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Abstract

Objective—Myelin disruption is an important feature of Alzheimer’s disease (AD) that

contributes to impairment of neuronal circuitry and cognition. In this study we characterize myelin

degradation in the brains of patients with Alzheimer’s disease compared with normal aged

controls.

Methods—Myelin from patients with AD (n=13) was compared to matched controls (n=6).

Myelin degradation was examined by immunohistochemistry in frontal white matter (WM) for

intact myelin basic protein (MBP), degraded MBP, the presence of myelin lipid and for PAS

staining. The relationship of myelin degradation and axonal injury was also assessed.

Results—Brains from patients with AD had significant loss of intact MBP, and an increase in

degraded MBP in periventricular WM adjacent to a denuded ependymal layer. In regions of

myelin degradation, vesicles were identified that stained positive for degraded MBP, myelin lipid,

and neurofilament but not for intact MBP. Most vesicles stained for PAS, a corpora amylacea

marker. The vesicles were significantly more abundant in the periventricular WM of AD patients

compared to controls (44.5±11.0 versus 1.7±1.1, p=0.02).

Conclusion—In AD patients degraded MBP is associated in part with vesicles particularly in

periventricular WM that is adjacent to areas of ependymal injury.
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Introduction

Disruption of myelin contributes to cognitive impairment in Alzheimer’s disease (AD) [1–

8]. Improved understanding of myelin damage in AD may identify novel targets to reduce its

Correspondence to Xinhua Zhan, M.D., Ph.D., University of California at Davis, M.I.N.D. Institute Room 2415, 2805 50th Street,
Sacramento, CA 95817, USA Telephone: 916-703-0449. FAX: 916-703-0369. xzhan@ucdavis.edu.

Conflict of interest
The authors declare no conflict of interest.

NIH Public Access
Author Manuscript
Curr Alzheimer Res. Author manuscript; available in PMC 2015 March 01.

Published in final edited form as:
Curr Alzheimer Res. 2014 March ; 11(3): 232–238.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



degradation and thus slow cognitive decline. In this study we sought to evaluate the

molecular characteristics of myelin degradation in AD.

The presence of myelin disruption and intracellular lipid deposits in AD was initially

described by Alois Alzheimer in 1911 [9, 10]. The roles of these lipid deposits and disrupted

myelin have received some study [11, 12] including a description of decreased myelin lipids

in brain [1] and increased levels of ceramide in the CSF [13], and brain parenchyma [6, 14].

Furthermore, neuroimaging studies have shown a greater loss of myelin integrity in patients

with AD compared to controls [15] and that the loss of myelin integrity precedes the onset

of cognitive impairment [2]. These findings support the notion that myelin degradation is an

important component of AD.

Based on these evolving concepts, we sought to further evaluate myelin degradation in AD,

and determine the fate of degraded myelin. We selected frontal lobe white matter since this

region is commonly involved in AD patients [2]. We demonstrate that AD patients have a

reduction in intact myelin basic protein (MBP) compared to controls. In these regions of

reduced myelin, patients with AD have increased number of vesicles containing degraded

myelin, myelin lipids and axonal proteins compared to control brain. Most vesicles also stain

for PAS, a corpora amylacea marker. Furthermore, degradation of myelin is shown to be

associated with disruption to ependymal cells adjacent to the periventricular white matter

(PVWM) which we postulate may promote myelin damage and thus warrant further study.

Material and Methods

Brain Samples

AD and control brains were provided by the Alzheimer’s Disease Center at University of

California Davis. The study was approved by the Institutional Review Board. Informed

consent to share research tissue after death was obtained from all patients or a representative

prior to their death. The clinical diagnosis of AD was made by board certified neurologists

and pathological diagnosis confirmed by board certified neuropathologists. AD was rated by

CERAD criteria and staging of Braak [16]. A total of 19 brains including 13 AD and 6

controls were studied. Controls were normal individuals with low likelihood of clinical AD

or Lewy body dementia and who did not meet criteria for AD neuropathology. They were

matched to AD based on age and gender.

Brains were fixed in formalin. Blocks of tissue including frontal periventricular white matter

(PVWM) and deep white matter (DWM) at the level of the head of the caudate nucleus from

each brain were removed and embedded in paraffin. Sections were cut in the coronal plane.

Immunohistochemistry

Paraffin was removed with xylene (5 minutes x 3 times) followed by ethanol (5 min in

100%, 5 min in 95% and 5 min in 70%). Antigen retrieval was performed in 25mM Tris,

3mM KCL, 140mM NaCl, 1mM EDTA and 0.05% Tween 20 in distilled water at 95°C for

20 min. Brain sections were then treated with 3% H2O2 in PBS for 20 minutes to quench

endogenous peroxidase activity. Nonspecific binding was blocked with 2% goat serum, 1%

BSA and 0.3% Triton 100 in 0.1 M PBS. Sections were then incubated with primary
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antibodies overnight at 4°C. The secondary antibody was a biotinylated goat anti-mouse or

goat anti-rabbit IgG (1:200 dilution, Vector Labs, USA) depending on the species of the

primary antibodies. The secondary antibody was incubated for 60 minutes at room

temperature and then rinsed with PBS. The antibody complex was detected using ABC

reagent and a substrate solution of H2O2 and diaminobenzidine according to the

manufacturer’s instructions (Vector Labs). The primary antibody was omitted to assess non-

specific staining.

Immunofluorescence

After eliminating autofluorescence using the Autofluorescence Eliminator Reagent

(Millipore, USA) and blocking nonspecific sites, sections were incubated with primary

antibody. Goat anti-mouse or goat anti-rabbit Alexa Fluor® 488 or 594 conjugated

antibodies (Invitrogen, USA) were used for secondary antibodies depending on the species

of the primary antibody.

The primary antibodies used in the study were diluted at 1:500 unless otherwise stated. The

antibodies included mouse monoclonals against myelin basic protein (MBP) (Millipore, 1:50

dilution), neurofilament protein (NF) (Pan-axonal Neurofilament Marker, Covance, 1:1000

dilution), and the myelin lipid galactocerebroside (GALC) (Millipore). In addition, rabbit

polyclonals were used against degraded myelin basic protein (dMBP) (Millipore) and the

neurofilament light chain (NF-L, Millipore, 1:1000 dilution).

Staining for PAS and dMBP

To stain sections for the corpora amylacea (CA) marker PAS, sections were incubated in

0.5% periodic acid (Sigma) for 5 min at room temperature followed by washing in tap water

for 1 minute. Then sections were incubated in Schiff reagent (Sigma) for 10 min followed

by washing in tap water for 10 min. Then, after rinsing in PBS for 10 minutes and blocking

nonspecific sites, sections were immunostained for dMBP using the antibody and

procedures outlined above. Regular aqueous mounting medium was used to apply cover

slips after the staining since the anti-fade mounting medium for florescence bleached the

PAS staining. Sections were photographed under bright field for PAS staining and under

fluorescence for dMBP staining.

Quantitative Analysis

Sections including frontal PVWM and DWM at the level of the head of the caudate nucleus

from each brain were used for counting dMBP+ vesicles and evaluating ependymal damage.

Three sections per brain were counted. Sections from all cases including 13 AD subjects and

6 control subjects were analyzed. Only clearly stained, round to oval vesicles were counted.

PVWM was defined as the WM within 10.0 mm of the ependymal cell layer. PVSR was

defined as the WM region within 1.0 mm from the endothelial cells of the vessels. The

numbers of vesicles were counted in random 20X field area (about 0.8 mm2) in DWM,

perivascular regions (PVSR) and PVWM in each of the sections by a blinded investigator.

For each of the AD and control brains the degree of ependymal loss along the ventricular

wall on each section was graded according to the following scale: “mild” with ependyma
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loss ≤ 25%; “moderate” with ependyma loss >25% and ≤ 50%; and “severe” with ependyma

loss > 50%.

Statistical Analysis

Differences between groups were analyzed using a Student’s t-test (continuous), Wilcoxon-

Mann Whitney test (ordinal) or Fisher Exact test (categorical). A P value ≤ 0.05 was

considered significant.

Results

Postmortem brain tissue samples were obtained from 13 patients with AD and 6 control

subjects (Table 1). The average age of the control and AD subjects was 79.8 ± 3.2 and 83.7

± 1.5 (Mean ± SE) years old, respectively. There were no significant differences in age and

gender among AD and controls. The median for the Braak stage was 6 in AD patients, and

was 2 in cognitively normal controls (P < 0.001).

Myelin Degradation in AD Brains

In controls, intense MBP staining was seen in the periventricular white matter (PVWM)

(Fig. 1A1) and white matter regions adjacent to perivascular regions (PVSR) in deep white

matter (DWM) (Fig. 1A2). In PVWM of AD brains there was patchy loss of ependymal

cells (Fig. 1B1, right side of solid black line). There was a decrease of intact-MBP staining

adjacent to areas where the ependyma was denuded (Fig. 1B1, red arrow). MBP staining

was less affected in areas where ependyma was intact (Fig. 1B1, left of solid black line).

Decreased intact MBP staining also occurred in PVSR in DWM of AD brains (Fig. 1B2).

Vesicles (which were MBP negative) were observed in areas of myelin loss in the

perivascular regions (PVSR) in AD brains (Fig. 1B2, arrows). There was significantly more

ependymal damage in AD compared to control brains with 11 of 13 AD brains showing

severe ependymal damage whereas only 1 of 6 control brains showed severe ependymal

damage (P=0.009) (Table 1).

Identification of Degraded Myelin Vesicles in Aged and AD brains

Since staining of intact MBP was decreased and vesicles (which did not stain for MBP) were

observed in WM of the AD brains, we used a specific antibody against degraded MBP

(dMBP) to determine where the degraded myelin might accumulate. This antibody detected

numerous vesicles in the PVWM (Fig. 1D1, arrows) and PVSR (Fig. 1D2, arrows) of AD

brains. These dMBP+ vesicles can be categorized based on their different immunoreactive

patterns: solid vesicles (Figs. 1D1 and 1D2, white arrows), clear vesicles (Figs. 1D1 and

1D2, black arrows) and those with a complex morphology (Figs. 1D1 and 1D2, red arrows).

These dMBP+ vesicles varied from 5 μm to 25 μm in diameter, and while they were

predominantly observed in the PVWM and PVSR, some were also found in other DWM

regions of AD brains (not shown). The dMBP+ vesicles were observed in control PVWM

(Fig. 1C1, arrow) and PVSR (Fig. 1C2, arrows) as well. The numbers of these “degraded

myelin vesicles” (Table 1) were similar in AD compared to control PVSR (12.7 ± 4.4 versus

5.8 ± 2.0) and DWM (10.1 ± 3.2 versus 5.2 ± 2.7), but were significantly increased in

PVWM of AD compared to controls (44.5 ± 11.0 versus 1.7 ± 1.1, P = 0.02).
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Since the vesicles did not stain for intact MBP (Fig. 1B2, arrows), we postulated these

vesicles contained degraded MBP. Double immunostaining showed that the vesicles

contained degraded MBP (dMBP, Fig. 2A2 and 2A3) but not intact MBP (Figs. 2A1 and

2A3). Therefore, we have referred to these structures as “degraded myelin vesicles”

throughout this report. These “degraded myelin vesicles” did not stain for MBP (Figs. 2B1

and 2C1, arrows) but appeared to contain a specific axonal marker, neurofilament (NF) in

the PVWM (Figs. 2B2 and 2B3) and PVSR (Figs. 2C2 and 2C3). Double labeling revealed

that both NF (Figs. 3A1, 3B1, and 3C1) and dMBP (Figs. 3A2, 3B2, and 3C2) were

contained in the walls of the same vesicles in the PVWM (Fig. 3A3), DWM (Fig. 3B3) and

PVSR (Fig. 3C3).

Myelin Lipid Accumulation in Vesicles in AD Brains

Myelin lipid accumulation in the brain was identified with an antibody to galactocerebroside

(GALC). There were very few GALC stained vesicles in PVWM (Fig. 4D), DWM (Fig. 4E)

and PVSR (Fig. 4F) of control brains. In contrast, there were many GALC stained vesicles

in PVWM (Fig. 4A), DWM (Fig. 4B) and PVSR (Fig. 4C) of AD brain. Multiple GALC

stained vesicles often occurred in the regions below the denuded ependyma (Fig. 4A, black

arrow) in PVWM. Double immunostaining showed that GALC (Figs. 5A1 and 5B1) and

dMBP (Figs. 5A2 and 5B2) were contained in the walls of the same “degraded myelin

vesicles” in PVWM (Fig. 5A3) and PVSR (Fig. 5B3) in AD brain.

Degraded Myelin Vesicles Stain with PAS and Represent Corpora Amylacea

Since many dMBP stained vesicles had the morphological appearance and distribution of

previously described corpora amylacea (CA), we explored whether these vesicles stained for

PAS, a CA marker. Double immunostaining showed that most (Figs. 6A1 and 6B1, white

arrows) but not all (Figs. 6A1 and 6A3, yellow arrows) degraded MBP+ vesicles stained for

PAS (Figs. 6A2 and 6B2, black/gray arrows), that appeared to be co-localized (Fig. 6B3,

gray and white arrows). Note that in some large and intensely-stained dMBP+ vesicles (Fig.

6B1, gray arrow), PAS staining was weak (Fig. 6B2, gray arrow) but did co-localize with

dMBP (Fig. 6B3, gray arrow). Occasional PAS+ CA (Fig. 6B2, 6B3, orange arrows) did not

stain for dMBP (Fig. 6B1, orange arrow). PAS not only stained vesicles, but also stained

vessels (Figs. 6B2 and 6B3, blue arrows), which were negative for dMBP (Fig. 6B1).

Discussion

This study describes vesicles in white matter containing degraded myelin and axonal

proteins in normal aging and AD brain. Since most of these “degraded myelin vesicles” stain

with PAS, they are likely corpora amylacea (CA) which have been recognized in aging and

AD brains for decades. However, this study is the first to show CA are composed of

degraded MBP and other white matter constituents. The degraded myelin vesicles were

found to be significantly more numerous in periventricular white matter of patients with AD

compared to cognitively normal controls.
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Abnormal “Degraded Myelin Vesicles” in White Matter of AD Brains

We refer to the vesicles associated with degraded myelin basic protein, neurofilament and

galactocerebroside as “degraded myelin vesicles”. Most “degraded myelin vesicles” appear

to be corpora amylacea (CA) since they stained for PAS, a CA marker [17]. The size,

morphology and distribution of the degraded myelin vesicles described in this study and the

CA described in the literature are almost identical. CA have been reported to be abundant in

PVWM and PVSR [18] as noted in this study. The number of CA is increased in AD

compared to control [18], a finding confirmed in this study. Although CA have been

associated with cellular stress [19, 20], the origin of CA has not been previously elucidated.

Our findings suggest that CA are composed of molecules from damaged WM including

dMBP, myelin lipids and axonal proteins. Heat shock proteins and ubiquitin reported in CA

[20] could be a molecular chaperone/stress protein response to misfolding of MBP and other

myelin proteins in CA.

Though neuropathologists noted vacuolated WM in normal aging and AD brain, there has

not been an association of CA with myelin break down products. One study examined

myelin in aging and AD brain using the same antibody to dMBP used here. However, the

study may not have noted the vesicles/CA since it does not report any findings from PVWM

[21].

Occasional PAS stained CA did not stain for dMBP; and occasional degraded myelin

vesicles did not stain for PAS. Thus, the relationship of the numerous dMPB+/PAS+ vesicles

(CA) to occasional dMPB+/PAS− vesicles and to occasional dMBP−/PAS+ vesicles is not

clear from this study. Further examination in the earliest stages of AD may help reveal the

sequence of events related to formation of vesicles from degraded myelin and how this

relates to the evolution of PAS staining.

Myelin Loss and Axonal Degeneration in Normal Aging and AD Brains

There is progressive loss of myelin integrity in late myelinating regions such as the frontal

lobe beginning in the fourth of decade of life that is part of normal aging [2]. Loss of myelin

staining has been demonstrated in aged animals [22, 23] and humans [24]. Age-related

myelin breakdown has been visualized by EM in the absence of loss of neurons or damage

to axons [25].

In AD, brain structural changes previously reported in white matter include reduced myelin

density, oligodendrocyte loss, axonal loss and astrogliosis [26, 27]. White matter

abnormalities have sometimes been described in the absence of axonal damage [28]. In

addition, axonal swellings have been reported in AD in the absence of amyloid β-peptide

and neurofibrillary tangles [29]. Indeed, myelin breakdown occurs at the earliest stages of

AD [2, 4, 6] when neuronal loss is not observed and there are no plaques or tangles [30]. As

AD progresses and symptoms become worse, myelin breakdown is more severe [2, 3, 5, 26].

These findings have led to suggestions that myelin breakdown directly contributes to AD

pathogenesis [1–6]. Our data support myelin loss in normal aged and AD brains and that the

myelin loss relates to the appearance of degraded myelin vesicles, a process which is

particularly prominent in PVWM of AD brain.
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Perivascular Loss of Myelin

The data also show that myelin loss can occur around vessels, confirming previous studies

[31]. In vascular cognitive impairment where perivascular demyelination also occurs, matrix

metalloproteinases are associated with blood brain barrier (BBB) disruption [32]. There is

increasing evidence for vascular pathology in AD brain including early onset of

hypoperfusion in AD seen by imaging studies [33, 34]. Several investigators have proposed

that vascular injury to the BBB and cerebral hypoperfusion can cause WM pathology and

eventual gray matter pathology and cognitive decline [35, 36]. Our data support a vascular

abnormality in AD which could relate to the perivascular loss of MBP and appearance of

degraded myelin vesicles/CA in perivascular regions.

Ependymal Damage in AD Brain

The finding of ependymal damage and degraded myelin vesicles in control aged brain and in

AD brain suggests that loss of ependymal integrity and the process of degraded myelin

vesicles formation is not unique to AD. Therefore, whatever the mechanisms of damage of

ependyma and formation of degraded myelin vesicles in aging brain, this appears to be

exacerbated by AD. Degraded myelin vesicles are abundant in the periventricular white

matter and the number of degraded myelin vesicles distinctly increase in AD compared to

control.

Several studies have shown that ependymal damage occurs in AD brain. AD brain MRI

abnormalities correlate with the loss of myelinated axons in the DWM and with the

denudation of the ventricular lining [37]. Pathologically, there are thread- and tangle- like

elements in the ependyma and in choroid plexus in patients with cortical AD-type lesions

[38]. The ependymal cells in AD brain stain for amyloid and tau protein [38, 39]. Our data

confirm loss of ependymal cells in AD brain and demonstrate that myelin loss is adjacent to

areas of denuded ependyma, suggesting the notion that loss of ependymal integrity is

associated with myelin loss [37] and neurodegeneration [40].

Whether there is any causal link between ependymal damage and periventricular white

matter loss as well as formation of degraded myelin vesicles remains to be elucidated.

Ependymal cells line the ventricles of central nervous system and separate cerebral spinal

fluid from the underlying neuronal tissues. Ependymal cells are reported to be involved in

host defense [41]. Therefore, ependyma disruption might allow infiltration of myelinotoxins

or pathogens into periventricular white matter and produce myelin damage. In the 3xTg AD

mouse model, there is development of large lipid droplets within the ependyma and loss of

subependymal cells [42]. Loss of ependyma is of interest since it is immediately adjacent to

the subventricular zone where adult neurogenesis occurs, and where decreases of adult

neurogenesis occur prior to plaque and tangle formation in the same model [42]. Thus,

disruption of ependyma integrity in AD patients and aged brains as seen in this study may be

“causal” rather than a consequence of periventricular white matter injury.
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Conclusion

Myelin degradation is increased in Alzheimer’s disease patients. The degraded myelin is

associated with PAS stained vesicles that are prominent in periventricular white matter

adjacent to areas of ependymal injury.
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Fig. 1. Myelin loss and degraded myelin vesicles in the white matter of Alzheimer’s disease (AD)
brains
In controls, intact MBP staining was observed in the PVWM (Periventricular White Matter)

(A1) and around the white matter of PVSR (Perivascular Region of white matter) (A2). In

PVWM of AD brains, there was loss of ependymal cells adjacent to the ventricle (B1).

There was marked decrease of staining for intact MBP in the PVWM adjacent to the

denuded ependyma (B1, red arrow). Note more intact ependymal cells to the left of the black

line along with intact MBP staining being closer to the ependymal layer (B1). There was

decreased MBP staining in the PVSR of AD brains (B2) and vesicles in these regions did

not stain for intact MBP (B2, arrows).

An antibody specific for degraded MBP (dMBP) was used to detect degraded myelin in AD

and control brains. In areas of decreased overall MBP staining, dMBP immunostaining was

detected mainly in different types of vesicles: solid (D1 and D2, white arrows), clear (D1

and D2, black arrows), and a complex morphology (D1 and D2, red arrows). In control, few

dMBP+ vesicles were detected (C1 and C2, arrows) in PVWM. These “degraded myelin

vesicles” varied in sizes from 5 μm to 25 μm. Brown = positive staining, MBP = intact

myelin basic protein, dMBP = degraded MBP, AD= Alzheimer’s disease. Bars = 25μm.
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Fig. 2. Identification of “degraded myelin vesicles” in regions of myelin loss in AD brains
Double labeling showed that in the area absent of intact-MBP (A1, arrows), degraded MBP+

vesicles (A2 and A3, arrows) were observed. In addition, in the area absent of intact-MBP

(B1 and C1, arrows), a specific axonal marker, NF was stained in the vesicles (B2 and B3,

PVWM; C2 and C3, PVSR) were observed. MBP = intact myelin basic protein, dMBP =

degraded MBP, NF = neurofilament, PVWM = periventricular white matter, PVSR =

perivascular region of white matter. Bars = 25μm.
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Fig 3. Co-localization of NF and dMBP in the vesicles of AD brains
Double labeling showed that NF (A1, B1 and C1) and dMBP (A2, B2 and C2) were co-

localized in the same vesicles (A3, B3 and C3). dMBP = degraded MBP, NF =

neurofilament, PVWM = periventricular white matter, DWM = deep white matter, PVSR =

perivascular region of white matter. Bars = 25μm.
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Fig 4. Localization of myelin lipid in the vesicles in AD brains
Galactocerebroside (GALC), a myelin lipid, was localized in the vesicles of PVWM (A),

vesicles in DWM (B) and vesicles in PVSR (C) in AD brains. In age matched control brains

there were fewer GALC+ vesicles in PVWM (D), DWM (E) and PVSR (F). Note that the

GALC+ ependymal cells were lost in the AD brain (A) but GALC+ ependymal cells were

present in control (D). Brown = positive staining, AD = Alzheimer’s disease, PVWM =

periventricular white matter, DWM = deep white matter, PVSR = perivascular region of

white matter. Bars = 25μm.
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Fig 5. Localization of myelin lipid in the degraded myelin vesicles in AD brains
Galactocerebroside (GALC) (A1 and B1), a myelin lipid, was localized in the dMBP+

vesicles (A2, A3, B2 and B3) of PVWM (A1, A2,A3) and PVSR (B1, B2, B3) in AD brains.

PVWM = periventricular white matter. PVSR = perivascular region of white matter, Bars =

25μm.
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Fig 6. Double staining of dMBP and PAS in AD brains
dMBP+ vesicles (A1, B1, white arrows) often stained for PAS, a corpora amylacea marker

(A2, B2, black arrows) that appeared to be co-localized (A3, B3). Occasional dMBP stained

vesicles (A1, yellow arrow) did not stain for PAS (A2, A3 yellow arrows). Note that in some

large and intensely-stained dMBP+ vesicles (B1, gray arrow), PAS staining was weak (B2,

gray arrow) but did co-localize with dMBP (B3, gray arrow). Occasional PAS stained

vesicles (B2, B3, orange arrows) did not stain for dMBP (B1, orange arrow). PAS not only

stained vesicles, but also stained vessels (B2 and B3, blue arrows), which were negative for

dMBP (B1). PVWM = periventricular white matter; PVSR = perivascular regions of white

matter; dMBP, degraded myelin basic protein; PAS, periodic acid-Schiff. Bars = 25μm.

Zhan et al. Page 16

Curr Alzheimer Res. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Zhan et al. Page 17

Table 1

Demographic data and pathology ratings in AD patients and controls

Controls (n=6) AD (n=13)

Age (years ± standard error) 79.8 ± 3.2 83.7 ± 1.5

Gender Male: n (%) 3 (50.0) 6 (46.2)

Braak stage: median 2 (IQR 2, 2) 6 (IQR 4, 6) ***

Previous stroke: n (%) 2 (33.3) 3 (23.1)

Number of vesicles in PVWM 1.7 ± 1.1 44.5 ± 11.0 *

Number of vesicles in DWM 5.2 ± 2.7 10.1 ± 3.2

Number of vesicles in PVSR 5.8 ± 2.0 12.7 ± 4.4

Ependyma loss, none: n (%) 2 (33.3) 2 (15.4)

Ependyma loss, mild: n (%) 1 (16.7) 0 (0)

Ependyma loss, moderate: n (%) 2 (33.3) 0 (0)

Ependyma loss, severe: n (%) 1 (16.7) 11 (84.6) **

Number of vesicles expressed as mean ± standard error/20X field area (about 0.8 mm2). Differences between groups analyzed using a Student t-
test (continuous), Wilcoxon-Mann Whitney test (ordinal) and Fisher Exact test (categorical). AD, Alzheimer’s disease; DWM, deep white matter;
IQR, interquartile range; PVWM, periventricular white matter; PVSR, periventricular space region of white matter; mild: ependyma loss ≤25%;
moderate: 25% > ependyma loss 50%; severe: ependyma loss > 50%;

*
P < 0.05 for AD vs controls;

**
P < 0.01 for AD vs controls;

***
P < 0.001 for AD vs controls.
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