, 50 μm coronal sections were incubated in 99% formic acid for 15 

minutes, followed by antigen retrieval using 10 mM Tris-sodium citrate pH 6.0 at 100°C for 5 minutes, 

cooled for 2 minutes, and then heated again for 5 minutes99. The sections were then cooled for about 20 

minutes and washed 3 times prior to undergoing the treatments mentioned above except the formic acid 

treatment, which was already performed. This pre-treatment allowed for better visualization of the Aβ 

antibody used for this specific set of experiments. Without pre-treatment, the signal is very poor, preventing 

quantification of Aβ plaques (data not shown). After the blocking step, the sections were incubated 



19 
 

overnight with a rabbit polyclonal antibody against Aβ-pE3 (1:1000, Synaptic Systems, Göttingen, 

Germany, catalog# 218 003) and a chicken polyclonal antibody against amyloid-β (1:250, abcam, catalog# 

ab134022) diluted in the 5% horse serum, 0.1% Triton X-100 in PBS blocking solution. After the primary 

antibody incubation, the sections were washed with PBS and then incubated with the donkey anti-rabbit 

Alex Fluor 488 (1:500, Jackson ImmunoResearch) and donkey anti-chicken Alex Fluor 594 (1:500, Jackson 

ImmunoResearch) diluted in 2% horse serum, 0.1% Triton X-100 in PBS for 2 hours. After the secondary 

antibody incubation, the sections were washed with PBS and mounted onto slides.   

 

Image Analysis 

For the Aβ plaque counting, image panels were acquired and stitched using SoftWoRx v1.2 

(Applied Science) on a DeltaVision Core system (GE Healthcare Biosciences, Piscataway, NJ) consisting 

of an Olympus IX71 microscope equipped with a CoolSNAP HQ2 camera (Teledyne Photometrics, Tucson, 

AZ) on the 10x objective. Each field of view is 1040 x 1040 pixels. For quantification of the 

microvasculature and microvascular CAA, images were acquired using confocal spinning disk microscopy 

using the μManager software on a Leica DM6B microscope equipped with an Evolve Delta camera 

(Teledyne Photometrics) using a water-immersion 40x objective. Each field of view is 512 x 512 pixels. 

For data acquisition using confocal microscopy, 10-12 random fields of views from different regions of the 

brain slice were imaged.  

Aβ plaques were manually counted from regions of interest, which were the cerebral cortex and 

hippocampus for each hemisphere of the mouse brain. The total area of the region of interest is then 

measured using ImageJ. The plaque numbers are then divided by the area of their corresponding regions of 

interest to obtain the plaque density. Measurements of percent of Aβ-pE3-positive Aβ plaques was done in 

a similar manner. The number of Aβ-pE3-positive Aβ plaques was manually counted and then divided by 

the number of Aβ plaques to obtain a percentage. The number of plaques that are only immunoreactive to 
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the Aβ-pE3, but not Aβ antibody were also counted to obtain plaque density and percent of Aβ-pE3 plaques 

that do not co-localize with Aβ plaques. 

Data for percentage of the brain area covered in Aβ plaques is obtained by taking the stitched 

images and subtracting their background using a rolling ball radius of 20 in ImageJ. The images were then 

subjected to automatic thresholding100. The regions of interest are then traced, and the area of the signal 

within that region was then measured. The area of the signal is then divided by the total area of the region 

of interest to obtain the percent coverage.  

Data for the relative collagen IV volume was obtained from Z-stacks obtained via spinning disk 

confocal microscopy. The Z-step used was 0.3μm. A background subtraction using rolling ball radius of 

100 was applied to each stack, as a rolling ball radius of 20 subtracted a substantial percentage of the signal. 

We experimented with different values and determined that 100 as an appropriate rolling ball radius as it 

subtracted out enough of the background without significantly affecting the collagen IV positive signal. 

The collagen IV stacks were automatically thresholded using the Triangle method.101 The area of collagen 

IV positive signal was measured for each image in the stack. The area is then calculated for each image in 

the stack. The areas are then summed and multiplied by the total number of images in each Z-stack 

multiplied by the Z-step of 0.3μm to get a volume. This value for collagen IV volume is then divided by 

the total volume of the Z-stack which is the total area of each stack multiplied by the total number of Z-

stacks multiplied by 0.3μm. The resulting value was multiplied by 100 to obtain a percentage value that is 

referred to as the relative collagen IV volume. For each animal, the percentages from each of the 10-12 

regions was averaged to yield a single value. 

Measurements for Aβ-pE3 follow the same procedure as above but using the Intermodes 

thresholding method102. We found that thresholding using the Triangle method, as used for the collagen IV, 

yielded an unsatisfactory representation of the Aβ-pE3 signal. We tried different automatic thresholding 

methods and determined that Intermodes yielded a satisfactory representation. Area of co-occurrence of 

Aβ-pE3 and collagen IV signal was then estimated using the AND operator of the Image Calculator on 
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ImageJ. These area values are calculated for each image in the stack. The areas are then summed and 

multiplied by the Z-step of 0.3μm to get a volume of collagen IV occupied by Aβ-pE3. This total volume 

is then divided by the total collagen IV volume for the corresponding image stack. The resulting value is 

multiplied by 100 to obtain a percentage that is referred to as the relative collagen IV volume occupied by 

Aβ-pE3. For each animal, the percentages from each of the 10-12 regions was averaged to yield a single 

value.  

Measurements on capillary numbers were done on Max Intensity Projections of the collagen IV Z-

stacks. Any vessel that is collagen IV positive and less than 6μm in diameter is considered a capillary. Each 

branch on the blood vessel that meets this criterion is counted as a capillary. Thus, when a vessel branches 

into two vessels, that original vessel along with its two branches would be counted as three separate vessels. 

The capillaries per field of view are then manually counted. 

Data for CAA in the pial vessels is obtained on stitched images of the entire brain slice 

immunolabeled for α-smooth muscle actin and Aβ. The number of α-smooth muscle actin-positive vessels 

on the brain surface is manually counted. Structures that display positive labeling and possess a lumen as 

counted as vessel and nearby features are considered so that the same vessel is not counted multiple times. 

The Aβ signal is then overlayed with the α-smooth muscle actin signal and the number of vessels that 

exhibit Aβ accumulation is also then manually counted. For each mouse, the number of Aβ- and α-smooth 

muscle actin-positive pial vessels was divided by the total number of pial vessels to obtain a percentage, 

which is termed percent pial vessels displaying CAA.  

 

Statistical Analysis 

All statistical tests were performed with GraphPad Prism v9.0. Data are expressed as means ± SEM. 

Each data point represents a single mouse. Measurements of thioflavin-T and Aβ-pE3 plaque density are 

analyzed using two-tailed Mann Whitney test. A non-parametric Mann Whitney test was used for these data 
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because statistical analysis suggested that the plaque density values did not follow a normal distribution. 

The remaining measurements such as plaque density of Aβ-pE3-positive Aβ plaques, percent of Aβ plaques 

that are Aβ-pE3-positive, plaque density of Aβ-pE3 only plaques, percent of Aβ-pE3 only plaques, Aβ-

mOC64 plaque density, plaque coverage, relative collagen IV volume, capillary counts, and CAA are 

analyzed using two-tailed Student’s T-test as data followed a Gaussian distribution. All data are expressed 

as means ± SEM. A p-value smaller than 0.05 (p<0.05) is considered significant.  

 

Results 

No sex differences observed in thioflavin-T plaque density 

Labeling 3-month-old 5x-FAD mice with thioflavin-T revealed plaque accumulation in several 

brain regions, notably the cortex and hippocampus (Figure 2B, D). As expected, no thioflavin-T reactive 

plaques were observed in brain slices from age-matched wild-type mice (Figure 2A, C). Despite a 

seemingly higher number of thioflavin-T plaques in the cortex (Figure 3A, B) and hippocampus (Figure 

4A, B) of female 5x-FAD, these apparent sex differences were not statistically significant when data were 

analyzed in an unbiased manner (Figure 3C, D and 4C, D). In the cortex, there is no statistically significant 

difference in plaque density (26.83 ± 4.83 vs 69.83 ± 21.82, males vs. females, p = 0.054) (Figure 3C) or 

plaque coverage (0.31 ± 0.04 vs 0.49 ± 0.13, males vs. females, p = 0.2051) (Figure 3D). Similarly, in the 

hippocampus, there is no statistically significant sex difference in the plaque density (17.67 ± 2.10 vs 59.76 

± 22.01, males vs. females, p = 0.189) (Figure 4C) or plaque coverage (0.45 ± 0.08 vs 0.61 ± 0.17, males 

vs. females, p = 0.379) (Figure 4D).  
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Figure 2. Thioflavin-T Staining of mouse brain slices. 3-month-old male (A) and female (C) wild-type mice 

of both sexes display no thioflavin-T-reactive Aβ plaques compared to male (B) and female (D) 5x-FAD 

mice. 
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Figure 3. Thioflavin-T plaque density in cortex of 3-month-old 5x-FAD mice. Thioflavin-T reactive Aβ 

plaques are present in the cortex of male (A) and female (B) 5x-FAD mice. The data are represented as 

plaque density (C) or plaque coverage (D). Data are expressed as means ± SEM. Two-tailed Mann Whitney 

test for the plaque density or two-tailed Student’s T-Test for the plaque coverage. 

 

 

Figure 4. Thioflavin-T plaque density in hippocampus of 3-month-old 5x-FAD mice.  Thioflavin-T reactive 

Aβ plaques are present in the hippocampus of male (A) and female (B) 5x-FAD mice. The data are 
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represented as plaque density (C) or plaque coverage (D). Data are expressed as means ± SEM. Two-tailed 

Mann Whitney test for the plaque density or two-tailed Student’s T-Test for the plaque coverage. 

 

Higher Aβ-pE3 parenchymal plaque burden in female 5x-FAD 

Immunostaining for Aβ-pE3 revealed a similar pattern of localization as thioflavin-T. As expected, 

Aβ-pE3-positive plaques are in the core of the thioflavin-T plaques (Figure 5). Also, Aβ-pE3 are present 

throughout the cortex (Figure 6A, B) and hippocampus (Figure 7A, B) in 5x-FAD mice. In contrast to 

thioflavin-T staining, Aβ-pE3 plaque density and coverage were significantly greater in the cortex (Figure 

6C, D) and hippocampus (Figure 7C, D) of females 5x-FAD when compared to males. In the cortex, there 

is a statistically significant difference in Aβ-pE3 plaque density (63.45 ± 7.89 vs 133.40 ± 31.25, males vs. 

females, p = 0.029) (Figure 6C) and plaque coverage (0.237 ± 0.06 vs 0.70 ± 0.19, males vs. females, p = 

0.043) (Figure 6D). Similarly, in the hippocampus, there is a statistically significant difference in plaque 

density (35.64 ± 7.26 vs 89.92 ± 23.31, males vs. females, p = 0.029) (Figure 7C) and plaque coverage 

(0.15 ± 0.03 vs 0.43 ± 0.12, males vs. females, p = 0.038) (Figure 7D). Co-labeling the brains with an Aβ 

antibody revealed that Aβ-pE3 is present in some of these plaques (Figure 8A, Figure 9A). Quantification 

of the number of Aβ plaques that are positive for Aβ-pE3 revealed no sex differences in density of these 

plaques in either the cortex (26.76 ± 7.23 vs 89.83 ± 29.54, males vs. females, p =0.065) (Figure 8B) or 

the hippocampus (18.12 ± 4.14 vs 53.98 ± 28.93, males vs. females, p = 0.248) (Figure 9B). However, the 

percent of Aβ plaques that are positive for Aβ-pE3 is significantly greater in 5x-FAD females compared to 

males in the cortex (36.60 ± 4.65 vs 66.10 ± 7.96, males vs. females, p = 0.010) (Figure 8C) and 

hippocampus (44.26 ± 4.63 vs 63.09 ± 6.85, males vs. females, p = 0.046) (Figure 9C). It was also noted 

that there were some plaques that were positive only for Aβ-pE3, but not Aβ. There were no observed sex 

differences in the density of these plaques in the cortex (22.65 ± 6.43 vs 56.18 ± 31.88, males vs. females, 

p = 0.327) (Figure 8D) or hippocampus (14.97 ± 3.63 vs 45.99 ± 34.85, males vs. females, p = 0.397)  

(Figure 9D). Quantification of these plaques revealed that they comprise approximately 30-50% of Aβ-
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pE3 plaques in the cortex (37.33 ± 4.39 vs 30.58 ± 6.08, males vs. females, p = 0.389) (Figure 8E) and 

hippocampus (44.26 ± 4.63 vs 41.55 ± 8.19, males vs. females, p = 0.779) (Figure 9E) without sex 

differences.   

 

 

Figure 5. Aβ-pE3 is localized to the core of Aβ plaques. Aβ-pE3-positive plaques shown in grey seem to 

be in the core of thioflavin-T-positive plaques shown in green.  
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Figure 6. Aβ-pE3 plaque density in cortex of 3-month-old 5x-FAD mice. Aβ-pE3 reactive Aβ plaques are 

present in the cortex of male (A) and female (B) 5x-FAD mice. The data are represented as plaque density 

(C) or plaque coverage (D). Data are expressed as means ± SEM. * p < 0.05, two-tailed Mann Whitney test 

or two-tailed Student’s T-Test for the plaque coverage. 

 

 

 

Figure 7. Aβ-pE3 plaque density in the hippocampus of 3-month-old 5x-FAD mice. Aβ-pE3 reactive Aβ 

plaques are present in the hippocampus of male (A) and female (B) 5x-FAD mice. Blue dotted lines 

delineate the edges of the hippocampus. The data are represented as plaque density (C) or plaque coverage 

(D). Data are expressed as means ± SEM. * p < 0.05, two-tailed Mann Whitney test or two-tailed Student’s 

T-Test for the plaque coverage. 
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Figure 8. Density and percent of Aβ plaques positive for Aβ-pE3 in the cortex of 3-month-old 5x-FAD mice. 

Aβ-pE3, shown in white, is localized to the core of some Aβ plaques, shown in green, in the cortex of male 

and female 5x-FAD mice (A). The data are represented as plaque density (B) or percent of Aβ plaques that 

are also positive for Aβ-pE3 (C). Additionally, there are some plaques comprised of Aβ-pE3, but not Aβ, 

referred to here as Aβ-pE3 only plaques. The data are represented as plaque density (D) and percent of Aβ-

pE3 plaques that are not co-localized with general Aβ plaques (E). Data are expressed as means ± SEM. * 

p < 0.05, two-tailed Student’s T-test. 
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Figure 9. Density and percent of Aβ plaques positive for Aβ-pE3 in the hippocampus of 3-month-old 5x-

FAD mice. Aβ-pE3, shown in white, is localized to the core of some Aβ plaques, shown in green, in the 

hippocampus of male and female 5x-FAD mice (A). The data are represented as plaque density (B) or 

percent of Aβ plaques that are also positive for Aβ-pE3 (C). Additionally, there are some plaques comprised 

of Aβ-pE3, but not Aβ, referred to here as Aβ-pE3 only plaques. The data are represented as plaque density 

(D) and percent of Aβ-pE3 plaques that are not co-localized with general Aβ plaques (E). Data are 

expressed as means ± SEM. * p < 0.05, two-tailed Student’s T-test. 

 

Aβ and Aβ-pE3 plaques accumulate in 5x-FAD mice at 2 months of age 

A pilot study looking at plaque accumulation in the cortex and hippocampus of 1- and 2-month-old 

5x-FAD male and female mice using thioflavin-T (Figure 10, Figure 11), an antibody against Aβ-mOC64 
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(Figure 12, Figure 13), or an antibody against Aβ-pE3 (Figure 14, Figure 15) suggests no sex differences 

in overall Aβ or Aβ-pE3 accumulation in 1- or 2-month-old 5x-FAD mice. Using Thioflavin-T, no sex 

differences were observed in these mice at 1 month of age in either the cortex (1.42 ± 0.40 vs 2.61 ± 1.58, 

males vs. females, p = 0.504) or the hippocampus (3.21 ± 0.57 vs 3.92 ± 1.07, males vs. females, p = 0.588). 

Similarly, with the Aβ antibody, no sex differences were observed in these mice at 1 month of age in the 

cortex (0 ± 0.00 vs 0.25 ± 0.20, p = 0.268) or the hippocampus (0.02 ± 0.02 vs 0.00 ± 0.00, p =0.374). At 

2 months of age, thioflavin-T staining of the cortex (1.42 ± 0.40 vs 2.61 ± 1.58, males vs. females, p = 

0.504) and hippocampus (3.21 ± 0.57 vs 3.92 ± 1.07, males vs. females, p = 0.588) also revealed no sex 

differences. Additionally, no sex differences were observed in the cortex (3.12 ± 0.78 vs 24.37 ± 12.38, 

males versus females, p =0.162) or hippocampus (1.17 ± 0.55 vs 5.00 ± 3.00, males vs. females, p =0.278) 

of the 2-month-old mice with the Aβ antibody. At 1 month of age, 5x-FAD mice of either sex displayed 

little Aβ in the cortex  and hippocampus as detected by either thioflavin-T (Figure 10A-B;Figure 11A-B) 

or an Aβ antibody (Figure 12A-B,Figure 13A-B). However, parenchymal Aβ plaques were present by 2 

months of age, primarily in the cortex (Figure 10A,C; Figure 12A,C) with few in the hippocampus (Figure 

11A,C; Figure 13A,C), suggesting that overall Aβ plaque accumulation may begin between 1 or 2 months 

in this model. Similarly, at 1 month of age, 5x-FAD mice of either sex displayed little to no Aβ-pE3 plaques 

in the cortex (0.30 ± 0.19 vs 0.16 ± 0.031, males vs. females, p = 0.511) (Figure 14A-B) or hippocampus 

(0.44 ± 0.44 vs 0.66 ± 0.19, males vs. females, p =0.666) (Figure 15A-B). More Aβ-pE3 plaques were 

present in the cortex (0.53 ± 0.13 vs 6.71 ± 3.48, males vs. females, p = 0.151) (Figure 14A,B) and 

hippocampus (1.47 ± 0.67 vs 4.69 ± 1.84, males vs. females, p = 0.175) (Figure 15A,C) of 2-month-old 

5x-FAD mice compared to the 1-month-old mice. Although female mice appear to possess a somewhat 

greater overall Aβ and Aβ-pE3 plaque density, most notably in the cortex (Figure 10C, Figure 12B, Figure 

12C, Figure 14C), no significance was observed suggesting some variability in the onset of Aβ among 

these mice. However, due to the relatively small sample size used for these particular studies, it is difficult 

to draw definitive conclusions.     
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Figure 10. 1- and 2-month-old 5x-FAD male and female mice have few thioflavin-T reactive Aβ plaque 

accumulation in the cortex. Representative images of thioflavin-T staining from cortex of these mice (A). 

The data is represented as plaque density for 1-month-old (B) or 2-month-old (C) male and female 5x-FAD 

mice. Data are expressed as means ± SEM. Two-tailed Student’s T-test. 
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Figure 11. 1- and 2-month-old 5x-FAD male and female mice have few thioflavin-T reactive Aβ plaque 

accumulation in the hippocampus. Representative images of thioflavin-T staining from cortex of these mice 

(A). The data is represented as plaque density for 1-month-old (B) or 2-month-old (C) male and female 5x-

FAD mice. Data are expressed as means ± SEM. Two-tailed Student’s T-test. 
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Figure 12. Aβ antibody detects plaques in 2-, but not 1-month old, 5x-FAD male and female in the cortex. 

Representative images from cortex of these mice labeled with an antibody against Aβ-mOC64 (A). The 

data is represented as plaque density for 1-month-old (B) or 2-month-old (C) male and female 5x-FAD 

mice. Data are expressed as means ± SEM. Two-tailed Student’s T-test. 
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Figure 13. Aβ antibody detects few plaques in 2-, but not 1-month-old, 5x-FAD male and female mice in 

the hippocampus. Representative images from the hippocampus of these mice labeled with an antibody 

against Aβ-mOC64 (A). The data is represented as plaque density or plaques per mm2 for 1-month-old (B) 

or 2-month-old (C) male and female 5x-FAD mice. Data are expressed as means ± SEM. Two-tailed 

Student’s T-test. 
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Figure 14.  Aβ-pE3 plaques are present in 2-, but not 1-month old, 5x-FAD male and female in the cortex. 

Representative images from cortex of these mice labeled with an antibody against Aβ-pE3 (A). The data is 

represented as plaque density for 1-month-old (B) or 2-month-old (C) male and female 5x-FAD mice. Data 

are expressed as means ± SEM. Two-tailed Student’s T-test. 
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Figure 15. Few Aβ-pE3 plaques are present in 2-, but not 1-month-old, 5x-FAD male and female in the 

hippocampus. Representative images from cortex of these mice labeled with an antibody against Aβ-pE3 

(A). The data is represented as plaque density for 1-month-old (B) or 2-month-old (C) male and female 5x-

FAD mice. Data are expressed as means ± SEM. Two-tailed Student’s T-test. 
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Immunostaining for collagen IV in male and female wild-type and 5x-FAD mice (Figure 16A) 

showed that there were no significant differences in the relative collagen IV volume between strains (wild-

type vs 5x-FAD) (Figure 16B-C) or biological sex (Figure 16D-E). No statistically significant differences 

were observed in relative collagen IV volume in the male (6.24 ± 1.79 vs 5.73 ± 0.66, wild-type vs. 5x-

FAD, p = 0.769) and female groups (5.35 ± 1.67 vs 6.68 ± 0.70, wild-type vs. 5x-FAD, p = 0.409). When 

comparing males and females of the same genotype, no statistically significant differences were observed 

among the wild-type (6.24 ± 1.79 vs 5.35 ± 1.67, males vs. females, p = 0.739) and 5x-FAD (5.73 ± 0.66 

vs 6.68 ± 0.70, males vs. females, p = 0.342) groups. Similarly,  capillary counts (Figure 17A) showed that 

there were no  significant differences between male wild-type and 5x-FAD mice (31.30 ± 0.86 vs 29.33 ± 

1.34, wild-type vs. 5x-FAD, p = 0.28) (Figure 17B) or female wild-type and 5x-FAD mice (31.53 ± 1.34 

vs 29.83 ± 2.56, wild-type vs. 5x-FAD, p = 0.649) (Figure 17C). Also, no sex differences were observed 

between the biological sexes among the wild-type (31.30 ± 0.86 vs 31.53 ± 1.34, males vs. females, p = 

0.885) (Figure 17D) and 5x-FAD (29.33 ± 1.34 vs 29.83 ± 2.56, males vs. females, p = 0.8593) (Figure 

17E) mice. Thus, we conclude that microvascular rarefaction does not occur in 5x-FAD mice at the age 

studied.  
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Figure 16. Relative collagen IV volume is unchanged between 3-month-old wild-Type and 5x-FAD male 

and female mice. Representative images taken from each Z-stack are shown for these mice showing 

collagen IV labeling in red (A). The data are represented as volume of the Z-stack occupied by collagen IV 

compared between the wild-type and 5x-FAD groups of males (B) and female (C) mice. Male and female 

sexes were also compared between the wild-type (D) and 5x-FAD (E) groups. Data are expressed as means 

± SEM. Two-tailed Student’s T-test. 
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Figure 17. Number of capillaries is unchanged between 3-month-old Wild-Type and 5x-FAD male and 

female mice. Representative max intensity projections from collagen IV Z-stacks for these mice are shown 

for these mice with collagen IV labeling in red (A). The data are represented as capillaries per field of view 

compared between the wild-type and 5x-FAD groups for male (B) and female (C) mice. Male and female 

sexes were also compared between the wild-type (D) and 5x-FAD (E) groups. Data are expressed as means 

± SEM. * p < 0.05, two-tailed Student’s T-test. 

 

Perivascular Aβ accumulation in pial blood vessels, but not in the parenchymal microcirculation of 5x-

FAD 

CAA was then measured in these mice as percent of the collagen IV signal that is also occupied by 

Aβ for the parenchymal vessels and the number of CAA positive vessels for the pial vessel data. Male and 

female wild-type mice did not exhibit Aβ-pE3- or Aβ-positive plaques, therefore they did not display CAA 

in parenchymal or pial vessels (Figure 18 and Figure 20).  However, CAA was observed in both males 

and female 5x-FAD (Figure 19 and Figure 21), with regional differences. Little perivascular Aβ 

accumulation was observed in the parenchymal microcirculation, without sex differences, suggesting that 

5x-FAD are not an appropriate model of parenchymal CAA (1.95 ± 0.30 vs 2.31 ± 0.71, males vs females, 

p = 0.633) (Figure 19B). On the other hand, perivascular Aβ plaques were evident in the pial vessels, and 

our analysis showed that approximately 50% of surface vessels show mural Aβ accumulation, without 
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significant differences between male and female 5x-FAD (46.95 ± 10.73 vs 41.44 ± 8.18, males vs. females, 

p = 0.689) (Figure 21B).  

 

Figure 18. No accumulation of Aβ-pE3 is observed on parenchymal microvasculature of 3-month-old wild-

type mice. Representative max intensity projections of Z-stacks of collagen IV shown in red and Aβ-pE3 

shown in green for male and female wild-type mice.   
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Figure 19. Low accumulation of Aβ-pE3 on the parenchymal microvasculature of 3-month-old 5x-FAD 

mice without sex differences. Representative max intensity projections of Z-stacks are shown with collagen 

IV in red and Aβ-pE3 in green for 5x-FAD male and female mice (A). The data are represented as collagen 

IV volume that is occupied by Aβ-pE3 expressed as a percentage for the male and female 5x-FAD mice 

(B). No statistically significant differences were observed in the Aβ-pE3 vascular coverage between males 

versus females (1.95 ± 0.30 vs 2.31 ± 0.71, p = 0.633). Data are expressed as means ± SEM. Two-tailed 

Student’s T-test. 

 

 

Figure 20. No perivascular Aβ accumulation in the pial circulation of 3-month-old wild-type mice. 

Representative images of alpha-smooth muscle actin in red and Aβ in green for male and female wild-type 

mice.  
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Figure 21. Perivascular Aβ accumulation in the pial circulation is not dependent on biological sex. 

Representative images of α-smooth muscle actin in red and Aβ in green for 5x-FAD male and female mice 

(A). The data are represented as percent of pial vessels that exhibit CAA for the male and female 5x-FAD 

mice (B). No statistically significant differences were observed in the percent of pial vessels exhibiting 

CAA between the males versus females (46.95 ± 10.73 vs 41.44 ± 8.18, p = 0.689). Data are expressed as 

means ± SEM. Two-tailed Student’s T-test. 
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not observed in the cortex and hippocampus of 1-month-old 5x-FAD mice but were observed in these mice 

at 2 months of age suggesting that plaque accumulation begins between 1 and 2 months post-birth. No sex 

differences were observed in overall Aβ plaques in cortex and hippocampus the three age groups studied. 
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of age. Additionally, 3-month-old 5x-FAD female mice were observed to have a greater percentage of Aβ 

plaques that contain Aβ-pE3 at their core despite there being no sex difference in the density of Aβ-pE3-

positive Aβ plaques. We also noted that Aβ-pE3 also labeled plaques that were negative for Aβ, but 

observed no sex differences in the density of percent of these plaques. We observed little to no accumulation 

of Aβ-pE3 on the parenchymal vessels. Thus, we would predict that there is little to no accumulation of 

overall Aβ on the parenchymal vessel as well. However, we did observe accumulation of Aβ on roughly 

50% of α-smooth muscle actin-positive pial vessels of these mice, without sex differences. As expected, 

wild-type mice of either gender did not display CAA on parenchymal nor pial vessels. In line with our 

observation that CAA was seldom observed on parenchymal vessels, we observed that collagen IV volume 

and capillary numbers were similar between the wild-types and 5x-FAD mice of both sexes. Thus, 3-month-

old 5x-FAD mice may display Aβ plaques, but do not exhibit capillary or microvascular rarefaction in the 

brain. Also, sex differences may be present in Aβ-pE3 accumulation.     

 The results of the present study suggest that Aβ-pE3, but not overall Aβ plaque pathology, may be 

exacerbated in female 5x-FAD mice in the cerebral cortex and hippocampus compared to male mice at 3-

months of age. However, several studies noted that female 5x-FAD mice possessed a greater Aβ plaque 

load103,104 and protein level97,105 compared to age-matched male mice. Our results suggest that there may be 

a trend toward a greater Aβ plaque density in the cortex of female 5x-FAD mice, but otherwise no 

differences were observed in Aβ cortical plaque area, hippocampal plaque density, or hippocampal plaque 

area. Although studies have shown that Aβ-pE3 is produced in the brains of 5x-FAD mice106,107, plaques 

consisting of this isoform have not been compared between male and female 5x-FAD mice. The 

observations from this part of the study suggest that the elevated Aβ-pE3 in the female mice compared to 

the male mice would favor greater overall Aβ plaque accumulation due to the elevated levels of this seeding 

species. This is further supported by our observation that female 5x-FAD mice had a greater proportion of 

overall Aβ plaques that are positive for Aβ-pE3 compared to 5x-FAD male mice. The association between 

Aβ-pE3 and Aβ plaque was observed in another study, where overexpression of QC, the enzyme responsible 
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for generating Aβ-pE3, in 5x-FAD mice resulted in increased Aβ-pE3 and overall Aβ plaques in the cerebral 

cortex108. However, the elevated Aβ-pE3 plaques in the females could be attributed to greater Aβ 

production, resulting in more substrate as Aβ-pE3 is derived from Aβ. Another possibility is that QC could 

also be differentially modulated by the sex of these mice. As mentioned previously, one human study 

suggested that glutaminyl cyclase activity may be higher in women55. Additionally, QC mRNA levels may 

possibly be regulated by the sex hormone, estrogen, as suggested in studies looking at non-neuronal cell 

types such as endometrium109 and bronchial epithelial cells110. If these observations also do apply to 

neurons, then the differential modulation of QC could account for these observations.  

One factor that has been hypothesized to play a major role in sex differences in AD is the hormone 

estrogen. Several human studies suggest that loss of estrogen during menopause may play a role in the 

increased likelihood of a women to develop AD111,112. One study looking more specifically at 3-4 – month-

old female 5x-FAD mice, observed that serum estrogen levels were not significantly different compared 

with age- and sex-matched wild-types113. However, a different study noted that 3-month-old female 5x-

FAD mice had relatively lower hippocampal mRNA levels of aromatase, a key enzyme in the synthesis of 

estrogen, compared to age- and sex-matched wild types114. Although systemic estrogen levels in female 5x-

FAD mice do not appear to differ compared to female wild-types, production of estrogen may be impaired 

locally in specific brain regions at 3 months of age. Additionally, the Thy1 promoter used to drive 

expression of mutant APP in these mice contains an estrogen response element (ERE) upstream of the 5x-

FAD transgene in the Thy1 regulatory region105. The presence of an ERE in the Thy1 promoter suggests 

that endogenous estrogen in female mice could drive increased production of Aβ105. Elevated Aβ levels in 

females compared to males have also been observed in other mouse models of AD that use the Thy1 

promoter such as the 3xTgAD115,116 and APP/PS1117,118 mice95. The sex differences in Aβ-pE3 could be 

partly due to this ERE on the Thy1 promoter generating greater quantities of Aβ that could be processed by 

QC. If this observation is simply an artifact of the gene construct, then removal or inhibition of estrogen 

would potentially decrease plaque load. However, experiments where estrogen levels are altered through 
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ovariectomy or aromatase inhibition other Thy1-dependent AD mouse models observed that such 

treatments, which were done at an age prior to the onset of Aβ plaques in those models, appeared to elevate 

Aβ levels119,120. Taken together, whether the presence of the ERE in the Thy1 promoter plays a role in the 

elevated Aβ pathology in the female 5x-FAD mice compared to males is not entirely clear given the 

observations that hippocampal114, but not systemic113, estrogen production may be impaired or possibly 

lower in females compared to males. It is possible that the ERE in the Thy1 promoter plays a negligible or 

minor role in enhancing Aβ accumulation in female mice. Thus, any sex differences in Aβ pathology in the 

5x-FAD model are not solely an artifact of the AD transgenes. This is further supported by studies where 

removal of estrogen in other Thy1 mouse models of AD was not been observed to directly decrease the 

plaque load 119,120. For example, it has been observed that subjecting 5x-FAD mice to stress preferentially 

elevated hippocampal plaque load in females compared to males via an upregulation of β-secretase, BACE1 

and APP121.  Interestingly, the study noted that 5x-FAD females not subjected to behavioral stress had a 

hippocampal plaque load and Aβ1-42 levels comparable to 5x-FAD males121. Although estrogen may 

influence the presence or lack of sex differences in this mouse model, it may not be the sole factor.  

Tracking the Aβ plaque density in 1- and 2-month-old 5x-FAD mice revealed no sex differences in 

accumulation in the cortex and hippocampus. In accordance with another study97, we observed that the 

accumulation of Aβ in 5x-FAD begins between 1 - 2 months of age.  Interestingly, we observed that between 

2 and 3 months of age, the plaque density in the male and female mice seemed to increase dramatically. 

The Thy1 promoter, the promoter that drives Aβ expression in this mouse model, has been suggested to 

turn on around postnatal day 7122, 123 and has been suggested to be developmentally regulated124. Beyond 

postnatal day 14, protein expression driven by Thy1 has been suggested to increase dramatically and 

continue to increase into adulthood123,124. However, Aβ production has not been observed in the 5x-FAD 

mouse model until around 1.5 months of age97. Thus, it is possible that prior to 1-2 months of age, Aβ 

production exists at low levels that are not able to be detected using current protein quantification methods. 

Another possibility is that the levels of Aβ do not exceed the capacity of different clearance mechanisms in 
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the mouse brain125. Thus, the occurrence of Aβ plaques around 1-2 months of age could possibly reflect the 

inability of the brain’s clearance systems to handle of elevated levels of Aβ that resulted from increased 

Thy1 activity. Whether these factors influence the onset and/or rapid accumulation of Aβ accumulation 

needs further exploration. It has been suggested that the plaque density of these mice may continue to 

increase beyond 3 months of age and eventually plateaus for males at 10 months of age, but not females103. 

Our preliminary data suggests that 1-year-old 5x-FAD males do display more plaques compared to 3-

month-old males (not shown), however we did not measure the plaque density for mice between those two 

ages nor did we measure plaque density for older 5x-FAD females. Thus, for mice of either sex, we are 

unable to determine if the plaque density plateaus within that age range or experiences an even more 

dramatic increase compared to what we observed at 2 - 3 months of age. The sudden, dramatic increase in 

Aβ plaque density between 2 and 3 months of age observed in this study could reflect the kinetics of Aβ 

aggregation, whereby Aβ aggregation undergoes an exponential phase126, and this sudden increased in 

plaques has also been observed in the 5x-FAD mouse model103,97 as well as other mouse models of AD, 

albeit at different ages127-129. Based on the study conducted by Bhattacharya et al., plaque density seems to 

increase most dramatically between 8-10 months for male 5x-FAD mice and 3-4 months for female mice103. 

This time course of accumulation is likely due to multiple factors such as the transgene promoter, the 

mutations within the transgene itself, location of the transgene on the chromosome, and the genetic 

background on which it is expressed95. 

For the most part, the plaque counts using thioflavin-T corresponded with counts using the Aβ-

mOC64 antibody. However, there were subtle differences in plaque detection likely reflecting differences 

in the methods used to label the Aβ plaques. Thioflavin-T is a benzothiazole dye that binds to structures 

rich in beta sheets such as Aβ98. When thioflavin-T binds to amyloid fibrils, thioflavin-T fluoresces brightly 

with an excitation and emission maxima of 450 and 485nm, respectively130. Although thioflavin-T is often 

used for identification and analysis of amyloid fibrils, it has also been shown to bind to non-Aβ structures 

such as hydrophobic pockets in globular proteins such as albumin131 and acetylcholinesterase132. 
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Meanwhile, the Aβ-mOC64 antibody has been demonstrated to label primarily Aβ1-42 and, in some 

instances, Aβ1-40
133. We noted that thioflavin-T appeared to label less plaques than the Aβ-mOC64 antibody 

suggesting that the thioflavin-T stain is not as sensitive. The lower sensitivity of chemical staining methods, 

such as thioflavin-T, compared to antibody detection has also been noted in a different study comparing 

thioflavin S, another fluorescent dye similar to thioflavin-T used to detect Aβ plaques, and a different Aβ 

antibody, 4G8134. This is more apparent when we were staining the 2-month-old 5x-FAD female brains. We 

also noted that thioflavin-T tended to yield a higher background than the Aβ-mOC64 antibody due to its 

ability to bind to other structures as mentioned previously. Thus, thioflavin-T is appropriate for labeling 

brains that already display plaques but may be less useful in labeling plaques in their earlier stages, likely 

due to the lower beta sheet content of these earlier plaques.   

Although 3-month-old 5x-FAD mice exhibit Aβ plaque pathology throughout the brain 

parenchyma, there was little to no Aβ accumulation around the parenchymal vessels as cerebral amyloid 

angiopathy, and there were no sex differences in the quantities that were present. Another study looking 

more specifically at the microvessels also noted little to no parenchymal CAA in these mice135. However, 

Aβ accumulation was observed on the pial vessels136 and, in some instances, on large cortical vessels137. 

Additionally, the 5x-FAD mice studied here did not display blood vessel or capillary rarefaction in the 

parenchyma when compared to their age- and sex-matched wild-types, suggesting this mouse model does 

not exhibit vascular or microvascular alterations at the histological level, which is further supported by the 

lack of parenchymal CAA. We observed that the relative volume of collagen IV throughout the brain 

appears to be unchanged.  However, it should be noted that several studies did observe reductions in blood 

vessels in specific regions of the brain in 5x-FAD mice as young as 2-5 months of age, not stratified by 

gender136,138. Giannoni et al. observed decreases in vessel length in 5x-FAD mice starting at 2 months of 

age in the parietal cortices using FITC-albumin perfused brain slices136. Meanwhile, Ahn et al.  observed 

decreased immunoreactivity of GLUT-1, a possible marker for the brain vasculature, in 5x-FAD brain slices 

of 4.5-month-old mice138. Although our results suggest no reduction in capillary number or overall collagen 
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IV volume in the 3-month-old 5x-FAD brain, it is possible that there are regional variations in capillary 

rarefication, but due to our method of quantification, we are not able to resolve those spatial differences. 

Alternatively, the lack of parenchymal CAA and capillary rarefaction could be due to the preferential 

production of Aβ1-42 over Aβ1-40 in 5x-FAD mice. 5x-FAD mice have been shown to produce greater 

amounts of Aβ1-42 relative to Aβ1-40
97. As discussed previously, Aβ1-40 is the predominant form that 

comprises perivascular plaques in CAA26. Thus, these mice would not be expected to develop CAA or 

display microvascular alterations. However, 5x-FAD mice still produce Aβ1-40 at elevated levels97, even 

exceeding those of age-matched Tg-SwDI mice, a mouse model of microvessel CAA139. Interestingly, in 

ELISAs of whole brain homogenates, Oakley et al. observed that Aβ1-40 accumulation continues to increase 

with age for 5x-FAD mice of either gender, and plateaus in males, but not in females, around 6 months of 

age97.  

Whether these histological findings correlate with motor or behavioral outcomes in these mice has 

not been explored or addressed in this current study but has been explored to a limited extent in studies 

conducted by other groups. At around 3-4 months of age, observations from several studies suggest that 

motor function is not impaired in male or female 5x-FAD mice140,141. However, decline in motor functions 

were observed at later ages with potential sex differences140,141. Due to the inconsistency of the results across 

different ages for the two genders with some ages ranges displaying worse motor function in males, females, 

or neither, whether sex differences exist remains unclear140 . We have preliminary data that female 5x-FAD 

mice 3-4 months of age may display cognitive impairment, but we do not have data on whether males at 

this age are cognitively impaired (not shown). Whether these mice possess memory deficits at 1, 2, or 3 

months of age is not entirely clear with some studies observing impaired spatial memory142,143 and others 

reporting non-impaired97,144 spatial memory. However, several studies do suggest that motor140,141 and 

behavioral deficits97,144 may appear in older 5x-FAD. Thus, onset of motor and memory impairments may 

not directly correlate with the early onset of Aβ deposition, but rather may manifest later in 5x-FAD mice. 
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This suggests that Aβ accumulation precedes synaptic loss or neuronal cell death in this model, which has 

been observed to occur at around 4-6 months of age97.  

In conclusion, the observations from this current study suggest that Aβ-pE3 levels are elevated in 

3-month-old female 5x-FAD mice compared to age matched males, however, no statistically significant 

differences were observed in overall Aβ levels. At this age, there does not appear to be microvascular 

alterations from a histological standpoint. This is correlated with relatively little to CAA in the brain 

parenchyma. However, CAA was observed on approximately 50% of the pial vessels. Thus, at the age 

studied, despite the elevated Aβ-pE3 plaque load of the female 5x-FAD mice, the microvasculature appears 

relatively unaffected. Additionally, plaque accumulation appears to start between 1 and 2 months with no 

statistically significant sex differences observed. However, provided the limited sample size of some of 

these studies and the fact that the gene construct of this mouse model may possess as ERE, caution must be 

taken when interpreting these observations. Given these observations, future studies will be aimed toward 

elucidating the mechanisms that account for these sex differences, or lack thereof, in these mice as well as 

further exploring whether this plaque load alters the physiological function of the cerebral vasculature. 

Thus, these data can help set the groundwork for further studies that set out to identify pharmacologic 

targets that may be useful in the effective treatment of AD for both the male and female sexes.   
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