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Fluids and Barriers of the CNS

Plasma S100β is a predictor for pathology 
and cognitive decline in Alzheimer’s disease
Geetika Nehra1, Bryan J. Maloney1, Rebecca R. Smith1, Wijitra Chumboatong1, Erin L. Abner1,2,3, 
Peter T. Nelson1,4, Björn Bauer1,5 and Anika M. S. Hartz1,6* 

Abstract 

Background Blood–brain barrier dysfunction is one characteristic of Alzheimer’s disease (AD) and is recognized 
as both a cause and consequence of the pathological cascade leading to cognitive decline. The goal of this study 
was to assess markers for barrier dysfunction in postmortem tissue samples from research participants who were 
either cognitively normal individuals (CNI) or diagnosed with AD at the time of autopsy and determine to what extent 
these markers are associated with AD neuropathologic changes (ADNC) and cognitive impairment.

Methods We used postmortem brain tissue and plasma samples from 19 participants: 9 CNI and 10 AD dementia 
patients who had come to autopsy from the University of Kentucky AD Research Center (UK-ADRC) community-based 
cohort; all cases with dementia had confirmed severe ADNC. Plasma samples were obtained within 2 years of autopsy. 
Aβ40, Aβ42, and tau levels in brain tissue samples were quantified by ELISA. Cortical brain sections were cleared 
using the X-CLARITY™ system and immunostained for neurovascular unit-related proteins. Brain slices were then 
imaged using confocal microscopy and analyzed for microvascular diameters and immunoreactivity coverage using 
Fiji/ImageJ. Isolated human brain microvessels were assayed for tight-junction protein expression using the JESS™ 
automated Western blot system. S100 calcium-binding protein B (S100β), matrix metalloproteinase (MMP)-2, MMP-9, 
and neuron-specific enolase (NSE) levels in plasma were quantified by ELISA. All outcomes were assessed for linear 
associations with global cognitive function (MMSE, CDR) and cerebral atrophy scores by Pearson, polyserial, or poly-
choric correlation, as appropriate, along with generalized linear modeling or generalized linear mixed-level modeling.

Results As expected, we detected elevated Aβ and tau pathology in brain tissue sections from AD patients com-
pared to CNI. However, we found no differences in microvascular diameters in cleared AD and CNI brain tissue 
sections. We also observed no differences in claudin-5 protein levels in capillaries isolated from AD and CNI tissue 
samples. Plasma biomarker analysis showed that AD patients had 12.4-fold higher S100β plasma levels, twofold lower 
NSE plasma levels, 2.4-fold higher MMP-9 plasma levels, and 1.2-fold lower MMP-2 plasma levels than CNI. Data analy-
sis revealed that elevated S100β plasma levels were predictive of AD pathology and cognitive impairment.

Conclusion Our data suggest that among different markers relevant to barrier dysfunction, plasma S100β is the most 
promising diagnostic biomarker for ADNC. Further investigation is necessary to assess how plasma S100β levels relate 
to these changes and whether they may predict clinical outcomes, particularly in the prodromal and early stages of AD.
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Background
Alzheimer’s disease (AD) is the most common form of 
dementia. AD neuropathologic change (ADNC) is char-
acterized by beta-amyloid (Aβ) plaque deposition and 
hyperphosphorylated microtubule-associated protein 
tau (tau) aggregation [1]. A result of these pathological 
changes in patients is cognitive decline that is usually 
not clinically noticeable until years after pathology onset 
[2]. While over 140 unique interventions are tested for 
safety and efficacy in more than 180 AD clinical trials, 
only 7 FDA-approved drugs are currently available for 
AD patients [1, 3]. Four drugs, donepezil, galantamine, 
rivastigmine, and memantine, provide modest cogni-
tive improvements that diminish after 6–12  months 
[4]. Three recent amyloid-targeting antibodies (aduca-
numab (withdrawn from the market in January 2024), 
lecanemab, and donanemab) reduce Aβ pathology and 
delay the progression of cognitive decline by about 
6 months after 18 months of treatment [5, 6]. However, 
both Aβ-directed antibodies can induce brain edema 
and microhemorrhages, and any therapeutic advantage 
remains to be verified in large patient cohorts [5–8]. 
Importantly, patients need to be diagnosed early to ben-
efit from these new Aβ-targeting therapies. Thus, iden-
tifying noninvasive biomarkers to detect AD pathology 
and predict cognitive impairment early remains a critical 
clinical need.

Current diagnostic tools for AD include positron 
emission tomography scans with Aβ and tau tracers, 
laboratory tests to determine Aβ42/Aβ40 ratios or tau 
protein levels in the cerebrospinal fluid, magnetic reso-
nance imaging (MRI) scans to visualize brain structural 
changes, neurological exams, and memory tests [8–11]. 
Recently, blood–brain barrier dysfunction has emerged 
as an early and prominent sign associated with neurode-
generation and cognitive impairment in elderly individu-
als and patients with early AD [10–19]. AD pathology 
alters blood–brain barrier structure and biochemistry, 
leading to barrier dysfunction. This dysfunction can 
be detected as cerebral microbleeds in susceptibility-
weighted MRI scans and elevated permeability coeffi-
cients in dynamic contrast-enhanced MRI scans [3, 10, 
11]. Barrier dysfunction has been detected by immuno-
histochemical analysis of extravasated proteins in post-
mortem brain slices [13, 14, 18–21]. Barrier dysfunction 
precedes cognitive decline in AD patients, pointing to 
barrier-associated biomarkers as a potential tool for early 
detection of AD neuropathologic changes [22]. In the 
present study, we analyzed postmortem tissue samples 
from cognitively normal individuals (CNI) and individu-
als with AD pathology for signs of blood–brain barrier 
dysfunction and correlated our findings with ADCN and 
cognitive impairment. The objective of this study was to 

determine if markers for blood–brain barrier dysfunc-
tion are associated with AD pathology and cognitive 
impairment.

Methods
Human brain tissue samples
Postmortem brain tissue samples (frontal cortex, Brod-
mann area 9) and plasma samples were obtained from 
the University of Kentucky Alzheimer’s Disease Research 
Center (UK-ADRC) Brain Bank (IRB protocol #B18-
3115-M4). Briefly, research participants enrolled in 
the UK-ADRC longitudinal cohort and were followed 
approximately annually until death. Annual assessments 
include mental status testing, physical examination, 
medical history, neurological examination, and provi-
sion of blood samples. Participants were recruited using 
community-based cohort methods, which have been 
described previously [23]. Sample size was based on 
preliminary data in mouse and human capillaries and 
availability [20]. Inclusion criteria for the current study 
consisted of a clinicopathologic consensus diagnosis of 
normal cognition (cognitively normal individual (CNI)) 
or AD dementia, available blood draw within two years 
of death, a postmortem interval of less than 4 h, and the 
presence of mild-to-severe cerebral amyloid angiopathy 
(CAA), a driver of barrier leakage (Table 1; [20]. Partici-
pants with Diffuse Lewy Body Disease and/or a history of 
seizures were excluded.

Neuropathology of brain tissue samples
Paraffin-embedded tissue samples were sectioned into 
8 µm slices and stained for diffuse Aβ plaques (DPs), neu-
ritic Aβ plaques (NPs), and neurofibrillary tangles (NFTs) 
using a modified Bielschowsky method [24–28]. DP 
refers to plaques with “loose structures with irregular and 
ill-defined margin”; NP refers to plaques with “clear-cut 
outlines and a neuritic core” [29, 30]. DPs were quantified 
across 5 fields of view (field size: 2.35  mm2) with an arbi-
trary threshold of 250 plaques over all 5 fields. NPs were 
quantified without a preset threshold. NFTs were quanti-
fied across 5 fields of view that were manually determined 
to be most severely affected (field size: 0.586  mm2). Mean 
DP, NP, and NFT numbers were calculated for each brain. 
CAA severity was categorized as mild (1), moderate (2), 
or severe (3) from Aβ40-immunostained brain tissue 
sections based on criteria adapted from previous stud-
ies [31–33]. Mild CAA (severity score 1) was defined 
as scattered positivity in parenchymal and/or leptome-
ningeal vessels, possibly in only one brain area. Moder-
ate CAA (severity score 2) referred to positivity in many 
parenchymal and leptomeningeal vessels. Severe CAA 
(severity score 3) referred to widespread and intense 
positivity in parenchymal and leptomeningeal vessels. 
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Cortical atrophy (CA) was determined by gross exami-
nation of the postmortem brain tissue. CA severity 
was categorized as mild (1), moderate (2), or severe (3), 
consistent with the National Alzheimer’s Coordination 
Center ordinal scale [34].

Aβ extraction
Snap-frozen (liquid nitrogen) brain tissue samples 
from deceased AD patients, and CNI were weighed 
and homogenized in 0.4  mL extraction buffer A (5  M 
guanidine-HCl (G3272); 50 mM Tris HCl (T0819), Mil-
lipore-Sigma, Burlington, MA, USA). Homogenates were 
diluted in extraction buffer B (DBPS (D5652); 5% BSA 
(A9647, Millipore-Sigma, Burlington, MA, USA) con-
taining 1 × Protease Inhibitor Cocktail Set 1 (539131, 
Millipore-Sigma, Burlington, MA, USA, 1:100 dilution) 
and centrifuged (16,000 g, 20 min, 4 °C) to obtain super-
natants for Aβ ELISAs.

Tau extraction
Snap-frozen (liquid nitrogen) tissue samples were 
weighed and homogenized in 10 volumes of 1 × Cell 
Extraction Buffer PTR provided in the ELISA kit 

(ab273617, Abcam, Cambridge, MA, USA) and contained 
1 × Protease Inhibitor Cocktail Set 1 (539131, Millipore-
Sigma, Burlington, MA, USA; 1:100 dilution). Samples 
were centrifuged (18,000 g, 20 min, 4 °C) to obtain super-
natants for Tau ELISA.

ELISA for S100β, Iba‑1, caveolin‑1, MMP‑2, MMP‑9, NSE, 
Aβ40, Aβ42 and Tau
Samples were analyzed for various analytes using com-
mercially available ELISA kits per the manufacturers’ 
instructions. Plasma samples were analyzed for S100β 
protein using human S100β ELISA kit (EZHS100B-33 K, 
Millipore-Sigma, Burlington, MA, USA). Iba-1 was 
determined using Novus Human AIF-1/Iba1 ELISA 
Kit #NBP2-66674 (Novus Biologicals, Centennial, CO, 
USA). Caveolin-1 was measured with Human Caveo-
lin-1 SimpleStep ELISA Kit (ab318937, Abcam, Cam-
bridge, MA, USA). MMP-2 protein using MMP-2 ELISA 
kit (MMP200, R&D Systems, Minneapolis, MN, USA), 
MMP-9 protein using MMP-9 ELISA kit (DMP900, R&D 
Systems, Minneapolis, MN, USA), and NSE protein using 
NSE ELISA kit (DENL20, R&D Systems, Minneapolis, 
MN, USA). We centrifuged plasma samples at 2,500  g 
for 10 min at 4 °C and added protease inhibitor (Protease 
Inhibitor Cocktail Set I (539131, Millipore-Sigma, Burl-
ington, MA, USA; 1:50 dilution) to the supernatant. We 
used undiluted samples for S100β and NSE ELISA and 
diluted samples 1:20 for MMP-2 ELISA and 1:40 dilution 
for MMP-9 ELISA. Brain tissue samples were analyzed 
for Aβ40, Aβ42 and tau protein levels using the human 
Aβ40 ELISA kit (KHB3481, Thermo Fisher Scientific, 
Waltham, MA, USA), human Aβ42 ELISA kit (KHB3441, 
Thermo Fisher Scientific, Waltham, MA, USA) and 
human Tau ELISA kit (ab273617, Abcam, Cambridge, 
MA, USA). Brain homogenates were diluted at 1:20,000 
for Aβ40 ELISA, 1:5,000 for Aβ42 ELISA, and 1:4,000 
for Tau ELISA. Absorbance values were measured at 
450 nm using a Synergy H1 microplate reader  (BioTek® 
Instruments, Winooski, VT, USA). Standard curves were 
computed using Gen5 software (version 3.08.01) with a 
non-linear 4-parameter-logistic curve. Brain Aβ and tau 
concentrations were normalized to total wet brain weight 
for each sample.

X‑CLARITY™ brain tissue clearing
Frozen brain tissue samples were manually sectioned 
(1  cm length × 1  cm width × 1  mm thickness) on an 
acrylic coronal brain matrix (BSA6000C, Braintree 
Scientific, Braintree, MA, USA) and fixed for 24  h in 
4% paraformaldehyde (J61899, Thermo Fisher Scien-
tific, Waltham, MA, USA). Fixed brain sections were 
rinsed with  HyClone™ phosphate-buffered saline (PBS, 
SH30256.01, Cytiva LifeSciences, Marlborough, MA, 

Table 1 Characteristics of included cases (N = 19)

Neuropathological Outcomes CNI (n = 9) AD (n = 10)

Age (y, mean ± SD) 86.7 ± 6.0 82.2 ± 9.0

PMI (h, mean ± SD) 3.6 ± 3.4 3.9 ± 1.5

Duration

 Gender (M/F) 4/5 3/7

 Race White White

 Education (y, mean ± SD) 16.1 ± 1.5 14.0 ± 2.9

APOE allele status

 e3/e3 3 4

 e2/e3 3 0

 e3/e4 2 4

 e4/e4 1 2

CDRGLOB 0–0 0.5–3

MMSE score (mean ± SD) 29.1 ± 1.3 18.0 ± 9.5

Braak staging I–III V–VI

CAA 1–3 1–3

Co-morbidities

 Cancer 5 3

 Smoking 4 3

 Heart attack 2 0

Atrial fibrillation 1 1

 Hypertension 5 4

 Transient ischemic attack 0 1

 Cardiac arrythmia 2 1

 Diabetes 0 1

 Cerebral atrophy Abs/mild/mod Abs/mild/mod
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USA; 5 × 5 min per wash) and incubated overnight at 4 °C 
in 0.25% initiator solution (C13104, Logos Biosystems, 
Annandale, VA, USA) dissolved in X-CLARITY™ hydro-
gel solution (C13103, Logos Biosystems, Annandale, VA, 
USA). After overnight incubation, sections were placed 
in the X-CLARITY™ system (C20001, Logos Biosystems, 
Annandale, VA, USA) for polymerization (3 h, − 90 kPa, 
37 °C). Polymerized brain samples were rinsed with PBS 
(5 × 5 min per wash) and processed in the X-CLARITY™ 
tissue clearing system II (C30001, Logos Biosystems, 
Annandale, VA, USA) for 24–30 h.

Immunohistochemistry, confocal imaging, and image 
analysis of tissue sections
Cleared brain tissue slices were rinsed with sterile-
filtered washing buffer  (HyClone™ PBS, SH30256.01, 
Cytiva LifeSciences, Marlborough, MA, USA; 0.2% 
 Triton™ X-100 Surfact-Amps™ Detergent Solution, 

28314, Thermo Fisher Scientific, Waltham, MA, USA; 
0.01% Sodium Azide, 170419, Millipore-Sigma, Burling-
ton, MA, USA) and incubated for 7  days with primary 
antibody solution (Table  2). Incubated samples were 
rinsed with washing buffer and exposed to a secondary 
antibody solution for 72 h (Table 3). Samples were rinsed 
with washing buffer, then rinsed with PBS, and finally 
rinsed with deionized water (3 × 5  min per wash) and 
mounted in X-CLARITY™ Mounting Solution (Refrac-
tive Index: 1.46; C13101, Logos Biosystems, Annandale, 
VA, USA) for 3 h at room temperature prior to confocal 
imaging. For each sample, Z-stack images of capillary 
networks were acquired with a Nikon A1R laser-scanning 
confocal microscope (Nikon Instruments Inc., Melville, 
NY, USA) using the 561 nm and 638 nm laser lines and 
a 40 × objective (Nikon Plan Apochromat 40x; 1.15 NA; 
water immersion; working distance 0.59 – 0.61  mm). 
Z-stacks were acquired at 5  µm steps, 30–50 steps, 

Table 2 List of primary antibodies used for immunohistochemistry with cleared human brain tissues

a Final Concentration in Antibody Diluent Solution (6% Bovine Serum Albumin + 0.2%  Triton™ X-100 + 0.01% Sodium Azide + DPBS)

Primary 
antibody

Vendor Catalog # Lot# Dilution Concentrationa Immunogen Clonality Isotype Host

Glial fibrillary 
acidic protein 
(GFAP)

Cell SIGNALLING 
technology

3670S #5, #7 1:100 0.1 mg/mL Human GFAP 
(full-length)

Polyclonal IgG1 Mouse

Collagen-IV 
(COL-IV)

Abcam ab6586 GR3350938-5,
GR3350938-10,
GR3317997-3

1:100 0.1 mg/mL Human COLIV 
(full-length)

Polyclonal IgG Rabbit

Glucose trans-
porter-1 (GLUT-1)

Abcam ab115730 GR3266142-3 1:100 0.158 mg/mL Proprietary Infor-
mation

Monoclonal [EPR3915] Rabbit

Platelet derived 
growth factor—
beta subunit 
(PDGFRβ)

Novus biologicals AF385 B1W0621031 1:20 10 µg/mL Mouse myeloma 
cell line
NS0-derived 
recombinant 
human PDGFRβ 
Leu33-
Phe530 (Glu-
241Asp)

Polyclonal IgG Goat

Von Willebrand 
Factor (vWF)

Abcam ab6994 GR3349817-1 1:100 86 µg/mL Purified vWF 
(full-length) 
from human 
plasma

Polyclonal IgG Rabbit

Fibrinogen Agilent A0080 41273241 1:100 57 mg/mL Fibrinogen 
isolated 
from human 
plasma

Polyclonal IgG Rabbit

Claudin-5 Thermo fisher 
scientific

34-1600 XA337901 1:500 0.5 µg/mL C-terminal 
region (aa 1-218) 
of mouse clau-
din-5

Polyclonal IgG Rabbit

Zonula 
occludens-1

Thermo fisher 
scientific

40-2300 XA337915 1:100 2.5 µg/mL N-terminal region 
(aa 1-1745) 
of human/dog/
mouse/rat ZO-1

Polyclonal IgG Rabbit

Vascular cell 
adhesion mol-
ecule-1

Abcam ab134047 GR3415300-6 1:100 4.37 µg/mL Proprietary Infor-
mation

Monoclonal IgG Rabbit
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318.48  µm × 318.48  µm × 100  µm, 0.25–0.5 frames per 
second, 35.8  µm pinhole, < 5% laser power, 100 master 
gain, 0 or -10 digital offset. Acquired Z-stacks were pro-
cessed using the ‘Stacks—Z Project—Maximum Inten-
sity’ plugin in Fiji/ImageJ (v.1.53 g, Wayne Rasband, NIH, 
USA) to obtain maximum intensity projection (MIP) 
images (20 steps, 5  µm step size). Mean intensities of 
MIPs were measured using the ‘Analyze—Measure’ Fiji/
ImageJ plugin. Vessel diameters were measured manu-
ally using the ‘Straight Line’ tool. Since reactive astroglio-
sis is a common pathological change in AD brain tissue 
Sects.  [35–37], we cleared brain tissue sections using 
the X-CLARITY™ tissue-clearing method, followed by 
immunostaining and confocal microscopy to identify the 
extent of glial fibrillary acidic protein (GFAP) immunore-
activity in brain tissue slices [38, 39].

Human brain capillary isolation
Capillaries were isolated from human cortex tissue using 
our established protocol [16, 20, 40–46]. All reagents 
and consumables were purchased from Millipore-Sigma, 
Burlington, MA, USA. Briefly, snap-frozen brain tis-
sue samples were thawed on ice and weighed; meninges 
were removed using forceps. Brain tissue was minced 
with a scalpel and homogenized in cold isolation buffer 
(Dulbecco’s phosphate-buffered saline; 2.7  mM KCl, 
1.47 mM  KH2PO4, 136.9 mM NaCl, 8.1 mM,  Na2HPO4, 
0.9  mM  CaCl2, 0.49  mM  MgCl2; pH adjusted to 7.4) 
using a 1:3 ratio (wt/vol) of tissue/isolation buffer. Brain 
tissue was homogenized using a Potter–Elvehjem tissue 
grinder (clearance: 101–152  µm; 100 strokes at 50  rpm, 
25 strokes at 75 rpm, 25 strokes at 100 rpm) followed by 
30 strokes in a hand-held Dounce homogenizer (clear-
ance: 75-127  µm). Brain homogenate was mixed with 
30%  Ficoll® PM400 (1:5 ratio) and centrifuged at 5800 g 
for 15  min at 4  °C. After centrifugation, capillary pel-
lets were resuspended in isolation buffer containing 
1% bovine serum albumin (BSA) and filtered through a 
300 µm mesh followed by three 30 µm cell strain filters. 
Cell strainers were washed twice with 50  mL isolation 
buffer containing 1% BSA, and the filtered solution was 
centrifuged at 1500 g for 3 min at 4  °C. Isolated human 

brain capillaries were used for immunohistochemistry or 
frozen until further analysis.

Immunohistochemistry, confocal imaging, and image 
analysis of isolated capillaries
Isolated human brain capillaries were incubated over-
night at 4  °C with primary antibodies against claudin-5, 
ZO-1, or VCAM-1 (Table 2) in glass bottom dishes (KIT-
5030B, WillCo-dish®, Electron Microscopy Sciences, 
Hatfield, PA, USA). Capillaries were rinsed with PBS 
containing 1% BSA, incubated with secondary antibody 
against rabbit IgG (Table 3) for 1 h at room temperature, 
and stained with DAPI (S9980, Selleckchem, Houston, 
TX, USA; 1:1000 dilution; 10  μg/mL). Immunostained 
capillaries were imaged with a Nikon A1R laser-scanning 
confocal microscope (Nikon Instruments Inc., Melville, 
NY, USA) using the 405 nm laser line (100% laser power, 
130 master gain, 0 digital offset) and the 561  nm laser 
line (5% laser power, 40 master gain, 0 digital offset [44, 
46]. Images were acquired using a 40 × objective (Nikon 
Plan Apochromat 40x; 1.15 NA; water immersion; work-
ing distance 0.59–0.61  mm) and 4 × NiQuist Zoom 
(79.62 µm × 79.62 µm, 30.65 µm pinhole, 0.25 frames per 
second). Confocal images were split into individual chan-
nels for fluorescence intensity analysis, and mean inten-
sities were retrieved from 3 regions of interest along the 
capillary membranes.

Human brain lysate and human capillary lysate extraction
Human brain tissue and isolated human brain capillar-
ies were lysed in 200 μL lysis buffer  (CelLytic™ MT Cell 
Lysis Reagent, C3228, Millipore-Sigma, Burlington, MA, 
USA) containing 5X  cOmplete™ protease inhibitor cock-
tail (11697498001, Millipore-Sigma, Burlington, MA, 
USA). Lysed tissue samples were homogenized using an 
ultraspeed polytron homogenizer (PT 2500 E stand dis-
persing device + PT-DA 3 mm dispersing generator, Kin-
ematica Inc., Bohemia, NY, USA; 30,000 rpm, 3 min 20 s). 
Homogenates were centrifuged at 30,000 rpm for 30 min 
at 4 °C in a TLA100.3 fixed-angle rotor using a Beckman 
Coulter Optima TLX Ultracentrifuge (359732; Beck-
man Coulter, Brea, CA, USA) to collect brain lysate and 

Table 3 List of secondary antibodies used for immunohistochemistry with cleared human brain tissues

a Final concentration in antibody diluent solution (6% Bovine Serum Albumin + 0.2%  Triton™ X-100 + 0.01% Sodium Azide + DPBS)

Secondary antibody Vendor Catalog # Lot # Dilution Concentrationa

AlexaFluor™ 568 Donkey-anti-Mouse IgG (pre-adsorbed) Abcam ab175700 GR3408409-1, 1001005613 1:250 8 µg/mL

AlexaFluor™ 647 Donkey-anti-Goat IgG (pre-adsorbed) Abcam ab150135 GR3324428-3 1:250 8 µg/mL

AlexaFluor™ 568 Donkey-anti-Goat IgG (pre-adsorbed) Abcam ab150135 GR3278446-2 1:250 8 µg/mL

AlexaFluor™ 647 Donkey-anti-Rabbit IgG (pre-adsorbed) Abcam ab150067 GR3312455-3, GR3360128-2 1:250 8 µg/mL

AlexaFluor™ 568 Goat-anti-Rabbit IgG (pre-adsorbed) Thermofisher 
scientific

A-11036 1832035 1:500 4 µg/mL
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capillary lysate (supernatant). Supernatants were frozen 
at − 20  °C until further analysis. Protein concentrations 
for brain and capillary lysate samples were determined by 
Bradford protein assay [47].

JESS™ electrophoresis
All reagents listed below, except primary antibodies, were 
purchased from ProteinSimple/Bio-Techne (Minneapo-
lis, MN, USA). Samples were diluted in 5 × Fluorescent 
Master Mix and 0.1 × Sample Buffer to a final concen-
tration of 0.05  mg/mL. Diluted samples were vortexed, 
centrifuged, and denatured for 10  min at 70  °C. Sam-
ples were probed using rabbit-anti-claudin-5 antibody 
(34-1600, ThermoFisher Scientific, Waltham, MA, USA; 
1:50 dilution or 5  μg/mL) and mouse-anti-β-actin anti-
body (CST3700, Cell Signaling Technology, Danvers, 
MA, USA; 1:50 dilution or 6.24 μg/mL) in a duplex assay. 
Loaded plates were centrifuged at 1000  g for 5  min at 
4  °C and assayed over 3  h by chemiluminescence. Data 
was annotated and analyzed using Compass software for 
SW (version 6.2.0). The peak area for claudin-5 was nor-
malized by corresponding values for β-actin to compare 
protein concentration across samples [41, 48, 49].

Statistical analysis
Simple comparisons between AD and CNI were per-
formed using Prism (v8.4.0; GraphPad, San Diego, CA, 
USA). Data were tested for Gaussian distributions via 
Shapiro–Wilk test and QQ plots. Normally distributed 
datasets were tested using the Student’s unpaired (two-
tailed) t-test with Welch’s correction. Non-normally dis-
tributed datasets were tested using the Mann–Whitney 
rank sum test. All other analyses were carried out with 
R statistical software [50]. Pearson, polychoric, or poly-
serial correlations, as appropriate, were estimated for 
multiple outcomes [51], and p values were adjusted for 
multiple comparisons by Benjamini-Hochberg (BH fdr) 
false discovery rate [52]. Microvascular diameters were 
compared to AD diagnosis, Braak staging, CA, CAA 
severity score, neuritic NP burden, CDR score, MMSE 
score, apolipoprotein E (APOE) genotype, sex, education, 
and brain Aβ levels (predictor variables) by generalized 
linear mixed-level modeling with the “lme4” package, v. 
1.1–34 [53]. Age was controlled via case-matching in the 
sample selection process. The following characteristics 
were considered random factors for analysis: reference 
ID, laser line, HV gain, zoom, scan speed, offset, sample 
collection dates, antibody concentrations, and lot num-
bers. Potential random effects with an estimated stand-
ard deviation of less than  10−4 were excluded as being of 
too small effect. Marginal coefficients of determination 
(R2) were calculated to quantify variations for generalized 
linear mixed-level models [54]. Plasma-based biomarkers 

(S100β, NSE, MMP-2, MMP-9) were modeled as predic-
tors for AD diagnosis, Braak staging, CA, CAA sever-
ity score, neuritic NP frequency, CDR score, MMSE 
score, Aβ40 and Aβ42 brain levels, and brain tau levels 
(response). Association with the AD case group was 
modeled by logistic regression. Association for individ-
ual Braak stages, CA, CAA, neuritic NP frequency, and 
CDR were modeled by ordinal logistic regression, using 
the “ordinal” package v. 2022.11-16 [55], proportional 
odds assumption was tested by likelihood ratio testing vs. 
models that coded each predictor as “nominal”, with non-
significant difference taken to mean non-violation of the 
assumption [55]. MMSE scores, brain Aβ42 levels, brain 
Aβ40 levels, and brain tau were modeled by generalized 
linear modeling. Models for each biomarker vs. each pre-
dictor were evaluated based on the lowest second-order 
Akaike Information Criterion with a correction for small 
sample sizes (AICc; [56]). AICc is a measure of entropy 
(information lost) with lower AICc indicating less infor-
mation lost in the model compared to competing mod-
els of the same response data. Samples with missing data 
points, specifically, one subject lacked DP, NP, and NFT 
scores, and a second subject did have measurements of 
tau or claudin 5 proteins, were excluded from analyses. 
Model selection was followed by analysis of variance, 
commonly called “ANOVA”; p values were adjusted for 
multiple comparisons by BH fdr. We evaluated goodness 
of fit for ordinal models with Nagelkerke’s R2 [57], used 
Tjur’s D [58] for logistic models, and used ω2 for GLMs 
[58, 59]. We further estimated the optimal sample size 
from power calculations from R2 or D.

Results
We previously demonstrated that Aβ drives barrier dys-
function and that Aβ accumulation in the form of CAA 
contributes to injuries of the neurovasculature, lead-
ing to a dysfunctional barrier [16, 20, 44–46]. Based on 
these previous findings, the objective of our study was 
to assess markers for blood–brain barrier dysfunction in 
postmortem tissue samples from CNI and AD patients 
and determine whether these markers are associated with 
AD pathology and cognitive impairment against a back-
ground of CAA.

Participants
Among the 19 included UK-ADRC participants, 9 
were CNI and 10 were clinically diagnosed with AD-
type dementia and had a neuropathological diagnosis 
of AD (Table  1; Fig.  1). The CNI group was older at 
death (86.7 vs 82.2 y), more likely to be male (5:4 vs. 
3:7) and had higher educational attainment (16 vs 14 
y). Among the AD group, 9/10 had Braak NFT Stage 
of VI with one at Stage V. Among the CNI group, all 
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Braak NFT Stages were III or lower. CAA was Mild 
(5/9), Moderate (2/9) or Severe (1/9) in the CNI group, 
and Mild (4/10), Moderate (2/10) or Severe (4/10) in 

the AD group. CAA scores were severe in cases with 
one or two APOE ε4 alleles, regardless of cognitive 
group (Table 4).

Fig. 1 Cognitive Status of CNI and AD Patients. A MMSE scores in AD patients were 1.6-fold lower than in CNI (p < 0.0001). B Clinical Dementia 
Rating was 1.5 for AD patients and zero for CNI (p < 0.0001). C Education attainment in AD patients was 2 years less than in CNI (p = 0.043). p values 
were estimated by Mann–Whitney Rank-Sum test

Table 4 Associations between patient characteristics, neuropathological, cognitive, and biochemical outcomes of CNI and AD 
patients.
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Aβ pathology
We determined Aβ pathology in CNI and AD brain tis-
sue samples by histological staining, immunohistochem-
istry, and ELISA. First, we stained postmortem brain 
tissue sections for Aβ plaques using modified Biels-
chowsky silver staining [24–28]. To assess the severity 
of frontal Aβ plaque pathology, we classified plaques as 
diffuse Aβ plaques (DPs) or neuritic Aβ plaques (NPs). 
Plaque quantification showed a 2.4-fold higher DP count 
(p = 0.003) in AD brain tissue Sects. (44 ± 3 counts/mm2) 
compared to CNI brain tissue Sects. (18 ± 6 counts/mm2; 
Fig. 2A). Likewise, the number of NPs in AD brain tissue 
Sects. (16 ± 3 counts/mm2) was 2.3-fold higher (p = 0.039) 

compared to CNI brain tissue Sects.  (7 ± 3 counts/mm2; 
Fig.  2B). We also quantified neuritic plaque frequency 
in brain tissue samples. NP counts were similar for 
both CNI and AD patients (CNI: 1.2 ± 0.2; AD: 1.2 ± 0.2; 
Fig.  2C). We then assessed the severity of CAA pathol-
ogy and found that CAA pathology in AD brain tissue 
Sects.  (4 mild, 2 moderate, 4 severe) was more frequent 
and severe when compared with CAA pathology in CNI 
brain tissue Sects. (5 mild, 3 moderate, 1 severe; Fig. 2D). 
Next, we quantified Aβ40 and Aβ42 levels in brain tis-
sue samples by ELISA and found that brain Aβ40 levels 
in samples from AD patients (12.9 ± 4.6  ng/mg) were 
4.2-fold higher (p = 0.022) compared to levels in samples 

Fig. 2 Aβ Pathology in Brain Samples from CNI and AD Patients. A Diffuse Aβ plaques in AD patients were 2.5-fold higher (p = 0.003) compared 
to diffuse Aβ plaques in CNI. B Neuritic Aβ plaques in AD patients were 2.3-fold higher (p = 0.039) than neuritic Aβ plaques in CNI. C Neuritic 
plaque frequency was similar for AD and CNI patients (p = 1.000). D CAA instances were more frequent and severe in AD patients (4 severe cases, 2 
moderate cases, 3 mild cases) when compared with CAA instances in CNI (1 severe case, 3 moderate cases, 5 mild cases). E Brain Aβ40 levels in AD 
brain samples were 4.3-fold higher (p = 0.022) than in CNI brain samples. F Brain Aβ42 levels in AD brain samples were similar (p = 0.380) to those 
in CNI brain samples. p values were estimated by Mann–Whitney Rank-Sum test in (A–E) and by Student’s t-test with Welch’s correction in (F) 
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from CNI (3.1 ± 1.1 ng/mg; Fig. 2E). Note that brain Aβ40 
levels were higher in patients with consensus AD diagno-
sis (r = 0.851) and in patients with severe CAA pathology 
(r = 0.880; Table  4). Aβ42 levels in brain tissue samples 
from AD patients (19.2 ± 2.7 ng/mg) were 1.4-fold higher 
(p = 0.380) compared to levels in samples from CNI 
(14.1 ± 5.0  ng/mg; Fig.  2F). Together, our findings show 
increased Aβ brain levels, elevated plaque counts, and 
more frequent instances of severe CAA in brain tissue 
samples from AD patients compared to those found in 
samples from CNI, indicating that our sample is typical 
of what is expected of the differences between AD and 
CNI.

Tau pathology
Next, we assessed tau pathology in brain tissue sam-
ples from CNI and AD patients by determining Braak 
stages and measuring NFTs and total tau levels. We 
compared Braak stages vs. diagnosis with ordinal logis-
tic regression and found that the frequencies of Braak 
scores separated distinctly by CNI vs. AD. Specifically, 
stages I, II, and III were unique to CNI, while stages V 
and VI were only found in AD subjects (Fig. 3A). Braak 
staging was also associated with increased brain Aβ40 
levels (r = 0.878; Table  4), which suggests some degree 
of association between the two drivers of AD. NFT 
scores in AD brain tissue Sects.  (16.8 ± 5.9 counts/mm2) 
were 168-fold higher (p < 0.001) than in CNI brain tis-
sue Sects.  (0.1 ± 0.1  counts/mm2; Fig.  3B). ELISA find-
ings revealed similar tau protein levels in brain tissue 
samples from CNI (23.3 ± 3.2  ng/mg) and AD patients 
(20.3 ± 4.2  ng/mg; Fig.  3C). Overall brain tissue samples 

from AD patients had elevated tau pathology compared 
to samples from CNI.

Structural changes
We determined structural changes based on cortical 
atrophy and astrogliosis. Cortical atrophy is determined 
by postmortem examination of brain tissue and rated 
on a severity scale of 0–3. Cortical atrophy scores in 
AD patients (5 mild and 4 moderate cases; average rat-
ing: 1.3 ± 0.2) were about fourfold higher (p = 0.006) than 
cortical atrophy scores in CNI (9 cases with no atrophy, 1 
mild, 1 moderate, average rating: 0.3 ± 0.2; Fig. 4A). Cor-
relation analysis showed that cortical atrophy scores were 
associated with a consensus AD diagnosis (r = 0.710), 
NFT scores (r = 0.692), and gender (r = 0.852; Table  4). 
GFAP immunoreactivity was similar in CNI and AD 
brain tissue slices (CNI: 27.7 ± 4.0  billion  a.u./mm2; AD: 
35.6 ± 4.0  billion  a.u./mm2; Fig.  4B). Generalized linear 
mixed-level modeling showed that GFAP immunore-
activity was not associated with patient characteristics 
(Table S1, Fig. S1). AD brain tissue sections have exten-
sive cortical atrophy but similar GFAP immunoreactivity 
in the analyzed regions of interest when compared with 
CNI brain tissue sections. We detected a significant ele-
vation (110 ± 11 vs. 72 ± 3 pg/mg total protein, p = 0.001) 
in Iba-1 levels in brain lysates from AD patients vs CNI 
subjects. However, we found no difference (p = 0.911) 
in levels of the transcytosis marker Caveolin-1 between 
CNI (11.3 ± 0.6 ng/mg) and AD (11.4 ± 0.3 ng/mg).

Microvascular diameter analysis
We used immunostained cleared brain tissue sections 
to visualize microvessels and measure microvascular 

Fig. 3 Tau Pathology in Brain Samples from CNI and AD Patients. A Braak stages in CNI (I-III) correspond to CNI diagnosis, whereas Braak stages V 
and VI correspond to AD patients. B Neurofibrillary tangles (NFTs) in AD patients were 168-fold higher (p < 0.001) than those in CNI. C Brain tau levels 
were similar in CNI and AD brain tissue homogenate (p = 0.408). p values were estimated by Mann–Whitney Rank-Sum test
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diameters (Fig.  5). We used antibodies specific to five 
different vascular proteins: (1) collagen-IV (COL-IV), 
(2) platelet-derived growth factor receptor-β subunit 
(PDGFRβ), (3) von Willebrand factor (vWF), (4) glu-
cose transporter-1 (GLUT-1), and (5) fibrinogen. We 
measured microvascular diameters for 300–600 capil-
laries per sample per marker. Figures 5A–E show repre-
sentative confocal images of stained capillaries for each 
marker. We found that the mean vascular diameter for 
COL-IV-immunostained microvessels was 6.5 ± 0.7  μm 
in AD brain tissue sections and 7.3 ± 0.8 μm in CNI brain 
tissue sections (p = 0.121; Fig. 5A). Mean vascular diam-
eters for PDGFRβ-immunostained microvessels were 
6.5 ± 0.6  μm for AD samples and 6.6 ± 0.9  μm for CNI 
samples (p = 0.987; Fig.  5B). Microvascular PDGFRβ 
diameters showed no significant associations with any 
of the candidate predictors in this study (Table  S2). For 

vWF-immunostained microvessels, mean diameters were 
5.9 ± 0.6 μm for AD brain tissue sections and 6.1 ± 0.6 μm 
for CNI sections (p = 0.464; Fig.  5C). For GLUT-1-im-
munostained microvessels, mean diameters were 
5.1 ± 0.5 μm for AD brain tissue sections and 5.2 ± 0.6 μm 
for CNI sections (p = 0.811; Fig. 5D). Mean vessel diam-
eters for fibrinogen-labeled sections were 4.7 ± 0.7  μm 
for AD brain sections and 4.0 ± 0.5 μm for CNI sections 
(p = 0.298; Fig. 5E). Generalized linear mixed-level mod-
eling showed that microvascular COL-IV diameters 
tended to decrease non-linearly with higher Braak stages 
(Fig. 6A, Table 5), increased NP scores (Fig. 6B; Table 5), 
and increased brain Aβ40 levels (Fig. 6C; Table 5). These 
associations suggest a thinning of the basement mem-
brane in brain tissue from AD patients. Fibrinogen diam-
eters were higher in patients with Braak stages I, III, and 
VI compared to those at Braak stages II and V (Fig. 6D, 

Fig. 4 Structural Changes in Brain Samples from CNI and AD Patients. A Cortical atrophy in AD patients was fourfold higher (p = 0.006) than in CNI. 
B Representative confocal images of GFAP immunoreactivity in cleared AD and CNI brain tissue slices. Average GFAP immunoreactivity was similar 
in AD patients and CNI (p = 0.647). p values estimated by Mann–Whitney Rank-Sum test. Scale Bar: 25 μm. C ELISA of Iba-1 showed significant 
(p = 0.001) elevation in brain extract Iba-1 levels in AD compared to CNI. D ELISA of Caveolin-1 showed no differences in brain extract levels for CNI 
vs AD
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Table  5). Fibrinogen diameters were smaller in brain 
tissues with higher NP frequency (Fig.  6E, Table  5). No 
other predictor-response combinations showed signifi-
cant associations (Table  S2-S6, Fig. S2-S6). Thus, diam-
eter analysis revealed that AD pathology correlates with 
thinner COL-IV diameters and increased fibrinogen 
diameters.

Tight junction protein expression
We assessed protein expression of claudin-5, zonula 
occludens-1 (ZO-1), and vascular cell adhesion mol-
ecule-1 (VCAM-1) in brain capillaries isolated from AD 
and CNI brain tissue samples by immunostaining (Fig. 7). 
We analyzed the mean fluorescence intensities across 
the capillary endothelial cell membranes and found that 
claudin-5 immunofluorescence was 971 ± 129  a.u. in 
capillaries from AD patients and 1144 ± 208 a.u. in capil-
laries from CNI (p = 0.643; Fig.  7A). Mean fluorescence 
intensity for ZO-1 was 1018 ± 163 a.u. in capillaries iso-
lated from AD tissue samples and 859 ± 77  a.u. for cap-
illaries from CNI (p = 0.755; Fig.  7B). Mean VCAM-1 

fluorescence intensity was 924 ± 83 a.u. for CNI capillar-
ies and 815 ± 96  a.u. for capillaries from AD (p = 0.363; 
Fig. 7C).

We used the Simple Western™ JESS capillary electro-
phoresis assay to quantify claudin-5 protein levels in 
12 out of 19 brain tissue samples (Fig.  8A). Seven sam-
ples were excluded from this assay due to limited tissue 
amounts. To account for variations in band intensity, we 
calculated the claudin-5/β-actin peak area ratio. Pairwise 
comparison of claudin-5/β-actin peak area ratio (Fig. 8B) 
indicated that, for CNI samples, claudin-5/β-actin peak 
area ratios varied from 0.4 to 5.9 with an average peak 
area ratio of 2.1 ± 0.9, and, for AD samples, claudin-5/β-
actin peak area ratios varied from 0.5 to 9.3 with an aver-
age peak area ratio of 2.5 ± 1.4. Claudin-5/β-actin peak 
area ratios were not significantly different between CNI 
and AD capillary lysate samples (p = 0.937). Correlation 
analysis showed that claudin-5/β-actin peak areas were 
associated with cortical atrophy (r = −  0.673), APOE ε4 
genotype (r = 0.704), and gender (r = −  0.821; Table  4). 
Overall, claudin-5 protein levels did not significantly 

Fig. 5 Microvascular Diameter Analysis of Cleared Brain Tissue Sections. A–E Representative images and average vascular diameters 
from immunostained brain tissue sections. We used antibodies against A COL-IV, B PDGFRβ, C vWF, D GLUT-1, and E fibrinogen to visualize 
the vasculature and measure vascular diameters. Graphical plots of mean vascular diameters accompany representative images. Scale Bar: 50 μm. 
p = 0.121 (COL-IV), p = 0.987 (PDGFRβ), p = 0.464 (vWF), p = 0.811 (GLUT-1), p = 0.298 (fibrinogen)
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change along capillaries isolated from CNI and AD brain 
tissues.

Peripheral biomarker analysis
We quantified NSE, MMP-2, MMP-9, and S100β plasma 
levels via ELISA. In CNI samples, plasma NSE levels var-
ied from 9.4 ng/mL to 17.2 ng/mL, with average plasma 

NSE levels at 12.7 ± 1.4 pg/mL (Fig. 9A). In AD samples, 
plasma NSE levels varied from 2.7  ng/mL to 11.0  ng/
mL with average plasma NSE levels at 6.3 ± 1.0  ng/mL. 
Plasma NSE levels in AD patients were twofold lower 
than those in CNI (p = 0.007). In CNI, plasma MMP-2 
levels varied from 235.3 ng/mL to 264.4 ng/mL with an 
average plasma MMP-2 concentration of 247.2 ± 5.3  ng/

Fig. 6 Associations between Microvascular Diameters and Pathological Outcomes. A Microvascular COL-IV diameters at different Braak stages. B 
Microvascular COL-IV diameters decrease with increasing NP scores. C Microvascular COL-IV diameters versus brain Aβ40 levels. D Microvascular 
fibrinogen diameters at different Braak stages. E Microvascular fibrinogen diameters at different NP frequencies. Samples that do not share the same 
symbols in A and D are significantly different. Error bars show the standard error of the mean (SEM). Solid lines show model-predicted values 
and dashed lines show standard errors of model-predicted values

Table 5 Variations in microvascular diameters with neuropathological, cognitive, and biochemical predictors for CNI and AD Patients

a Adjusted by Benjamni-Hochberg FDR

Response Predictor χ2 Raw p value Adjusted p  valuea R2

COL-IV diameter (μm) Braak stage 43.082 (4)  < 0.001  < 0.001 0.041

COL-IV diameter (μm) NP scores 11.108 (1)  < 0.001 0.005 0.057

COL-IV diameter (μm) Brain Aβ40 levels (ng/mg brain tissue) 13.353 (1)  < 0.001 0.002 0.107

Fibrinogen diameter (μm) Braak stage 26.669 (4)  < 0.001  < 0.001 0.111

Fibrinogen diameter (μm) Neuritic plaque frequency 7.600 (1) 0.006 0.042 0.044

vWF diameter (μm) CAA severity score 11.202 (2) 0.004 0.031 0.041

vWF diameter (μm) Brain Aβ40 levels (ng/mg brain tissue) 9.274 (1) 0.002 0.031 0.028
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mL (Fig.  9B). In AD patients, plasma MMP-2 levels 
varied from 179.4  ng/mL to 237.2  ng/mL with an aver-
age plasma MMP-2 concentration of 212.3 ± 7.5  ng/mL 
(p = 0.003; 1.2-fold difference). Plasma MMP-9 levels 

for CNI samples varied from 61.5 ng/mL to 94.1 ng/mL 
with average plasma MMP-9 levels at 71.5 ± 5.8  ng/mL 
(Fig. 9C). In contrast, plasma MMP-9 levels for AD sam-
ples varied from 25.5 ng/mL to 400.0 ng/mL with average 

Fig. 7 Tight-Junction Protein Expression Along Isolated Microvessels. A Representative confocal images of claudin-5 immunoreactivity 
along capillaries isolated from brain tissue of AD patients and CNI. B Representative confocal images of ZO-1 immunoreactivity along capillaries 
isolated from brain tissue of AD patients and CNI. C Representative confocal images of ZO-1 immunoreactivity along capillaries isolated from brain 
tissue of AD patients and CNI. Mean intensity levels along capillary membranes are shown next to representative confocal images. AD-vs-CNI 
comparisons are indicated with corresponding p values. p = 0.643 (claudin-5), p = 0.755 (ZO-1), p = 0.363 (VCAM-1). Scale Bar: 10 μm
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plasma MMP-9 levels at 169.9 ± 39.5  ng/mL (p = 0.030; 
2.38-fold difference). Plasma MMP-2 levels showed sig-
nificant associations with CDR scores and Braak staging, 
whereas plasma MMP-9 levels showed significant asso-
ciations with MMSE scores in ANOVA analysis (Table 6). 
Collectively, AD patients had reduced plasma NSE levels, 
reduced plasma MMP-2, and elevated plasma MMP-9 
levels compared to CNI.

Plasma S100β levels for CNI varied from 2.9  pg/mL 
to 15.2  pg/mL, with average plasma S100β levels at 
11.1 ± 2.1  pg/mL (Fig.  9D). In contrast, plasma S100β 
levels for AD patients were 12.3-fold higher (p < 0.0001) 
with average concentrations at 137.0 ± 8.1  pg/mL in 
the range of 107.3  pg/mL to 184.4  pg/mL. General-
ized linear modeling revealed that plasma S100β lev-
els were higher for patients with severe Braak stages 
and elevated CDR scores (Table  6; Fig.  9E, F). Plasma 
S100β levels predict Braak stage II with the highest 
probability for 0–2  ng/dL, Braak stage III for 2–7  ng/
dL, and Braak stage VI for 7–20 ng/dL (Fig. 9E). Plasma 
S100β levels in the ranges of 0–8  ng/dL, 8–14  ng/dL, 
and 14–20  ng/dL were more likely to correspond to 
cases with CDR 0, CDR 0.5, and CDR 3 respectively 

(Fig. 9F). Increased plasma S100β levels were also asso-
ciated with increased brain Aβ40 pathology in this 
cohort (Fig. 9G). These associations were confirmed to 
be significant by ANOVA analysis (Table  6). However, 
a visual outlier may be confounding these associations. 
When modeled excluding this potential outlier (dashed 
line), the trend was not significant (p = 0.068). Bonfer-
roni outlier testing did not exclude this point, and any 
conclusion should be cautious.

Finally, we assessed the probabilities of each periph-
eral biomarker to predict different pathological changes 
in AD (Tables 7, S7-S15). We found that plasma S100β 
levels provided the highest probability for predict-
ing AD-vs-CNI diagnosis among these biomarkers 
(Table  7). The remaining pathological and cognitive 
outcomes did not significantly correlate with circulat-
ing biomarker levels (Tables S7-S15). In summary, we 
found that plasma levels of candidate biomarkers show 
significant associations with AD pathology and, in the 
case of S100β, should be tested further as a promising 
predictor for AD pathology, barrier dysfunction, and 
cognitive decline in large cohort studies.

Fig. 8 Claudin-5 Protein Levels in Brain Capillary Lysate Samples. A  JESS™ capillary electrophoresis pictograph showing claudin-5 and β-actin bands 
for representative samples from this study. B Claudin-5/β-actin Peak Area Ratio for each sample in A. p = 0.937 (Mann–Whitney rank-sum test)
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Fig. 9 Peripheral Biomarker Analysis for CNI and AD Patients. A Plasma NSE levels (ng/mL) in AD patients and CNI (p = 0.007; Welch’s t-test). B 
Plasma MMP-2 levels (ng/mL) in AD patients and CNI (p = 0.0029; Welch’s t-test). C Plasma MMP-9 levels in AD patients and CNI (p = 0.030; Mann–
Whitney rank-sum test). D Plasma S100β levels (pg/mL) in AD patients and CNI (p < 0.001; Welch’s t-test). E Plasma S100β levels for different Braak 
stages (II—blue, III—red, V—light blue, VI—yellow). F Plasma S100β levels for different CDR scores (0—blue, 0.5—red, 1—light blue, 2—yellow, 3—
magenta). G Changes in brain Aβ40 levels in response to changes in plasma S100β levels. A possible visual outlier is indicated in red; the regression 
line calculated without this point is dashed

Table 6 Variations in peripheral biomarkers with neuropathological, cognitive, and biochemical outcomes for CNI and AD patients

a χ2 or F, as appropriate
b Adjusted by Benjamni-Hochberg FDR

Response Predictor Statistica Raw p value Adjusted p  valueb R2

Braak stage Plasma S100β levels (pg/mL) 11.277 (1)  < 0.001 0.008 0.644

Brain Aβ40 levels (ng/mg 
brain tissue)

Plasma S100β levels (pg/mL) 9.899 (1,11) 0.009 0.046 0.406

CDR scores Plasma MMP-2 levels (ng/mL) 6.609 (1) 0.010 0.046 0.420

Braak stage Plasma MMP-9 levels (ng/mL) 7.757 (1) 0.005 0.036 0.499

Table 7 Model comparisons of peripheral biomarkers vs. consensus diagnosis for CNI and AD patients

a Probability of the model being “correct” vs. other models in set, derived from ΔAICc (Burnham & Anderson, 2002)
b Adjusted by Benjamni-Hochberg FDR

Predictor AICc Probabilitya χ2 Raw p value Adjusted p 
 valuea

R2

Plasma S100β levels (pg/mL) 5.200 0.915 17.323 (1)  < 0.001 0.001 1.000

Plasma NSE levels (ng/mL) 11.918 0.032 10.605 (1) 0.001 0.009 0.637

Plasma MMP-2 levels (ng/mL) 10.994 0.051 11.529 (1)  < 0.001 0.008 0.683

Plasma MMP-9 levels (ng/mL) 16.961 0.003 5.562 (1) 0.018 0.073 0.365
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Discussion
Blood–brain barrier dysfunction precedes cognitive 
decline in AD patients, but biomarkers to assess barrier 
dysfunction and predict AD progression do not exist. 
We used immunohistochemical, biochemical, and imag-
ing-based methods to examine postmortem tissue sam-
ples from 9 CNI and 10 AD patients for Aβ pathology, 
tau pathology, and blood–brain barrier dysfunction. AD 
patients in our cohort displayed mild-to-severe cognitive 
impairment, increased Aβ and tau pathology, and struc-
tural changes in the brain. We found minimal changes 
in microvascular diameters and tight junction protein 
expression. Analysis of peripheral biomarkers revealed 
elevated plasma S100β and MMP-9 levels for AD patients 
compared to CNI. In contrast, plasma levels of NSE and 
MMP-2 were significantly lower for AD patients when 
compared with CNI. Evidence from predictive modeling 
indicated that high plasma S100β levels were predictive 
for high Braak stage, high CDR score, and elevated Aβ40 
brain levels and, thus, could serve as a predictor of AD 
pathology and cognitive impairment.

AD patients in our cohort had mild-to-severe cogni-
tive impairment, whereas cognition scores for CNI were 
normal. We found that consensus AD diagnosis and 
Braak stages were associated with lower MMSE scores 
(r = −  0.986) and higher CDR scores (r = 0.786). These 
findings are consistent with previous reports [60, 61]. We 
found increased Aβ and tau levels in AD brain tissue sec-
tions compared to CNI. Immunohistochemical analysis 
of plaque and tangle pathology markers also showed that 
AD brain tissue sections had 2- to fourfold higher scores 
than CNI brain tissue sections. Our data is consistent 
with previous reports that show twofold higher plaque 
and tangle pathology in AD patients with severe cogni-
tive impairment when compared to cognitively normal 
individuals [27, 62]. However, bias in selecting a region 
of interest is often towards the most severely affected 
regions [28]. Biochemical analysis of whole brain tissue 
homogenate provides a non-biased and complementary 
measurement for immunohistochemical results. Still, 
biochemical assays may dampen the large inter-cohort 
differences observed between patient groups [63].

Previous studies indicate that microvascular diameters 
change with age and disease stage [64, 65]. To determine 
microvascular diameters in our study, we cleared brain 
tissue sections and immunostained them for five differ-
ent markers. However, we found no significant differ-
ences in microvascular diameters between capillaries 
isolated from AD patients versus capillaries from CNI. 
Multiple research groups have previously used COL-IV 
as a vascular marker to analyze microvascular diameters 
in CNI and AD brain tissue sections, but reports are con-
tradictory. For example, Burke et al. [66] found that the 

microvascular diameters of AD patients (n = 26) were 
90% of the microvascular diameters of CNI (n = 14). In 
contrast, Hase et al. [67] showed that microvessels in AD 
patients (n = 18) had a 1.8-fold greater diameter com-
pared to microvessels in CNI (n = 9). In a third study, 
Damodarasamy et al. reported that COL-IV diameters in 
the parietal cortex were similar in AD patients with CAA 
(n = 26) compared to AD patients without CAA (n = 14; 
[68]). Thus, there is a lack of consensus on changes in 
microvascular diameters in microvessels of AD patients 
when using COL-IV as a vascular marker. We, therefore, 
used multiple vascular markers to improve the robust-
ness of our data. We acknowledge, however, that factors 
such as tissue expansion during tissue clearing, variabil-
ity in the selected region of interest, quality of immu-
nostaining, and inter-day and inter-person variability can 
mask subtle differences in microvascular diameters. We 
also observed that microvascular diameters for fibrino-
gen-immunostained vessels were smaller than those for 
COL4-immunostained vessels. We presume the differ-
ence is because COL4 stains the outer layer of the vas-
cular basement membrane while vWF and fibrinogen 
stain blood-borne proteins within the luminal space. We 
also noted that microvascular diameters for fibrinogen 
were smallest compared to other vascular markers in 
this study. Given that fibrinogen is a blood-borne protein 
expressed outside the central nervous system, it would 
make sense for fibrinogen diameters to be the smallest 
and would indicate the luminal space in unperfused brain 
tissue Sects. [69].

Current literature shows that claudin-5 immunoreac-
tivity is reduced near ruptured vessels or in Aβ-positive 
capillaries [19, 70]. We did not observe a significant dif-
ference in claudin-5 protein expression levels (normal-
ized to β-actin) in isolated capillaries from CNI and AD 
brain samples. Other factors, such as tissue integrity, 
post-freeze–thaw cycles, and reduced yield during capil-
lary isolation and lysate extraction, may account for dif-
ferences in protein levels between groups.

We found lower plasma NSE levels in AD patients com-
pared to CNI. In contrast to our findings, several studies 
show that plasma levels of NSE do not significantly differ 
between AD and non-AD samples in large cohort studies 
[71–73]. Radioimmunoassay analysis of serum NSE lev-
els in a cohort of 24 AD patients and 11 CNI produced 
similar values (AD 15 ± 7.5 mg/mL; CNI 14 ± 6.5 mg/mL; 
[72]). Likewise, electrochemiluminescence assay data 
revealed serum NSE levels to be very close between AD 
and CNI (n = 66; [71]). Data from biochip immunoassays 
showed that plasma NSE levels were 3.1 ± 7.7 ng/mL for 
24 AD patients but 1.9 ± 3.8 for 20 CNI [73]. We conclude 
that plasma NSE levels can vary depending on detection 
methods.
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MMP-2 (52 kDa) and MMP-9 (92 kDa) are endogenous 
gelatinases that regulate the remodeling of tight-junction 
proteins and the extracellular matrix at the blood–brain 
barrier [74, 75]. Multiple longitudinal studies show that 
plasma MMP levels increase with disease progression in 
AD patients [61, 76–79]. We found lower MMP-2 and 
higher plasma MMP-9 levels for AD patients compared 
to CNI. Previous reports highlight a lack of consensus on 
plasma MMP levels analyzed in AD patients and CNI, 
such as 1.5-fold higher (p < 0.001) plasma MMP-9 levels 
for 24 AD patients (inter-quartile range: 34.4 to 53.7 ng/
mL; median: 45.4; n = 24) compared to plasma MMP-9 
levels for 24 CNI (inter-quartile range: 19.9–39.1 ng/mL; 
median: 27.0; n = 24; [80]). Comparing plasma MMP-9 
levels of 95 patients with mild cognitive impairment and 
58 CNI indicated no significant differences between the 
two groups [76]. Plasma MMP-9 levels were even lower 
in the analysis by Abe and colleagues, i.e., 1.98 ng/mL to 
2.28 ng/mL for AD patients and 1.99 ng/mL to 2.28 ng/
mL for CNI [76]. Another study reported 1.5-fold lower 
plasma MMP-9 levels for 25 AD patients (inter-quartile 
range: 0.93 ng/mL to 8.4 ng/mL; median 5.0 ng/mL) com-
pared to plasma MMP-9 levels for 25 CNI (inter-quartile 
range: 2.2 ng/mL to 17.5 ng/mL; median: 7.3 ng/mL; [81]). 
A similar argument can be made for plasma MMP-2 lev-
els. No differences appeared in plasma MMP-2 levels in a 
cohort of 95 patients with mild cognitive impairment and 
95 CNI and ranged from 3.5 ng/mL to 3.7 ng/mL (inter-
quartile range; [76]). However, these data are opposite to 
data presented by Tuna et al. [82] showing 2.8-fold lower 
(p = 0.002) plasma MMP-2 levels for 30 AD patients 
(inter-quartile range: 1.6–19.0  ng/mL; median: 13.8  ng/
mL) when compared to plasma MMP-2 levels for 30 CNI 
(inter-quartile range: 12.1–83.3 ng/mL; median: 38.6 ng/
mL). Plasma MMP levels can vary dramatically based 
on the analytical method and chosen cohorts. Overall, it 
appears that MMP levels have high variability among AD 
cases [83]. A systematic analysis of these analytes across 
all studies that accounts for the severity of AD pathol-
ogy and demographic differences, such as sex or age, is 
lacking and may provide more insights into the utility of 
MMPs as peripheral biomarkers.

Our data show a significant increase in plasma S100β 
levels in AD patients and suggest that plasma S100β 
could be a promising predictor for cognitive impair-
ment, Braak staging, and brain Aβ40 pathology. Our 
findings align with previous reports highlighting that 
increased S100β levels correlate with cognitive impair-
ment. Serum S100β levels determined by ELISA in 
a cohort of 100 AD patients and 100 age- and sex-
matched healthy controls were elevated in AD patients 
with CDR scores of 2 and 3 [84]. Serum S100β levels 
likewise increased with CDR scores in a cohort of 54 

AD patients and 66 CNI [71]. The plasma S100β levels 
in our study are lower than those observed in stroke 
and patients with epilepsy, both disorders that go along 
with severe blood–brain barrier dysfunction [85–87]. 
Our data and data from previous reports indicate that 
the association between peripheral S100β levels and 
cognition is consistently observed across studies. In 
addition, S100β is well-established as a biomarker for 
acute neuronal and glial injury in disorders that include 
stroke, epilepsy, traumatic brain injury (TBI), and con-
cussion [88–90]. In neurodegenerative conditions, 
serum S100β levels correlate with disease severity in 
Parkinson’s disease [91] but not in amyotrophic lat-
eral sclerosis [92]. However, a systematic review is still 
needed to accurately contrast S100ꞵ levels with disease 
severity across various proteinopathies.

Conclusions
Our data suggest plasma S100β levels could be a prom-
ising predictor for cognitive impairment, Braak stag-
ing, and brain Aβ40 pathology. Although promising, we 
suggest that no single biomarker would likely be reliable 
enough to predict the progression of AD pathology and 
cognitive decline. We presume a panel of multiple bio-
markers would be more sensitive and robust. Further 
investigation is necessary to validate plasma S100β levels 
as a predictor for barrier dysfunction, dementia severity, 
and AD pathology in large patient cohorts.
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