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ABSTRACT

Blood-brain barrier (BBB) dysfunction might be anportant component of many
neurodegenerative disorders. In this study, westigated its role in dementia using large clinical
cohorts. The cerebrospinal fluid (CSF)/plasma alioumatio (Qalb), an indicator of BBB (and
blood-CSF barrier) permeability, was measuredtiota of 1015 individuals. The ratio was
increased in patients with Alzheimer’s disease (Ad@mentia with Lewy bodies (DLB) or
Parkinson’s disease dementia (PDD), subcorticalwlasdementia (VaD) and frontotemporal
dementia (FTD) compared with controls. Howevers theasure was not changed during preclinical
or prodromal AD and was not associated with amyREI orAPOE genotype. The Qalb was
increased in diabetes mellitus and correlated ipegitwith CSF biomarkers of angiogenesis and
endothelial dysfunction (VEGF, ICAM-1 and VCAM-1h healthy elderly, high body mass index
and waist-hip ratio predicted increased Qalb 20s/kder. In summary, BBB permeability is
increased in major dementia disorders, but doesatate to amyloid pathology &POE genotype.

Instead, BBB impairment may be associated withetieband brain microvascular damage.

Keywords: Blood-brain barrier, dementia, amyldMPOE ¢4, diabetes, vascular pathology.



1. INTRODUCTION

Cerebrovascular pathology is common in the spectiudementia disorders (Snyder et al., 2015).
One of the manifestations of vascular diseasedrbthin is blood-brain barrier (BBB) dysfunction
(Zlokovic, 2008). The BBB is a selective diffusibarrier at the level of the cerebral
microvascular endothelium, that maintains homeastaghe central nervous system (CNS) by
regulating ion balance, facilitating nutritionahmisport and preventing influx of potentially
neurotoxic molecules from the circulation (Chow &, 2015). Thus, BBB failure may have
detrimental effects on CNS function and animal Etsithave indicated that BBB breakdown could

lead to secondary neuronal injury and neurodegaaer@ell et al., 2010; Winkler et al., 2014).

Accumulating evidence suggests that BBB functiocoisipromised in neurodegenerative
disorders. Studies investigating BBB permeabilitglinical cohorts of patients mainly utilize
three experimental approaches: measurement ottiebrospinal fluid (CSF)/blood albumin ratio,
histologic assessment of the blood-derived protieitise brain tissue and brain imagieg.,
magnetic resonance imaging (MRI) or positron erarssomography (PET). Such investigations
have convincingly shown BBB dysfunction in vascudamentia (VaD) (Skoog et al., 1998;
Taheri et al., 2011; Wada, 1998; Wallin et al.,@P® recent meta-analysis reported elevated
CSF/serum albumin ratio is in Alzheimer’s diseadB), however the effect size was small
(Olsson et al., 2016). Studies subgrouping AD pagidave found that AD cases with evidence of
concomitant cerebrovascular pathology have high/€&3&m albumin ratio as a sign of impaired
BBB function (Blennow et al., 1990; Blennow et 4991). In agreement, imaging techniques
have mostly detected slight BBB impairments in ARig@nts and only in conjunction with
vascular pathology (van de Haar et al., 2015). Alth evidence of microvascular lesions has
been reported in other dementiag,, dementia with Lewy bodies (DLB), Parkinson’s dise

with dementia (PDD), and frontotemporal dementig§}-(De Reuck et al., 2012; De Reuck et

al., 2013), little data is available with respecBBB function in these conditions (Janelidze et al



2015; Llorens et al., 2015; Sjogren et al., 2004).

Multiple mechanisms have been suggested to und&Bli& dysfunction in dementia.

Accumulation of3-amyloid in vascular wall may lead to endotheligll damage and disrupt the
BBB in AD (Burgmans et al., 2013; Erickson and Bsr&013). Some studies have indicated that
BBB breakdown may be linked &POE ¢4, a major genetic risk factor for non-familial AB€lI

et al., 2012; Halliday et al., 2013; Nishitsujiadt 2011). We recently demonstrated that increased
BBB permeability in PD and PDD is related to anaimal angiogenic CSF profile (Janelidze et
al., 2015). In dementia and other disorders linicekigh risk of dementiae(g., diabetes,
cardiovascular disease), BBB impairment has algn lag¢tributed to adverse effects of oxidative
stress and chronic inflammation on the endotheg&dlfunction (Di Marco et al., 2015; Raz et al.,
2015). However, BBB dysfunction has so far beerstigated in experimental models or in small

patient cohorts and needs to be validated in laslggical material.

In this study, we measured BBB permeability ushig €SF/plasma albumin ratio (Qalb) in two
different cohorts of in total 1015 individuals inding cognitively healthy controls and patients
with subjective cognitive decline (SCD), mild cotwve impairment (MCI) as well as with five
major dementias types, AD, PDD, DLB, VaD and FTDe ®ésessed if the disruption of BBB was
associated with amyloid pathology and A&ROE genotype. We also investigated possible risk
factors for BBB dysfunction and analyzed CSF bidmees of angiogenesis, endothelial damage
and neuroinflammation in order to determine if thésctors are related to BBB breakdown in

different dementias.

2. MATERIAL AND METHODS
The study was approved by the Regional Ethics Cateenin Lund, Sweden, and the patients and

controls gave their informed consent for research.



2.1 Study participants

Cohort 1: Seventy-five patients with AD, 34 patients with B/PDD, 28 patients with VaD, 41
patients with FTD and 65 healthy controls wereuied at the Memory Clinic of Skane
University Hospital in Malmg, Sweden. We also irdgd 96 individuals with a baseline diagnosis
of MCI. After an average clinical follow-up periad 5.7 years (3.0-9.6) 35 of these patients had
converted to AD (MCI-AD), while 61 of them remainedgnitively stable (sMCI).

All patients with a clinical syndrome of dementiatnthe DSM-IIIR criteria for dementia
(American Psychiatric Association. Work Group torRe DSM-III, 1987) combined with the
NINCDS-ADRDA criteria for AD (McKhann et al., 1984the NINDS-AIREN criteria for VaD
(Roman et al., 1993), criteria of probable DLB ading to the 2005 consensus criteria (Geser et
al., 2005) or the 1998 consensus criteria for FNBaty et al., 1998). Patients with MCI at
baseline had to fulfill the criteria advocated Btd?sen (Petersen 2004), including: (1) memory
complaint, preferably corroborated by an informd#8};objective memory impairment adjusted
for age and education, as judged by the physi¢@mreservation of general cognitive
functioning, as determined by the clinician’s judgrmbased on a structured interview with the
patient and a Mini-Mental Status Examination (MMSEQre greater than or equal to 24; (4) zero
or minimal impairment of daily life activities, arf@l) not fulfilling the DSM-III-R criteria of
dementia (American Psychiatric Association. Work@r to Revise DSM-111, 1987). The healthy
participants were not allowed to have any cognit@mplaints or any significant neurological or
psychiatric illness and they needed to have a prelterved general cognitive functioning. A
careful clinical interview, together with an assessat of global function (Mini-Mental State
Examination, MMSE), delayed recall (Alzheimer’'s Base Assessment Scale Cognitive Subscale,
ADAS Cog, item 3), attention (a quick test of cdya speed, AQT) and visuospatial and
executive function (cube-drawing test and clock)tegas done to rule out mild cognitive
impairment. All subjects were assessed by medioetiods with extensive experience in cognitive

disorders. The characteristics of cohort 1 arergiuelable 1.



Cohort 2: The study population stemmed from the prospeeanatlongitudinal Swedish
BioFINDER study (further information available atww.biofinder.se). Cohort 2 included 292
cognitively normal elderly participants recruitedrh the population-based Malmo Diet Cancer
Study (MDCS) (Berglund et al., 1993) and 384 pasievith mild cognitive complaints enrolled
consecutively at three memory outpatient clinicSweden. Cognitively normal elderly were
eligible for inclusion if they 1) were age®0 years old, 2) scored 28-30 points on the Minntde
State Examination (MMSE) (Folstein et al., 1975)hat screening visit, 3) absence of cognitive
symptoms as evaluated by a physician, 4) were flmeBwedish, 5) did not fulfill the criteria of
MCI or any dementia. The exclusion criteria wer@rBsence of significant neurologic or
psychiatric disease.(., stroke, Parkinson’s disease, multiple sclerasggpr depression), 2)
significant systemic illness making it difficult participate, 3) refusing lumbar puncture (LP) 4)
significant alcohol abuse. Data was collected betw2009 and 2014 in accordance with a
standardised protocol. The patients with mild ctgaicomplaints were referred for assessment of
their cognitive complaints and were included betw2@10 and 2014. They were thoroughly
assessed by physicians with special interest iredéendisorders. The inclusion criteria were: 1)
cognitive symptoms; 2) not fulfilling the criterddar dementia; 3) MMSE score of 24-30 points 4)
age 60-80 years; and 5) fluent in Swedish. Theusiamh criteria were: 1) cognitive impairment
that without doubt could be explained by anotherdtiion (other than prodromal dementia); 2)
severe somatic disease; and 3) refusing lumbartprmor neuropsychological investigation. These
criteria resulted in a clinically relevant poputatiwhere 45% were classified as SCD, 42% as
amnestic MCI and 13% as non-amnestic MCI. The ifleagon was based on a
neuropsychological battery assessing the cogrdtveains of verbal ability, visuospatial
construction, episodic memory, and executive fumgiand the clinical assessment of a senior

neuropsychologist. The characteristics of coh@te2given in Table 2.

In both cohorts, the diagnosis of hypertensiorhelies, hyperlipidemia and ischemic heart disease

made by a medical doctor was available from theicaédecords.



2.2 CSF sampling and biological assays

For all patients and controls, blood plasma and €8kples were drawn at some point between 8
a.m. and 12 a.m with the patients non-fasting. @8§& collected in polypropylene tubes and
mixed gently to avoid gradient effects. All samphesye centrifuged within 30 min at +4 °C at
2000 g for ten minutes to remove cells and deBasnples were stored in aliquots at -80 °C
pending biochemical analysis. The procedure folbWwhke Alzheimer’'s Association Flow Chart
for LP and CSF sample processing (Blennow et dlOPCCSF 42 and A40 were analyzed by

Euroimmun immunoassay (EUROIMMUN AG, Libeck, Gerylan

CSF levels of vascular endothelial growth factoEGF), soluble VEGF receptor 1 (SVEGFR-1),
intracellular adhesion molecule 1 (ICAM-1) and vaac cell adhesion molecule 1 (VCAM-1) were
measured using Growth Factor I, and Vascular Infukjts according to the manufacturer’s
protocol with some modifications (Meso Scale Disyy Gaithersburg, Maryland, USA). Briefly,
10% bovine serum albumin was added to the blodiufter for all the assays and in Growth
Factor | assays, samples were incubated overnigit°€. Data was collected and analyzed using
SECTOR Imager 6000 reader and Discovery Workbersof@vare (www.mesoscale.com). All
samples were measured in duplicates and the mdéae diiplicated was used in the statistical
analysis. Detection limits were: 8.1 pg/ml for VEGR 3.6 pg/ml for sVEGFR-1, 5.6 pg/ml for
ICAM-1 and 257.5 pg/ml for VCAM-1. The coefficieat variation (CV) was below 20% for all
assays. The very few samples with CV >20% did ffecathe results and were therefore included

in the statistical analysis.

Albumin levels in plasma and CSF were measuredytisnmunoturbidimetry on a Roche Cobas
Analyzer (Roche Diagnostics, Bromma, Sweden). Thenain ratio was calculated as CSF

albumin (mg/L)/plasma albumin (g/L) and was used aseasure of BBB function.



2.3 [*®F]flutemetamol PET in cohort 2

Cerebral 4 deposition was visualized with the PET trac& Jflutemetamol (approved by the
Food and Drug Administration, and the European dhgency). PET/CT scanning of the brain
was conducted at two sites using the same typeapiner (Gemini, Philips Healthcare, Best, the
Netherlands). Baseline sum images from 90-110 respost injection were analyzed using the
software NeuroMarQ (provided by GE Healthcare, €land, OH). A volume of interest (VOI)
template was applied for the following 9 bilatergions: prefrontal, parietal, lateral temporal,
medial temporal, sensorimotor, occipital, anteciogulate, posterior cingulate/precuneus and a
global neocortical composite region (Lundqvistlet2013). The standardized uptake value ratio
(SUVR) was defined as the uptake in a VOI normdlife either the cerebellar cortex or pons
uptake. Amyloid PET data was available from 342jettls (129 cognitively normal elderly, 102

SCD patients and 111 MCI patients).

2.4 Computed tomography and magnetic resonance imaging

In cohort 1, three hundred and twelve cases unagreamputed tomography (CT, n=266) and
magnetic resonance imaging (MRI, n=46).for assessofevhite matter changes (WMC). Imaging
was performed according to clinical protocols inlthg acquisition of FLAIR images on a 1.5
Tesla scanner (Siemens) for MRI or of non cont@simages using multiple CT scanners.
Presence of WMC was visually assessed accorditigetdge Related WMC (ARWMC) rating
scale developed by Wahlund et al. (Wahlund ekD]), that was developed for rating of both
MRI and CT with high agreement between modaliti@s.CT images, WMC were rated in the left
and right frontal and occipital-parietal lobes; poral lesions were not included since this location
is very rare for WMLs (Bronge, 2002). WMC were geddrom O to 3 points: O = no lesions or
lesions <5 mm, 1 = presence of leskinmm, 2 = lesions beginning to aggregate, and @fwent

lesions involving almost the entire region.



In cohort 2618 study participants (269 controls, 159 SCD & MICI) were examined using a
single 3T MR scanner (Trio, Siemens). Automatedrsagation of white matter lesions was

performed using the Lesion Segmentation Tool (Li§Plemented in SPM8 (http://www.applied-

statistics.de/Ist.html); this generated a totaltevimatter lesion volume [mL] for each individual.

2.5 Statistical analyses

SPSS (IBM, Armonk, NY, US) was used for statist@ahlysis. Data for VEGF, sVEGFR-1,
ICAM-1, VCAM-1 and albumin were skewed, therefollevariables were In-transformed before
analyses. In addition to CSF concentrations of@yenesis biomarkers, we also used the VEFG/
SsVEGFR-1 ratio when investigating associations withical data. The rationale for this is that
SVEGFR-1 has direct antagonistic effect on VEGKéguestering the ligands from the membrane
receptors (Ambati et al., 2006; Kendall and Thom&93; Qi et al., 2013). Consequently high

VEGF/ sVEGFR-1 ratios provide an index of the btoaclevels of VEGF.

In cohort 1, the confounding effects of age, gerael body mass index (BMI) were tested with
Pearson’s correlation analysis and Student’s Gté#bne of the measured analytes were associated
with BMI. However, for most analytes we found cdatens with age as well as gender

differences. Therefore, all subsequent statistinalyses were controlled for age and gender.

For group-wise comparisons, we used univariate rgeéfieear models. Linear regressions were

used to investigate associations between two aootis variables. The study participants were
categorized into groups with normal and patholddgrfar status using the SUVR cutoff > 1.42

when normalized for the cerebellar cortex uptakangvist et al., 2014). The SUVR cutoff > 0.51
with the pons as a reference region was derivetusixture modeling.(Benaglia et al., 2009) We
also categorized the study participants into grougis normal and pathological CSF signature

using the CSF B42/AB40 ratio cutoff0.1 (Janelidze et al., 2016). Associations betwkerQalb



and {8 ]flutemetamol SUVR as well as vascular risk fastaere tested in the total sample with
univariate and linear regression models controlforgage, gender and diagnosis. Alpha-level of

significance was set ak0.05.

3.RESULTS

Demographic and clinical characteristics of coharesd 2 as well as raw untransformed

concentrations of CSF analytes are shown in Talled12.

3.1 TheQalb in dementias

Cohort 1 (dementia)

We found that the Qalb differed significantly beamehe diagnostic groups. Specifically, the ratio
was higher in AD (p=0.007), DLB/PDD (p=0.037), V&=0.004) and FTD (p=0.004) patients
compared with controls (Fig. 1A and Table 1). Hoarthere were no differences between patients
with stable MCI (p=0.690) or in patients with MChw subsequently progressed to AD (p=0.186)
when compared to controls. These results wereainmlregression models additionally adjusting

for the confounding effects of WML.

3.2 The Qalb and pg-amyloid pathology

Cohort 2 (Biofinder)

Next we sought to determine if the Qalb was alténgatodromal and preclinical stages of AD in a
large cohort of cognitively healthy individuals apatients with SCD or MCI (cohort 2). To this
end, we compared diagnostic subgroups with patihcdb§SF signature (control-P, SCD-P and
MCI-P; CSF A42/AB40 ratio<0.1) with control subjects showing nor@&F status (control-N;
CSF A342/Ap40 ratia-0.1). In addition, we investigated if changes i@ @alb were associated

with cortical amyloid deposition measured usifff[lutemetamol PET. There were no differences

in the Qalb between any of the diagnostic subgrgogstrol-N, control-P, SCD-P and MCI-P; all

10



p>0.172, Table 3) and no significant correlatioasieen the Qalb and composite
[*®F]flutemetamol SUVR[=-0.111, p=0.052 anp=-0.097, p=0.081 with the cerebellar cortex or
pons as reference regions, respectively). Moredkiere were no differences in the ratio between
study subjects with normal vs. pathological amylBET (p=0.315 and p=0.385 with the cerebellar

cortex or pons as reference regions, respectively).

3.3 TheQalb and APOE genotype
Previous studies have indicated tAROE might play a role in maintaining the integritytbke
BBB (Zhao et al., 2015). To explore that associgtwe compared the Qalb between different

APOE genotypes in cohorts 1 and 2.

Cohort 1 (dementia)

The Qalb did not differ between tW€OE ¢4 carriers and non-carriers in any of the diagnostic
groups in cohort 1 (all p>0.081, Fig. 1B). We ddat find significant differences in the Qalb
betweenAPOE &4 carriers and non-carriers (p=0.062) or betweeneararof one:4 allele, twoe4

alleles and non-carriers (all p>0.087) in the tethple using univariate regression model adjusting

for age, gender and diagnosis.

Cohort 2 (Biofinder)

Confirming our findings in cohort 1, there wereditierences in the Qalb betwe®ROE ¢4 carrier
and non-carriers in control (p=0.720), SCD (p=0)6&4MCI (p=0.874) groups in cohort 2.
Furthermore, there were no differences when comgararriers of one4 allele, twoe4 alleles and
non-carriers (all p>0.228). The Qalb did not diffgren comparing youngex 65 years) and older

(> 66 yearsAPOE &4 carrier and non-carriers in SCD and MCI groupkga0.380).
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3.4 TheQalb and CSF biomarkers of angiogenesis or endothelial damage
Altered Qalb may be related to abnormal angiogereasil endothelial cell function (Janelidze et
al., 2015; Zlokovic, 2008). Therefore, we investeghassociations between the ratio and CSF

biomarkers of angiogenesis and endothelial dysfonct

Cohort 1 (dementia)

High Qalb was associated with increased CSF lefdiSAM-1 and VCAM-1 (markers of
endothelial dysfunction) in all diagnostic groupsalfle 4). Moreover, the Qalb positively correlated
with CSF levels of VEGF in control, sMCI, MCI-AD,y DLB/PDD and FTD groups and with the
CSF VEGF/VEFGRL1 ratio in sMCI, AD, DLB/PDD and FTgboups. The associations remained

significant after additionally adjusting for WMLSs.

When comparing with control subjects, we found MBGF levels were increased in sMCI
(p=0.021), MCI-AD (p=0.008), AD (p=0.002), VaD (p£01) and FTD (p=0.001) patients,
whereas the VEGF/sVEGFR-1 ratio was increased s@ibthe groups (all p<0.001, Fig. 2A, B
and Table 1). There were no changes in CSF levé3AM-1 or VCAM-1 (Fig. 2C, D and Table

1).

3.5 Risk factorsfor abnormal Qalb
Finally, we examined associations between the @adbpotential vascular risk factors in dementia

cohorts 1 and 2.

Cohort 1 (dementia)
In cohort 1, the Qalb was increased in individwelh diabetes (diagnosed with diabetes or taking
anti-diabetic medications) compared to those witlibabetes (p=0.015) (Fig. 3A). Furthermore,

diabetes was associated with high CSF levels oMElA(p<0.001), VCAM-1 (p=0.007) and

12



VEGF (p=0.024) (Fig. 3C-E). These results remasigdificant after additionally adjusting for
WMLs. We did not find any associations with hypadien (p=0.633) or ischemic heart disease

(p=0.801).

Cohort 2 (Biofinder)

Similar to findings in cohort 1, the Qalb was iresed in individuals with diabetes in cohort 2
(p=0.041) (Fig. 3B). Whereas there was no assoaatith ischemic heart disease (p=0.281),
plasma homocysteine (p=0.608) and hyperlipidens® #14), the ratio was higher in patients with
hypertension (p=0.012). In this cohort, linear esgion models revealed no effects of WMLs on
the Qalb =0.018, p=0.692), therefore we did not include Wiélriable in the statistical analysis.
The cognitively healthy elderly in cohort 2 werengted from the MDCS where the first
assessments of the study participants were cortl@été+1.5 (mean+SD) years previous the
present study. In this group, linear regressionyaisrevealed that high BMI (24.8+£3.5, mean£SD)
and the waist-hip ratio (0.8£0.09, meanzSD) inntiddle age (53.9+4.7, meantSD) predicted

increase in the Qalb 20 years later (BRE#D.144, p=0.013; waist-hip ratip=0.304, p=0.003).

4. DISCUSSION

In the present study, we demonstrate that the Qaficzreased in patients with AD, DLB/PDD VaD
and FTD but not during preclinical or prodromal Afages. In two cohorts comprising a total of
1015 individuals we did not find any associatioesAeen the Qalb andPOE genotype. However,

in both cohorts, the ratio was associated with ity diabetes mellitus. Further, the ratio
positively correlated with CSF biomarkers of angiogsis and endothelial dysfunction, including
VEGF, the VEGF/VEFGRL1 ratio, ICAM-1 and VCAM-1. VEGr the VEGF/VEFGRL1 ratio was
increased in all dementias, as well as in MCI, wherpatients with diabetes showed increased CSF
levels of VEGF, ICAM-1 and VCAM-1. Lastly, in thengitudinal cohort, a high Qalb was related

to increased BMI and a higher waist-hip ratio & nhiddle age.
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While an elevated Qalb is a consistent findingasaular dementia (Skoog et al., 1998; Taheri et
al., 2011; Wada, 1998; Wallin et al., 1990), thelerce is not clear-cut when it comes to AD
(Erickson and Banks, 2013). Non-stringent clinicatiegorization of AD and VaD (especially in
earlier investigations) bias related to sample aim effects of age on the ratio have been sugfjeste
to account for the conflicting results (Blennowakt 1990; Blennow et al., 1991; Erickson and
Banks, 2013). Nevertheless, a recent meta-analgsme out positive with a small but statistically
significant 1.1-fold (95% CI 1.01-1.20) increaseQdlb in AD patients compared with control
individuals (Olsson et al., 2016). In the preséntg, we compared the Qalb in a relatively large
and well-characterized cohort of cognitively hegltiontrols and patients with major dementia
disorders using statistical methods adjusting émfeunding effect of age and gender. We found
increased Qalb in VaD, but also in AD, DLB/PDD d&AtD suggesting that dysfunction of the
BBB is common across different dementia disordéas€lidze et al., 2015; Sjogren et al., 2004).
Compromised BBB has recently been demonstratdtkilippocampus of patients with MCI
(Montagne et al., 2015). In contrast, we did ndéedeany differences in the Qalb between control
and MCI groups. Furthermore, the ratio was notradtén cognitively healthy individuals who
showed a pathological CSF AD biomarker profile didinot correlate with cortical amyloid
deposition. Altogether these results speak agaisginificant causative link between amyloid
pathology and BBB dysfunction at least during thdyedisease stages. In fact, the BBB appears

intact in the murine models of AD displaying sigcéint amyloid pathology (Bien-Ly et al., 2015).

Some evidence from preclinical models and from hundliaease implicated ApoE4 in BBB dys-

function in AD. In transgenic mice, production afrhan ApoE4 by astrocytes has been shown to
induce BBB leakage and neurodegeneration (Bell €2@12). The Qalb was found to be higher in
cognitively healthy individuals carryir§POE ¢4 than in non-carriers and to increase with age in

APOE ¢4 carriers only (Halliday et al., 2013). Howeverabysis of the Qalb in the considerably

14



larger cohort in the present study, showed no idiffees betweeAPOE ¢4 carriers and non-
carriers or between younger and ol@OE ¢4 carriers. In agreement with our findings, several
studies reported no associations betwsROE ¢4 and BBB breakdown (Bien-Ly et al., 2015;
Bowman et al., 2007; Karch et al., 2013) thus satygg thatAPOE genotype is unlikely to play a

role in BBB dysfunction.

Our previous work indicated that in PD high Qallsveasociated with increased CSF levels of
angiogenic factors including VEGF (Janelidze et2015). In addition to its central role in
physiological and pathological angiogenesis, VE&known to regulate vascular permeability. In
rats, administration of VEGF induces leakage ofBB& (Zhang et al., 2000). Increased
production of VEGF has also been shown to cause Bf@Bkdown in experimental models of MS
and cerebral ischemia (Argaw et al., 2012; Suztukl.e2015). In the present study, we found
elevated VEGF or the VEGF/SsVEFGRL1 ratio (an indethe bioactive levels of VEGF) in the CSF
of patients with different forms of dementia andipge correlation of between VEGF and the
Qalb. Interestingly, CSF levels of VEGF were inseghin MCI and MCI-AD patients who showed
no difference in the Qalb compared with controliviitals. These findings suggest that abnormal
VEGF production may precede BBB breakdown in deraerid provide further support for the
link between aberrant VEGF signaling and BBB dysfion. We also found an association
between elevated CSF levels of VEGF and coexistiagetes. Notably, VEGF pathways have
been recently shown to contribute to impaired BBB tunctional recovery in experimental model

of comorbid diabetes and stroke (Reeson et al5)201

In accordance with earlier studies (Hawkins et28Q7; Starr et al., 2003), we observed
associations between disrupted BBB and diabetegardifferent cohorts. Obesity is a risk factor
for type-2 diabetes and constitutes an importantpament of the metabolic syndrome and we also

show that increased markers for obesity (BMI arvhist-hip ratio) at the middle age predicts
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high Qalb 20 years later. Endothelial and vasqodainology induced by chronic inflammation and
oxidative stress are major complications of diab€f®usoulis et al., 2013). Changes in endothelial
cells include upregulation of adhesion molecule&M=1 and VCAM-1, which are considered
biomarkers of peripheral vascular dysfunction iabdites (Meigs et al., 2004; Tousoulis et al.,
2013). Here, we demonstrate for the first timeeased CSF levels of ICAM-1 and VCAM-1 as
well as positive correlations between the QalbthedCSF levels of adhesion molecules in diabetic
patients indicating that diabetes may lead to drel@ti damage in the cerebral vasculature.
However, the number of individuals with diabeteswenall in the present study and thus the

results require further validation in larger poiga.

Another limitation of the present study is thatwged Qalb as a measure for the permeability of the
BBB, which is common practice (Nagga et al., 2(Rdiber, 1994; Tibbling et al., 1977). However,
factors other than disruption of the barrier migftiect levels of aloumin in the CSF. In particular,
the turnover rate of CSF is slowed with advancigg and in patients with AD that has been
hypothesized to influence the CSF/serum albumin,raiith resulting higher CSF levels of

albumin (Erickson and Banks, 2013; Reiber and P26£11). While we did adjust for the

potentially confounding effects of age when analgzour material, we cannot entirely rule out that
changes in CSF turnover have contributed to therokd high Qalb. Some researchers also caution
against describing Qalb as a BBB marker and dtatieittactually reflects the blood-CSF barrier at
the choroid plexus (Reiber and Peter, 2001). Waaamnle out that for example vascular changes
in the choroid plexus microvessels may impair fiorcand thereby lower CSF production rate with
a reduced CSF flow rate that would affect the C&tifs albumin ratio. On the other hand, in for
example stroke, leaving the choroid plexus intattiljuring cerebrovascular endothelial cells, the
CSF/serum albumin ratio is increased (Brouns eP8ll1), suggesting that CSF/serum albumin

ratio probably is a marker of both barriers. Altthge, direct assessments of BBB function, such as
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using dynamic contrast enhanced MRI and labele@tsaare warranted in order to confirm the

results of the present study.

In conclusion, we show that a compromised BBB apptmbe a feature of several different
dementias, but is not directly associated wifhpathology or thé&\POE ¢4 genotype.

Our data link BBB dysfunction with abnormal angiogepathways, endothelial damage and
possibly with diabetes mellitus. These findingsnppd for future studies investigating molecular
mechanisms of BBB breakdown in dementia disordedsimpact of therapeutic interventions that

target these mechanisms.
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8. FIGURE LEGENDS

Figure 1. The Qalb in different diagnostic groups and APOE genotypesin cohort 1.

(A) The Qalb in cognitively healthy controls and patisewith stable mild cognitive impairment
(sMCl), MCI that progressed to AD (MCI-AD), Alzheeris disease (AD), dementia with Lewy
bodies or Parkinson’s disease with dementia (DLB)PDascular dementia (VaD) and
frontotemporal dementia (FTD()B) The Qalb in different diagnostic groups stratifecccording to
APOE genotype APOE ¢4 carriers vs. non-carriers). Data are presentedezs1+95% confidence
interval; p values are from univariate generaldinmodels controlling for age and gender; *p <
0.05; **p < 0.01; compared with controls. Abbrevoais: Qalb, CSF/plasma albumin ratio.
Figure 2. CSF biomarkers of angiogenesisor endothelial damage in cohort 1.

CSF VEGHA), the VEGF/VEGF-R1 rati(B), ICAM-1 (C) and VCAM-1(D) were measured in
cognitively healthy controls and patients with &afild cognitive impairment (sMCI), MCI that
progressed to AD (MCI-AD), Alzheimer’s disease (ADgmentia with Lewy bodies or
Parkinson’s disease with dementia (DLB/PDD), vaacdementia (VaD) and frontotemporal
dementia (FTD). Data are presented as mean+95%deoct interval; p values are from univariate
general linear models controlling for age and genge< 0.05; **p < 0.01; ***p < 0.001
compared with controls. Abbreviations: ICAM-1, dallel Intercellular Adhesion Molecule 1;
VEGF, Vascular Endothelial Growth Factor; VEGF-RAscular Endothelial Growth Factor
Receptor 1; VCAM-1, soluble Vascular Cell AdheshMalecule 1.

Figure 3. The Qalb and CSF biomarkers of angiogenesis or endothelial damage in diabetes.
The Qalb in patients with and without diabetesahart 1(A) and cohort ZB). CSF levels of
ICAM-1 (C), VCAM-1 (D) and VEGHE) in patients with and without diabetes in cohorData
are presented as mean+95% confidence intervalluyevare from univariate general linear models
controlling for age, gender and diagnosis; *p 500p < 0.01; ***p < 0.001. Abbreviations:
ICAM-1, soluble Intercellular Adhesion Molecule Qalb, CSF/plasma albumin ratio; VEGF,

Vascular Endothelial Growth Factor; VCAM-1, soluMascular Cell Adhesion Molecule 1.
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9. TABLES

Table 1. Cohort 1, demographic data, clinical charactessand CSF levels of biomarkers.

Control sMCI MCI-AD AD DLB/PDD VaD FTD
n=65 n=61 n=35 n=75 n=34 n=28 n=41
Sex F/IM 42 /23 34 /27 23/12 51/24 13721 13/15 21/20
Age 75 (6) 69 (P 75 (8) 76 (7) 72 (6) 75 (8) 72 (6)
MMSE 28.7 (1.7) 28.2(1.2) 26.4 (157) 19.5 (3.3§ 21.4 (5.1 21.5 (4.5 22.8 (6.1
APOE
34% 48% 80% 65% 5596 21% 28%*
lor 2 ¢4 alleles
BMI 25.9 (3.7) 25.1 (3.2) 24.3 (4.2) 23.7 (3.6) @83.4) 26.5 (5.8) 25.4 (4.1)
Qalb 6.3 (2.9) 6.3 (2.5) 7.1 (3.3) 7.6 (3.4) 8.4 (4.6 8.7 (3.7% 8.6 (5.55
Diabetes, yes/no 4/61 3/58 1/34 9/66 2/32 7121 0/32
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ICAM-1, ng/mi 2.0 (0.7) 1.9 (0.7) 2.1(0.7) 2.2 (0.7) 2.0(0.8)  2.1(0.7) 2.0 (1.0)

VCAM-1, ng/ml 5.4 (1.4) 4.9 (1.5) 5.4 (1.6) 5.7 (1.6) 53(1.4)  55(L5) 4.9 (1.6)

VEGF, pg/ml 58.0 (19.1) 65.0 (32.0) 70.9 (21.8) 73.2 (27.7 67.0 (29.0) 80.8 (33.) 74.6 (31.6)

SVEGFR-1,pg/mi 149.2 (55.0) 111.4 (39%7) 128.9 (44.73  130.3 (41.19  103.3(37.4)  100.3(30.3)  118.0 (38.M

VEGF/SVEFGR-1 0.4 (0.2) 0.6 (0.3) 0.6 (6.2) 0.6 (0.2§ 0.7 (0.4§ 0.9 (0.4§ 0.7 (0.3§
AB42, pg/ml 675.2 (289.8)  478.9 (195.0)  314.5(78.9) 259.7 (105.0)  349.6 (172.7)  407.4(187.0)  682.9(P
AB40, pg/ml 5241 (1487) 3786 (1360) 4219 (1327) 38T 6) 3240 (1200) 3218 (1345) 4530 (1536)

AD, Alzheimer’s disease; Alb, albumin; BMI, body ssaindex; DLB/PDD, dementia with Lewy bodies ork@on’s disease with dementia; F,

female; FTD, frontotemporal dementia; ICAM-1, sdeimtercellular Adhesion Molecule 1; M, male; sM@iild cognitive impairment; MCI-AD,
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MCI that progressed to AD; MMSE, Mini Mental St&raminations; Qalb, CSF/plasma albumin ratio; VE®&scular Endothelial Growth Factor;
VEGF-R1, Vascular Endothelial Growth Factor RecefitdVCAM-1, soluble Vascular Cell Adhesion Moleeul; VaD, vascular dementia.

* APOE data was only available from 18 FTD patients.

Data are shown as mean (SD) unless otherwise mmkdifemographic factors and clinical charactersstvere compared using one-way ANOVA and
chi-square tests. CSF biomarkers and the Qalb arakyzed with univariate general linear modelgmdimg for age and gender; compared with

controls® p<0.05,° p<0.01° p<0.001.
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Table 2. Cohort 2, demographic and clinical data.

Controls SCD MCI

n=292 n=171 n=213
Gender F/M 176 /116 94 /77 94 /119
Age, years 73 (5) 70 (6§ 71 (6)°
MMSE 29.1 (0.9) 28.4 (1.4) 27.0 (1.9¥
APOE

29% 389¢ 49%°
lor 2 ¢4 alleles
Qalb 5.9 (2.2) 6.0 (2.4) 6.5 (4.0)
Composite SUVR* 1.3 (0.3) 1.4 (0.4) 1.7 (0.5)
BMI 26.5 (4.3) 25.1 (3.6) 25.4 (4.2)
Homocysteine, pmol/L 13.5+4.1 12.6+3.9 13.5+4.1
Diabetes, yes / no 26 / 266 17/ 152 20/ 187
Hyperlipidemia, yes / no 124 /168 22 /147 19818

AB42, pg/ml

561.9 (199.3)

589.6 (254.6)

470.5 (233.0)
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AB40, pg/ml 4766 (1753) 4925 (1751) 4760 (1873)

* Normalized for the cerebellar cortex; amyloid P&ita was available from 342 subjects (129 cogglitimormal elderly, 102 SCD patients and 111
MCI patients).

BMI, body mass index; F, female; M, male; MCI, midgnitive impairment; MMSE, Mini Mental State Exaations; N/A, not available; Qalb,
CSF/plasma albumin ratio; SCD, subjective cognitieeline; SUVR, standardized uptake value ratio.

Data are shown as mean (SD) unless otherwise mmkdifemographic factors and clinical charactersstvere compared one-way ANOVA and chi-
square tests. Qalb was analyzed with univariatergélinear models controlling for age and gendempared with controfsp<0.05,° p<0.01,°

p<0.001.
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Table 3. The Qalb in individuals with normal (CSHPBA2/AB40 ratia>0.1) and pathological (CSFp42/AB40 ratio<0.1) CSF signature.

Controls-N Control-P SCD-P MCI-P

n=214 n=77 n=57 n=121
Gender F/M 124 /90 52 /25 26/31 60/61
Age, years 72 (5) 74 (55’ 71 (5) 72 (5)
MMSE 29.2 (0.9) 29.0 (0.9) 28.1 (15) 26.8 (1.8f
APOE

20% 5395 67%° 68%°
lor 2 ¢4 alleles
Qalb 6.0 (2.1) 5.8 (2.4) 5.7 (2.2) 6.6 (4.8)

Alb, albumin; F, female; M, male; MCI, mild cognié impairment; MMSE, Mini Mental State Examinatipihs normal CSF signature; P,
pathological CSF signature; SCD, subjective cogaitiecline.

Data are shown as mean (SD) unless otherwise sabdifemographic factors and clinical charactarsstvere compared using one-way ANOVA and
chi-square tests. Qalb was analyzed with univagetesral linear models controlling for age and gendompared with controfg<0.05, p<0.01°

p<0.001.
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Table 4. Cohort 1, associations between the Qalb and C&hkarkers of angiogenesis or endothelial damage.

Control sMCl MCI-AD  AD DLB/PDD  VaD FTD
ICAM-1 B=0.637***  B=0.733***  B=0.776*** P=0.650***  P=0.756***  B=0.720***  B=0.833***
VCAM-1 B=0.411**  B=0.470***  P=0.620*** B=0.512***  B=0.431* B=0.627+*  P=0.679***
VEGF B=0.402**  B=0.482***  P=0.685*** B=0.458***  B=0.719***  B=0.240 p=0.346*
SVEGFR-1 B=0.240* p=-0.021  B=0.365*  B=0.092 p=-0.054 p=0.220 p=-0.075
VEGF/SVEFGR-1 B=0.060 p=0.358**  B=0.235  P=0.370**  P=0518**  B=0.013 p=0.305*

ICAM-1, soluble Intercellular Adhesion Molecule Qalb, CSF/plasma albumin ratio; VEGF, Vascular Ehdital Growth Factor; VCAM-1, soluble
Vascular Cell Adhesion Molecule 1.
B, standardized coefficient; p-values are derivediftinear regression controlling for age and gensignificant results are shown in bold; *p < 0.05;

**p < 0.01; ***p < 0.001.
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Figure 2

A

VEGF, pg/ml

ICAM-1, ng/ml

100

75

50

25

*k

0 T r T
Control sMCI MCI-AD

O
23
°

AD DLB/PDD VaD

tee

FTD

e

0 T T
Control sMCI MCI-AD

AD DLB/PDD VaD

FTD

VEGF/VEGF-R1 ratio

O

VCAM-1, ng/ml

1.2

0.9

0.6

0.3

o

o}

i
e}

0
Control sMCI

MCI-AD AD DLB/PDD VaD F'i'D
8
6 S
& e * * ; T
A - ¢
o
N
0 T r T T T T
Control sMClI MCI-AD AD DLB/PDD VaD FTD



Qalb

ICAM-1, ng/ml

12¢
*
97 ok
C 2 }
T 6 *
(]
3l
No Diabetes Diabetes 0 No Diab Diab
n=304 n=26 n=605 n=63
10, 150,
8
ok
] *k
} % E E 100 *
6 =
2 2
. < * 2
= o *
g ¢ g
S 50
2
PR T 0 —No Diab T No Diabet Diabet

n=287 n=25 n=287 n=25 n=300 n=26



I ncreased blood-brain barrier permeability is associated with

dementia and diabetes, but not amyloid pathology or APOE genotype

Shorena Janelidze, Joakim Hertze, Katarina Naggan®Wilsson, Christer Nilsson, the Swedish
BioFINDER study group, Malin Wennstrém, Daniellenw&/esten, Kaj Blennow, Henrik

Zetterberg, Oskar Hansson

HIGHLIGHTS
* BBB permeability is increased in major dementiadigrs.
» BBB dysfunction is not directly related to amylgédthology olAPOE genotype.

* BBB dysfunction is associated with diabetes medlénd brain microvascular damage.
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