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Abstract

Cerebrovascular pathology is a significant mediator in Alzheimer’s disease (AD) in the general 

population. In people with Down syndrome (DS), the contribution of vascular pathology to 

dementia may play a similar role in age of onset and/or the rate of progression of AD. In the 

current study, we explored the extent of microbleeds (MBs) and the link between CAA and MBs 

in the frontal cortex (FCTX) and occipital cortex (OCTX) in an autopsy series from individuals 

with DS (<40 years), DS with AD pathology (DSAD), sporadic AD and control cases (2–83 

years). Sections were immunostained against Aβ1–40 and an adjacent section stained using 

Prussian blue for MBs. MBs were both counted and averaged in each case and CAA was scored 

based on previously published methods. MBs were more frequent in DS cases relative to controls 

but present to a similar extent as sporadic AD. This aligned with CAA scores, with more extensive 

CAA in DS relative to controls in both brain regions. CAA was also more frequent in DSAD cases 

relative to sporadic AD. We found CAA to be associated with MBs and that MBs increased with 

age in DS after 30 years of age in the OCTX and after 40 years of age in the FCTX. MB and CAA 

appear to be a significant contributors to the development of dementia in people with DS and are 

important targets for future clinical trials.
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Introduction

Down syndrome (DS) is the most common chromosomal disorder, occurring once in every 

700 births [1]. While first discovered in 1866 by John Landon Down, it wasn’t until the 

1950s, that it was discovered that DS is a result of an inherited extra copy of chromosome 

21, known as trisomy 21 [2]. Individuals with DS now have a lifespan approaching that of 

the general population since many medical complications in childhood are being treated 

successfully [3, 4]. However, accompanying this extension in lifespan is a wide range of 

mid-life health challenges, including an increase in the risk of early onset Alzheimer disease 

(AD) [5].

Autopsy studies show that virtually all people with DS develop sufficient neuropathology for 

an AD diagnosis during their 40s, including the presence of neurofibrillary tangles and beta-

amyloid (Aβ) plaques [6]. Aβ peptide is produced from the amyloid precursor protein (APP) 

gene, which is located on chromosome 21. Because individuals with DS have a triplication 

of chromosome 21, they overexpress APP and accumulate Aβ throughout the lifespan. 

Despite this, dementia usually does not appear until up to a decade later [7–9]. 

Approximately 80% of people with DS develop dementia during this time and it is still 

unknown why those 20% are protected from AD, despite the presence of pathology [10, 11].

It is now widely accepted that cerebrovascular pathology contributes to the development of 

dementia in sporadic AD [12–14]. However, there are fewer studies of cerebrovascular 

contributions to dementia in people with DS perhaps due to observations that they appear to 

be protected from specific vascular risk factors, including low rates of atherosclerosis, 

hypertension, and hyperhomocysteinemia [15], with DS being suggested as an atheroma-free 

model [16].

Adults with DS develop significant cerebral amyloid angiopathy (CAA), or buildup of Aβ in 

the small and medium-sized arteries of the cerebral cortex and leptomeninges [17–21]. 

Interestingly, CAA can be higher in DS cases with AD when compared with sporadic AD 

cases and controls [17]. As CAA levels become more severe, the walls of vessels can 

weaken and rupture, causing small chronic cerebral brain hemorrhages, known as 

microbleeds (MBs) [22]. While there have been several case reports published linking CAA 

and intracerebral hemorrhage in DS [23–26], there has yet to be an extensive analysis of 

MBs in DS. Additionally, it has not been shown that CAA is linked to the presence of MBs 

in DS.

In this study, we hypothesize that individuals with DS will have more MBs relative to 

sporadic AD and controls and that CAA and MBs are linked in two regions of interest: the 

frontal cortex (FCTX) and the occipital cortex (OCTX). To this end, we initially examined 

the FCTX because this region is associated with the earliest signs of dementia in DS as 

manifested by changes in personality, behavior, and communication [27]. An additional 

rationale for focusing on the frontal lobe is reinforced by our published data showing that 

adults with DS have decreased white matter integrity and a reduced number of tracts in the 

FCTX, all associated with poorer cognition [28]. We also examined the pathology in the 

OCTX because it is a common location of CAA in AD [29, 30].
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Methods

The goal of this study was to quantify the extent of CAA and MBs in an autopsy series. 

Fixed brain tissue was examined in individuals with DS prior to the development of AD 

neuropathology as compared to individuals with DS and documented AD neuropathology 

and brain tissue samples from patients with sporadic AD.

Tissue Samples

We obtained FCTX specimens from several sources including the University of California, 

Irvine, Alzheimer’s Disease Research Center, the NIH NeuroBioBank, and the University of 

Kentucky Alzheimer’s Disease Center. We obtained all autopsy tissue from the OCTX from 

the NIH NeuroBioBank. Human tissue collection and handling adhered to the University of 

Kentucky and/or University of California, Irvine Institutional Review Board guidelines. The 

majority of the cases were not clinically characterized nor was Braak staging available on all 

cases. Cases from the NIH NeuroBioBank and the University of Kentucky ADC were fixed 

in 10% formalin. Cases from the University of California ADRC were fixed in 4% 

paraformaldehyde then transferred to PBS with sodium azide for long term storage. 

Information regarding the length of fixation was not available.

Six autopsy groups were included in the study: young controls (YC; age matched to young 

DS group; OCTX: n=10; FCTX: n=6), middle-aged controls (MC; age matched to DSAD 

group; OCTX: n=10; FCTX: n=12), old controls (OC; age-matched to sporadic AD group; 

OCTX: n=6 FCTX: n=11), DS (OCTX: n=11 FCTX: n=11), DSAD (OCTX: n=14 FCTX: 

n=9), and sporadic AD (also assessed clinically as being demented) (OCTX: n=12 FCTX: 

n=10). Since individuals with DSAD come to autopsy at younger ages than those with 

sporadic AD, we were not able to match for age between these two groups. All control cases 

were selected to match for post mortem interval (PMI) to the DS, DSAD and AD cases 

(Tables 1 and 2). Our groups contained both males and females, but due to the limited 

availability of cases, we were not able to match for sex across groups. Although the majority 

of cases from UCI were clinically assessed as being demented, we do not have clinical data 

for the remaining cases. Thus the relationship between CAA, MBs and dementia/cognitive 

status could not be evaluated systematically.

Immunohistochemical Methods

Fixed tissue was sectioned on a vibratome (Leica Biosystems, Buffalo Grove, IL) at 50 μm. 

Sequential sections were collected and stored in PBS with 0.02% NaN3 until used. CAA was 

visualized by immunohistochemistry for Aβ1–40 (Invitrogen, Camarillo, CA, 1:5000) as 

described previously[31]. Briefly, free-floating sections were pretreated with 90% formic 

acid for 4 min and then incubated overnight with the primary antibody, incubated with anti-

rabbit secondary antibody (Vector Laboratories, Burlingame, CA). The signal was amplified 

and visualized with an avidin-biotin complex peroxidase kit (Vector Laboratories, 

Burlingame, CA), and 3,3’ diaminobenzidine substrate kit (Vector Laboratories, 

Burlingame, CA). Sections were mounted on glass slides and coverslipped with Depex 

mounting media.
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Prussian blue staining

Tissue sections adjacent to the section stained for CAA were selected for Prussian blue 

staining to visualize MBs as described in previous studies [32]. Sections were incubated 

mounted on slides, and stained in 2% potassium ferrocyanide in 2% hydrochloric acid for 15 

min, followed by a counterstain in a 1% neutral red solution for 10 min.

Image analysis for CAA staining

For CAA assessment, we expanded on a previously established method in order to 

categorize CAA in thick tissue sections [33, 34]. For both the FCTX and OCTX, meningeal 

and parenchymal vessels were scored on a scale from 0 to 4, where 0=no deposition, 

1=scattered segmental deposition of amyloid, 2=circumferential deposition in up to 10 

vessels, 3=widespread, strong, circumferential deposition in up to 75% of vessels (may 

include dyshoric changes) 4= deposition in over 75% of region (includes dyshoric changes) 

(Figure 1).

Image analysis for Prussian blue staining

Ten 250 × 250 micron boxes were drawn in the white and grey matter (random sampling of 

superficial and deep cortical layers) of frontal and occipital images captured using the 

Aperio ImageScope (v11.1.2.752) software. Positive Prussian blue labeling 2 cell diameters 

away or less from a blood vessel was counted as a MB, as described in previously published 

literature [32, 35]. From these captured images, MB counts were totaled across all boxes for 

each case and averaged across groups.

Statistical Analysis

Overall group differences in CAA scores were assessed with Fisher’s Exact test, while group 

differences in frequency of MBs was assessed with the Wilcoxon Rank-Sum test. Five 

hypotheses were tested: (1) CAA scores are more severe in DS and DSAD vs. control, (2) 

CAA scores are more severe in DSAD vs. AD, (3) MBs are more frequent in DS and DSAD 

vs. control, (4) MBs are more frequent in DSAD vs. AD, and (5) severity of CAA is 

correlated with MB frequency. In general, hypotheses (1) and (2) were tested using ordinal 

logistic regression, hypotheses (3) and (4) were tested using the Wilcoxon Rank-Sum test, 

and hypothesis (5) was tested using a binomial negative regression. Since groups were age-

matched, analyses were not adjusted for age, except for analyses for hypothesis (5), which 

was not based on the age-matched groups. CAA was specified as a categorical variable in 

these analyses. Model fit was assessed based on Deviance/DF; results close to 1.00 were 

taken to support the adequacy of the negative binomial distribution to model the MB counts. 

Where sparse or empty cells prevented the ordinal regression model from converging, the 

CAA score was dichotomized into none vs. any, and exact binary logistic regression was 

used. For the ordinal regression models, the proportional odds assumption was assessed with 

the Score test. Statistical significance was set at 0.05. To test hypotheses regarding the 

association between the extent of MBs and age in DS and in controls, we used a Spearman 

rank correlation test.
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Results

CAA Pathology

In the FCTX, distribution of the CAA score differed across groups (p<.0001) (Figure 2E). 

Using an unadjusted ordinal regression model, DS (DS and DSAD) autopsy cases overall 

were 11.5 times more likely to have more severe CAA (95% CI 2.0–64.9, p=0.006) than 

specimens from YC and MC, respectively. Similarly, DSAD cases were also 4.5 times more 

likely (95% CI 0.8–26.5 p=0.097) to have more severe CAA than sporadic AD cases. 

Likewise, in the OCTX, the 6 groups showed significant differences in CAA scores (p<.

0001) (Figure 2F). Since all YC and MC cases had an OCTX CAA score of 0, exact binary 

logistic regression was used to estimate the odds of any CAA in DS overall (DS and DSAD) 

vs. control (YC and MC); DS cases showed 51 times the odds of any CAA vs. control (lower 

bound of the 95% CI = 9.7, p<0.0001). DSAD cases had a 1.8 times the odds of more severe 

CAA score than sporadic AD, but this result was not significant (95% CI 0.45, 7.4, p=0.4). 

Despite the lack of statistical significance in some of the results, we note the consistency of 

the findings with regard to the direction of the association between DS and CAA.

Microhemorrhages

Using the FCTX section adjacent to that used for CAA quantification, Prussian blue was 

used to identify MBs. The frequency of MBs varied across groups (p<0.0001) (Figure 3G). 

A Wilcoxon Rank-Sum test revealed a significantly higher number of MBs in the FCTX of 

DS (DS, DSAD) cases relative to controls (YC, MC) (p=0.03) (Figure 3G) . However, the 

number of MBs was similar in DSAD cases relative to sporadic AD (p=0.82, Wilcoxon rank 

test). In the OCTX, there were significantly more MBs in DS (DS, DSAD) compared to their 

age-matched controls (p=0.02) (Figure 3H). However, we did not find a significant 

difference in the number of MBs in the DSAD group compared to the AD group (p=0.43), 

similar to the CAA outcomes.

In the FCTX, there was a significant increase in MBs in DS, and the individual variability of 

older controls showing MBs increased after 80 years of age (Figure 4A). MB in the OCTX 

increased as a function of age in DS cases (Spearman r=0.83 p<.0005) and also in the 

control cases (Spearman r=0.44 p=0.02) (Figure 4B).

Correlation between CAA and MB

In the OCTX, the presence of CAA was associated with higher MB counts (p=0.0004), 

however cases with CAA had similar MB counts regardless of the level of CAA. For 

example, cases with no CAA had an average of 4.5±1.0 MBs, while cases with a CAA level 

1 had mean MB = 31.5±13.8 and CAA level 4 had mean MB = 20.0±10.1. This association 

persisted after adjustment for age and sex (p<0.0001). In the FCTX, this association was 

characterized by a quasi-linear dose-response relationship (p=0.0044), such that predicted 

mean MBs were lowest in the absence of CAA (2.57±0.94) and increased monotonically 

until CAA level 3 (mean MB=58.0±85.5). MBs for level 4 CAA were the same as level 3 

(56.3±67.8). This association also persisted after adjustment for age and sex (p<0.0001).
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Discussion

CAA was more severe in people with DS (combined DS and DSAD) relative to their aged 

matched controls, both in the OCTX and FCTX. Further, we found that all individuals with 

DS, regardless of age, have more severe CAA scores than controls, confirming and 

extending our previous report [17]. Our data indicates that individuals with DSAD have 

CAA scores that are equally severe in the FCTX and OCTX as those in older individuals 

with sporadic AD, despite an average age difference of 27 years. These results appear to 

differ from a recent publication on CAA in DS, which indicates that individuals with DSAD 

have more severe CAA scores than individuals with sporadic AD [17] but this is likely due 

to quantification techniques. In the current study, only 2 brain regions were considered 

whereas in the previous study, multiple brain regions were included in the analysis, thus our 

estimates are likely to be more conservative.

To our knowledge, there have been no systematic studies of the extent of MB in DS as a 

function of age and AD. Based on our data from the Prussian blue stain, we observed MBs 

in DSAD cases with a similar frequency with AD cases in both FCTX and OCTX. In both 

regions, DS cases overall (DS and DSAD) had significantly more frequent MBs than 

similarly aged controls. MBs are likely driven by the increased severity in CAA scores in 

both regions as more severe CAA was associated with higher MB counts.

When we plotted the number of MBs in all individuals with DS (DS and DSAD) against 

age, we found that in both the FCTX and OCTX, the number of MBs increased significantly 

with age. However, MBs appear earlier in the OCTX of DS individuals (during their 30s), 

than in the FCTX (during their 40s). This indicates that the OCTX is perhaps more 

vulnerable to CAA and MBs at earlier ages than the FCTX.

Additionally, we found that our control cases develop MBs with advancing age. This 

indicates that the DSAD and AD groups having similar numbers of MBs and CAA levels 

despite a 27 year age difference is worth examining further. The CAA frequency in our 

DSAD group and AD groups indicate that with the added age difference, the DSAD 

individuals would likely have much more cerebrovascular pathology. This is something that 

needs to be taken into consideration, as individuals with DS are now living longer lives.

Our data on autopsy cerebral MBs confirms and extends those of recently published imaging 

studies, showing that cerebral MBs are common in DSAD using neuroimaging approaches 

than previously reported [36]. The increase of cerebrovascular burden is notable in DS 

because this accumulation of pathology is usually thought to occur in the presence of risk 

factors from which people with DS are protected. Therefore, the increase in cerebrovascular 

pathology is independent of hypertension, atherosclerosis, and hyperhomocysteinemia, 

suggesting CAA may be the underlying cause. It remains unclear exactly how this 

cerebrovascular pathology contributes to cognitive impairment in individuals with DS. 

However, the presence of MBs is known to cause impaired executive functioning and 

contribute to mild cognitive impairment through white matter damage in individuals without 

DS [37, 38].
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There are several possible additional consequences of the presence of MBs in DS. Extensive 

CAA is associated with microhemorrhages and strokes in the general population [39, 40]. 

Intracerebral hemorrhages driven by CAA have been reported in families with APP 

duplication[41, 42]. However, stroke is relatively rare in DS, suggesting possible protective 

factors in the DS brain [43]. Further, CAA may affect blood vessel function and can lead to 

impaired cerebrovascular regulation [44], which in turn would lead to reduced blood flow. 

Reduced blood flow could impair perivascular clearance of Aβ and additional accumulation 

of Aβ [40]. Given that we observe a dramatic rise in MBs after age 30 or 40 years in DS, 

and that AD neuropathology typically accelerates during this period of the lifespan, we 

speculate that cerebrovascular pathology contributes to AD pathogenesis [6]. Serum proteins 

can leak into the brain parenchyma as a consequence of MBs in DS. Indeed, in an autopsy 

study by Wilcock and colleagues, the neuroinflammatory phenotype of the DSAD brain 

reflects that of immune complexes forming in the brain that can lead to inflammation [45]. 

Thus, CAA and associated MBs in DS may have consequences for brain function in the 

absence of overt infarcts or strokes.

Moving forward, our data suggests that we need to strongly consider cerebrovascular 

pathologies when studying adults with DS. It is particularly important as we think about 

designing clinical trials in this population, especially with all of the anti-Aβ immunotherapy 

trials that are ongoing or have already concluded [46]. We also need to further examine how 

cerebrovascular pathologies, such as MBs and CAA, contribute to the development of 

dementia in individuals with DS. MRI studies will likely play a key role in helping us 

understand this connection and the clinical significance of these pathologies [47].
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Figure 1: CAA was scored on a scale of 0–4 in the FCTX and OCTX
, where 0=no deposition (not pictured), 1=scattered segmental deposition of amyloid (B), 

2=circumferential deposition in up to 10 vessels (B), 3=widespread, strong, circumferential 

deposition in up to 75% of vessels (C) 4= deposition in over 75% of region (includes 

dyshoric changes) (D). Sections are from the frontal cortex and immunostained with anti-

Aβ1–40 and arrows indicate CAA pathology in each classification. The scale bar represents 

120 µm.
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Figure 2: DSAD and AD individuals have more severe CAA than age-matched controls.
(A-D) Aβ1–40 (1:500) immunohistochemistry stain; all images taken at 20x magnification 

and in the OCTX (A) MC (age=51), (B) DSAD (age=51), (C) OC (age=78), (D) AD 

(age=78). In the FCTX (E), The DSAD group did not have significantly higher CAA scores 

than the AD group (p=0.097), all individuals with DS (DS+DSAD) had higher CAA scores 

than age matched controls. In the OCTX (F), individuals in the DSAD and AD groups had 

high counts of CAA, although these groups were not significantly different from each other 

(OR = 9.0, 95% CI 2.3–35.4). Overall, we found that based on an unadjusted ordinal 

regression model, people with DS across all ages have more severe CAA scores than their 

age-matched controls in the OCTX (OR=57.5, 95% CI 6.5–509.7). The scale bar represents 

120 µm.
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Figure 3: Microbleeds increase with age in the FCTX and OCTX.
Prussian blue staining in our control (A-C) and non-control (D-F) groups, with positive MB 

labeling marked with arrows; all scale bars represent 120 µm. (A) YC (Age=39), (B) MC 

(age=56), (C) OC (age=76), (D) DS (age=2), (E) DSAD (age=57), (F) AD (age=76). MB 

counts were highest in the AD and DSAD group for both the FCTX (G) and OCTX (H). 

Arrows highlight areas where there are MBs.
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Figure 4: Microbleeds increase with age in individuals with Down syndrome.
In the FCTX (A), the number of MB increases with age, starting around 40 years old, 

whereas the number of MB in control cases stays fairly consistent. In the OCTX (B), MB 

start increasing in individuals with DS in their 30s, which is about a decade earlier than in 

the FCTX. In addition, control cases also appear to have a slight increase in number of MB 

with age, although not as severely and at a much later age (in cases that are 80 years or 

older).
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Table 1.

Case characteristics for FCTX tissue obtained from brain banks (N=59)

Characteristic YC (n=6) MC (n=12) OC (n=11) DS (n=11) DSAD (n=9) AD (n=10)

Age at death, y 17.5 (16.1) 52.7 (10.4) 84.5 (5.0) 20.1 (18.7) 53.9 (7.4) 80.6 (8.2)

Male/Female (n/n) 2/4 8/4 4/7 6/5 4/5 8/2

Post Mortem Interval (PMI), h 14.0 (7.4) 14.6 (7.1) 3.9 (3.1) 18.7 (9.3) 8. (7.4) 5.8 (2.9)

Microhemorrhage counts 0 3.3 (6.2) 2.5 (4.0) 2.7 (8.4) 38.4 (45.5) 33.0 (49.1)

CAA Score (n)

 0 – No deposition 6 10 9 9 0 1

 1 – Scattered, segmental 0 2 1 1 2 4

 2 – Circumferential, ≤ 10 vessels 0 0 1 1 3 4

 3 – Widespread, ≤ 75% vessels 0 0 0 0 2 0

 4 – Over 75% 0 0 0 0 2 1

Note: Results presented are mean (SD) unless otherwise noted. YC = young control (control for DS), MC = middle age control (control for DSAD), 
OC = old control (control for AD), DS = Down syndrome, DSAD = Down syndrome with neuropathological Alzheimer’s disease, AD = sporadic 
Alzheimer’s disease; CAA = cerebral amyloid angiopathy
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Table 2.

Case characteristics for OCTX tissue obtained from brain banks (N=63)

Characteristic YC (n=10) MC (n=10) OC (n=6) DS (n=11) DSAD (n=14) AD (n=12)

Age at death, y 17.2 (12.4) 53.5 (6.7) 78.7 (2.2) 19.9 (14.8) 53.3 (4.5) 79.7 (1.6)

Male/Female (n/n) 8/2 6/4 3/3 8/3 4/10 6/6

Post Mortem Interval (PMI), h 21.5 (3.9) 16.2 (6.8) 9.0 (6.5) 19.7 (6.0) 9.8 (8.6) 7.9 (8.6)

Microhemorrhage counts 1.8 (2.2) 2.9 (3.2) 13.0 (11.0) 2.8 (5.8) 24.1 (22.3) 28.3 (19.3)

CAA Score (n)

 0 – No deposition 10 10 5 8 0 1

 1 – Scattered, segmental 0 0 1 3 1 4

 2 – Circumferential, ≤ 10 vessels 0 0 0 0 3 1

 3 – Widespread, ≤ 75% vessels 0 0 0 0 7 2

 4 – Over 75% 0 0 0 0 3 4

Note: Results presented are mean (SD) unless otherwise noted. YC = young control (control for DS), MC = middle age control (control for DSAD), 
OC = old control (control for AD), DS = Down syndrome, DSAD = Down syndrome with neuropathological Alzheimer’s disease, AD = sporadic 
Alzheimer’s disease; CAA = cerebral amyloid angiopathy
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