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Abstract
The role of blood-cerebrospinal fluid barrier (BCB) dysfunction in Alzheimer’s disease (AD) has
been addressed but not yet established. We evaluated the BCB integrity in 179 samples of
cerebrospinal fluid (CSF) retrospectively collected from AD patients and control cases using both
CSF/serum albumin ratio (QAlb) and CSF secretory Ca2+-dependent phospholipase A2 (sPLA2)
activity. These analyses were supplemented with the measurement of total tau, amyloid-β1–42
(Aβ1–42), and ubiquitin CSF levels. We found that due to its higher sensitivity, CSF sPLA2
activity could 1) discriminate AD from healthy controls and 2) showed BCB impairment in
neurological control cases while QAlb could not. Moreover, the CSF sPLA2 activity measurement
showed that around half of the AD patients were characterized by a BCB impairment. The BCB
dysfunction observed in AD was independent from Mini-Mental State Examination score as well
as CSF levels of total tau, Aβ1–42, and ubiquitin. Finally, the BCB dysfunction was not limited to
any of the CSF biomarkers-based previously identified subgroups of AD. These results suggest
that the BCB damage occurs independent of and probably precedes both Aβ and tau pathologies in
a restricted subgroup of AD patients.
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INTRODUCTION
The blood-neural barriers (BNB) exist between the peripheral circulation and neural tissues
and include among others, the blood-brain barrier (BBB) and the blood-cerebrospinal fluid
barrier (BCB). While the BBB is diffusely distributed throughout the brain capillaries, the
BCB is found at the choroid plexus [1]. The main functions of these barriers are to protect
the brain from potentially harmful substances from blood, such as cytokines, which may be
deletorious to the fragile brain microenvironment and at the same time to ensure the supply
of nutrients as well as the removal of brain-borne substances. These essential roles make
their integrity, which is in part achieved by the well-known tight junctions, critical for the
maintenance of brain homeostasis [1]. Thus, any disruption of the BNB architecture is likely
to contribute to a brain disorder.

The notion that BNB impairment might play an important role in the pathogenesis of
Alzheimer’s disease (AD) has been extensively considered [2–4] but, not yet established.
Indeed, in spite of many histopathological, neuroimaging and biochemical studies, it
remains unclear whether a BNB disruption is a part of the pathophysiology of AD and in
this instance, which particular BNB is impaired.

Imaging studies seem to suggest an absence of BBB dysfunction in AD. Indeed, studies
using the most robust approaches to assess specifically BBB impairment, i.e., Gadolinium
enhancement in T1-weighted magnetic resonance imaging scans, failed to demonstrate a
BBB permeability defect in AD [5–7]. In addition, a normal function of BBB in AD is also
supported by other non-invasive imaging studies using positron emission tomography and
computed tomography scans [8, 9].

Inconsistent data have been reported on BCB integrity in AD as revealed by the meta-
analysis performed from a systematic review of the literature from 1966 to 2006 [4]. Indeed,
while several studies showed a BCB permeability increase in AD compared to age-matched
control [4, 10–12], others did not detect any difference [4, 13–17]. The common and well-
established method used to assess these conflicting results consisted in measuring the level
of a blood-specific protein, i.e., albumin, in cerebrospinal fluid (CSF) and serum and
reporting the CSF/serum albumin ratio (QAlb) [18–20]. Recently, we discovered a new
approach to evaluate the BCB dysfunction, i.e., the measurement of the CSF activity of a
well-known inflammatory enzyme, the secretory Ca2+-dependent phospholipase A2
(sPLA2) [21]. While we demonstrated that the sPLA2 activity assay was a more sensitive
method than QAlb for measuring the BCB permeability [21], we also reported an increase of
CSF sPLA2 activity in a small AD cohort [22].

In the present study, using 179 cases which included 139 AD and 40 controls, we compared
for the first time in AD the two biochemical approaches, i.e., QAlb and CSF sPLA2 activity
to assess the degree of BCB impairment. We also investigated the relationship of the BCB
permeability level to Mini-Mental State Examination (MMSE) score as well as to CSF
levels of total tau, amyloid-β (Aβ1–42), and ubiquitin, the three molecular markers of the AD
histopathological changes.

MATERIALS AND METHODS
Study participants

We studied retrospectively collected lumbar CSFs and sera available for research purposes.
The study was approved by the ethics committees of Eastern Norway and the University of
Gothenburg and by the Institutional Review Board of the New York State Institute for Basic
Research in Developmental Disabilities. Consent was obtained from all participants in
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accordance with the provisions of the Helsinki Declaration. The healthy control group (H-
Control45–75 years) were from the Department of Psychiatry at Mölndal Hospital (Mölndal,
Sweden) and consisted of 21 individuals (59.4± 9.2 years), without any history, symptoms,
or signs of psychiatric or neurological disorders, malignant disease, or systemic disorders
(e.g., rheumatoid arthritis, infectious disease). None of the subjects had cognitive symptoms.
For individuals over 60 years of age, the cognitive status was examined using the MMSE
and individuals with scores below 28 were not included. The “neurological” control or non-
demented group (ND-Control45–75 years) were from the Department of Neurology at Boden
Hospital (Boden, Sweden) and consisted of 19 individuals (59.5± 7.0 years) with mild
neurological symptoms such as headache and vertigo, where the medical examination did
not reveal any organic brain disorder. None of the patients had cognitive symptoms, and all
patients were also followed through medical records for 10 years and none developed
dementia. The AD group consisted of 139 AD patients diagnosed with probable AD
according to criteria established by the work group of the National Institute of Neurological
and Communicative Disorders and Stroke/Alzheimer’s Disease and Related Disorders
Association (NINCDS-ADRDA) [23]. MMSE scores were documented for most AD
patients. The demographics and clinical features of the patients involved in this study are
summarized in Tables 1 and 3.

CSF/Serum sampling and biochemical analyses
CSF samples were taken between 11 and 12 am by lumbar puncture from the L3/L4 or L4/
L5 inter-vertebral space. The first 12 mL portion of CSF was collected in polypropylene
tubes then centrifuged at 2000 ×g for 10 min at 4°C in order to eliminate cells and other
insoluble material. Before freezing at −80°C, the CSF samples were aliquoted in 1mL
polypropylene tubes with screw cap. In addition, venipuncture was performed to obtain
serum. Finally, all samples were sent in dry ice from both Mölndal and Boden Hospitals to
New York State Institute for Basic Research, and kept at −80°C until used.

The ApoE isoform was determined by isoelectric focusing/immunoblotting using serum
samples [24]. QAlb was calculated as CSF albumin (mg/L)/serum albumin (g/L) [19]. CSF
levels of total tau and Aβ1–42 were measured by sandwich enzyme-linked immunosorbent
assay [25] using INNOTEST® hTAU Ag and INNOTEST™ β-amyloid (1–42) commercial
kits (Innogenetics, Ghent, Belgium). Conjugated ubiquitin levels were assayed by
competitive inhibition enzyme-linked immunosorbent assay [25] using the monoclonal 5–25
antibody as primary antibody (Signet Labs, Dedham, MA) [25, 26].

The CSF sPLA2 activity was measured using a newly developed continuous fluorescent
assay [22]. In a 96-well microplate, 5 µL lumbar CSF was diluted in 90 µL sPLA2 assay
buffer (10 mM Tris-HCl, pH 7.4, 100 mM KCl, 5 mM CaCl2, 1 mM DTT). Then, 5 µL
liposomes made from 0.4 mg/mL 100% DOPC and labeled with 100 µM Bis-BODIPY® FL
C11-PC were added to each well and the microplate was immediately placed in a
temperature controlled (30°C) cytofluor multi-well plate reader series 4000 (PerSeptive
Biosystems, Foster City, CA, USA). The fluorescence intensity was recorded over 90min
(91 cycles of 60 s each) at 485 nm excitation and 530 nm emission. Finally, sPLA2 activity
was evaluated using linear curve fitting with Graph Prism 3.0 (GraphPad, San Diego, CA,
USA). Except for CSF/serum albumin ratio (QAlb) and sPLA2 activity, data from
biochemical analyses (ApoE isoform, total tau, Aβ1–42 and ubiquitin) have been previously
reported [25].

Statistical analysis
Statistical analyses were performed using Statgraphics Centurion XV (StatPoint, Herndon,
VA, USA) and Graph Prism 3.0 (GraphPad software, San Diego, CA, USA). MedCalc 10
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(MedCalc Software, Mariakerke, Belgium) was used to compare receiver operating
characteristic (ROC) curves. A failure in the normal distribution of a variable was
considered when values of Skewness and Kurtosis were outside of the range −2 to +2. If a
variable was not normally distributed, a parametric test following a logarithmic
transformation or a non-parametric test was performed. Frequency distributions were
compared with Fisher’s test or Chi-square test followed by an analysis of means.
Differences between two means were assessed with unpaired, two-tailed Student’s t-test or
Mann-Whitney’s test. To assess difference between more than 2 means, one-way ANOVA
or Kruskal-Wallis’s test followed by a Tukey-Kramer or a Dunn’s post-hoc tests,
respectively, was used. Correlations were analyzed statistically using Pearson’s correlation
test or Spearman’s rank correlation test. Bland-Altman analysis [27] was used for
comparison between QAlb and CSF sPLA2 activity. ROC analysis was used to calculate
sensitivity, specificity and cutoff values of considered biomarkers. The optimal cutoff value
was defined at the optimal combination of sensitivity and specificity. The level of
significance was defined as p < 0.05.

RESULTS
BCB status in AD and control patients

In order to understand the involvement of BCB dysfunction in the pathophysiology of AD,
we assessed BCB permeability by measuring both QAlb and sPLA2 activity in CSFs from
139 AD patients and 40 control cases (Table 1). The control groups were made up of healthy
elderly individuals without any history or symptoms of cognitive disturbance or signs of
neurological or psychiatric disorders, who were actively recruited (Healthy Controls or H-
Control45–75 years, n = 21) or of patients with mild neurological symptoms (Non-Demented
Controls or ND-Control45–75 years, n = 19). Moreover, due to the large age range of the AD
group relative to both control groups and in order to evaluate sPLA2 activity and QAlb
independently of the age, two AD age groups, AD45–75 years (n = 54) and AD>75 years (n =
85),were created using the median age of the population as a cutoff, i.e., 75 years.

We found a significant increase in sPLA2 activity in both ND-Control45–75 years and
AD45–75 years groups compared with H-Control45–75 years, while no significant difference
was observed for QAlb among these groups (Fig. 1A). Moreover, no significant difference
was observed between AD45–75 years and AD>75 years groups in either QAlb or CSF sPLA2
activity (Table 1). These findings were confirmed by the correlation analysis between
sPLA2 activity and QAlb. While significant and positive correlations between sPLA2
activity and QAlb in ND-Control45–75 years (r = 0.796; p < 0.0001; 95% CI: 0.535–0.918),
AD45–75 years (r = 0.407; p = 0.002; 95% CI: 0.157–0.609) and AD>75 years (r = 0.510; p <
0.0001; 95% CI: 0.334–0.653) groups were observed, no such significant correlation was
noticed for H-Control45–75 years (r = 0.414; p = 0.078; 95% CI: −0.050–0.731). The analysis
for agreement between QAlb and CSF sPLA2 activity using the Bland-Altman method
revealed similar results. Indeed, when considering H-Control45–75 years, ND-
Control45–75 years, AD45–75 years as well as AD>75 years groups, the two BCB assay methods
did not agree fairly since 7.26% of the patients had values that differed by >2 SD (data not
shown). But, once the H-Control45–75 years group was not considered, only 5.06% of the
patients had values that differed by >2 SD (Fig. 1B). These differences between sPLA2
activity and QAlb can be attributed to the higher sensitivity of sPLA2 activity in estimating
BCB impairment. In agreement with this hypothesis, it should be noticed that according to
the upper reference limit for QAlb (10.2 for individuals over 45 years of age [20]), only one
out of the 179 cases independent of their clinical diagnoses was found to have a BCB
impairment.
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We estimated the proportion of patients with normal and abnormally increased sPLA2
activity in H-Control45–75 years, ND-Control45–75 years, AD45–75 years and AD>75 years. In
order to differentiate normal from abnormally increased sPLA2 activity, we used the cutoff
value, i.e., 4.82 ΔFI/min, obtained from the ROC analysis (see below) between H-
Control45– 75 years and AD45–75 years groups. We found BCB impairment in around half of
AD cases as well as in some non-demented patients (Fig. 1C). This result corroborates the
lack of integrity of the BCB restricted to a subgroup of AD petients and thereof clarifies the
inconsistency in the literature about the involvement of BCB impairment in AD. In this
study on a total number of 139 AD cases, 61% and 0.7% of them irrespective of the age, i.e.,
<75 or >75, showed BCB impairment as revealed by the CSF sPLA2 activity and QAlb,
respectively.

We also evaluated the discrimination power of sPLA2 activity in AD diagnosis by
performing ROC analyses between total Control45–75 years and AD45–75 years groups (Fig.
2A, Table 2) as well as between H-Control45–75 years and AD45–75 years groups (Fig. 2B,
Table 2). While no significant difference was observed between sPLA2 activity and QAlb
AUC to discriminate Control45–75 years and AD45–75 years (z = 0.727; p = 0.467), a significant
difference was observed between these AUCs (z = 2.006, p = 0.045) when only healthy
elderly control patients were considered to form the control group. It is important to note
that even though level of sPLA2 activity discriminates AD45–75 years from Control45–75 years
much better than QAlb, it is still not powerful enough to be used alone for diagnosing AD.
Indeed, with a cutoff value of 4.824 ΔFI/min, sPLA2 activity sensitivity and specificity were
only 63%and 86%, respectively. The reason for such an observation can be due to the fact
that BCB impairment is restricted to a subgroup of AD patients.

Since we found that patients with mild neurological symptoms had elevated level of CSF
sPLA2 as compared with the healthy control cases, we evaluated the discrimination power
of total tau, Aβ1–42, ubiquitin and total tau/Aβ1–42 ratio in AD diagnosis by performing
ROC analyses between total Control45–75 years and AD45–75 years groups (Fig. 2A, Table 2)
as well as between H-Control45–75 years and AD45–75 years groups (Fig. 2B Table 2). For each
of these CSF biomarkers, no significant difference was found concerning their
discrimination power between the ROC analyses performed on total Control45–75 years
versus AD45–75 years groups and on H-Control45–75 years versus AD45–75 years groups (Data
not shown). These findings 1) indicated that patients with mild neurological symptoms
recruited to constitute a control group seem not to affect the differential diagnosis between
control and AD and 2) suggest that the BCB impairment observed in both neurological
controls and AD patients apparently occurs independently of both Aβ and tau pathologies.

BCB impairment in AD subgroups
Previously, we identified five subgroups of AD based on the CSF levels of total tau, Aβ1–42,
and ubiquitin [25]. The identification of these various and distinct patterns of
neurodegeneration in AD reflect the multifactorial nature and heterogeneity of this
pathology. We investigated whether one or several of these AD subgroups were also, on top
of total tau, Aβ1–42, and ubiquitin CSF levels, characterized by QAlb and/or level of CSF
sPLA2 activity. The 139 AD CSFs included in the present study were subclassified using the
Iqbal’s Decision Tree [25] shown in Fig. 3A. As shown in Table 3, we identified 4 of the 5
subgroups from the AD cases studied: a) the HARO subgroup (n = 11) which was
characterized by high level of Aβ1–42 and recent onset; b) the ATEO subgroup (n = 24)
which was characterized by high level of total tau as well as low level of Aβ1–42 and early
onset; c) the AELO subgroup (n = 72) which was characterized by low level ofAβ1–42, high
incidence of ApoE4 genotype and late onset; and d) the LEBALO subgroup (n = 32) which
was characterized by low level of Aβ1–42, high incidence of Lewy bodies and late onset. As
noticed previously and according to the upper reference limit for QAlb (10.2 for individuals
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over 45 years of age [20]), only one out of the 139 AD cases was found to have a BCB
impairment and therefore was excluded from the AD subgroup analyses.

While we found no significant difference for both QAlb and CSF sPLA2 activity between the
four subgroups (Table 3), a positive correlation between QAlb and CSF sPLA2 activity was
observed in ATEO (r = 0.539, p = 0.007, 95%CI: 0.173–0.774) and AELO (r = 0.501, p <
0.0001, 95% CI: 0.304–0.658) subgroups as well as in the total AD group (r = 0.453, p <
0.0001, 95% CI: 0.309–0.576). Thus, the strong and positive correlation between QAlb and
sPLA2 activity is dependent of the AD subgroup considered. We postulate that these
differences are due to different nature of the BCB impairment in AELO and ATEO versus
LEBALO and HARO AD subgroups. We estimated the proportion of patients with normal
and abnormally increased sPLA2 activity in HARO, ATEO, AELO and LEBALO
subgroups (Fig. 3B). As above, in order to differentiate normal from abnormally increased
sPLA2 activity, we used the cutoff value, i.e., 4.82 ΔFI/min, obtained from the ROC
analysis between H-Control45–75 years and AD45–75 years groups. As shown in Fig. 3B, the
degree of BCB impairment, measured by sPLA2 activity, is not characteristic of anyone AD
subgroup (χ2

(df=3) = 3.007, p = 0.391) and points out the fact that a defective BCB
characterizes around half of the cases in each AD subgroup studied. A higher proportion of
cases with abnormal sPLA2 activity seems to occur in the HARO subgroup suggesting an
increase of Aβ1–42 in CSF might associate to an increase of BCB permeability. However, in
the small number of HARO cases in the present study, this tendency was found to be
insignificant.

Finaly, we investigated if there existed any difference in gender or ApoE4 proportion as well
as MMSE score, age or CSF level of total tau, Aβ1–42, ubiquitin and QAlb between AD
patients with normal and abnormally increased sPLA2 activity (Fig. 3C). No significant
difference was found between the normal and abnormally increased sPLA2 cases for all
considered parameters except QAlb level which was found to be lower in AD patients with
normal sPLA2 activity (t(df = 137) = 5.792, p < 0.0001).

DISCUSSION
QAlb analyses have shown inconsistent data on BCB integrity in AD [4]. The present study
shows that this discrepancy could have been due to the low sensitivity of QAlb in the
assessment of BCB permeability and partly because the BCB is altered only in around half
of the AD cases. Due to its higher sensitivity, the CSF sPLA2 activity assay allowed us to
observe a significant difference in BCB permeability between AD and healthy controls and
to underline the importance of recruiting normal healthy individuals as controls because
patients with mild neurological symptoms show BCB impairment. We also demonstrated
that BCB impairment appears to be independent of and probably precedes the AD
histopathology.

The secretory Ca2+-dependent phospholipases A2 belong to the phospholipase A2 family
and catalyze the hydrolysis of the sn-2 ester bond of glycerophospholipids, resulting in the
production of free fatty acids (e.g., arachidonic acid, docosahexaenoic acid) and
lysophospholipids, both of which are precursors for the synthesis of proinflammatory
mediators such as eicosanoids [28]. In spite of its well-known role in neuroinflammation, the
in vivo biological functions in physiological as well as pathological conditions of CSF
sPLA2 remain unknown. In the present study, we have shown that while CSF sPLA2
activity could discriminate healthy controls from both neurological controls and AD cases,
QAlb could not. These results suggest a higher sensitivity of CSF sPLA2 activity compared
to QAlb in order to assess the BCB integrity, as previously reported [21]. In addition, while
significant and positive correlations between CSF sPLA2 activity and QAlb were observed in
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ND-Control45–75 years, AD45–75 years, AD>75 years groups as well as in ATEO and AELO
subgroups, no correlation was noticed for other groups/subgroups. This inconsistency
corroborates the difference in sensitivity between CSF sPLA2 activity and QAlb and
suggests their diverse involvement in the BCB impairment process. While an increase in
QAlb results more likely and directly of albumin transit from blood to CSF across an impair
BCB [18–20], an increase of CSF sPLA2 activity might reflect phenomena taking place
directly at the BCB interface [21]. Thus, while CSF sPLA2 activity seems to be involved
early in the BCB impairment process, QAlb increase results from it and this difference
probably accounts for the difference of sensitivity between these two parameters. However,
longitudinal study should be highly considered in order to confirm such assumption.
Supporting this hypothesis, Hampel and colleagues suggested that an altered BCB function
in neurodegenerative disorders may result from immune mediated events initiated, for
example by increased levels of circulating inflammatory mediators [14]. In return, these
inflammatory cytokines can induce the secretory PLA2 expression [29] followed by an
increase of arachidonic acid synthesis. Then, this polyunsaturated fatty acid may increase
the BCB permeability [30].

CSF sPLA2 activity underlined a lack of BCB integrity in patients with mild neurological
symptoms such as headache and vertigo which corroborates recent reports suggesting blood-
neural barrier damage in patients with migraine [31, 32]. The implication of blood-neural
barrier in the pathophysiology of migraine is not completely understood. To our knowledge
no one has ever reported any increase in QAlb in migraineurs. We hypothesize that this
knowledge deficiency regarding the involvement of blood-neural barriers impairment in
mild neurological symptoms can be in part due to the lack of sensitive tools available. Thus,
we believe that CSF sPLA2 activity can facilitate the identification of conditions with blood-
neural barrier impairment.

While CSF sPLA2 activity could discriminate healthy controls from both neurological
controls and AD cases, it could not differentiate neurological controls from AD cases. A
maximum of detection for CSF sPLA2 activity could be the reason for such observation.
Indeed, we previously have shown that the values of CSF sPLA2 activity are higher and
lower than the values of QAlb at low and high levels of QAlb, respectively, suggesting that:
1) due to its higher sensitivity, CSF sPLA2 activity can reveal a low BCB impairment while
QAlb cannot and 2) due to the reach of a detection plateau, CSF sPLA2 activity cannot
reveal a high BCB impairment while QAlb can [21]. Thus, it was unexpected that QAlb could
neither discriminate healthy controls from both neurological controls and AD cases or
neurological controls from AD cases. The reason for such observation can be attributed to a
low-to-mild level of BCB impairment in patients enrolled in the present study. Indeed,
according to the upper reference limit for QAlb (10.2 for individuals over 45 years of age
[20]), only 1 out of the 179 cases independent of their clinical diagnoses was found to have a
BCB impairment.

In addition, the absence of BCB impairment between neurological controls and AD cases, as
measured by both CSF sPLA2 activity and QAlb, can also be due to the inconsistency of
BCB impairment among AD patients. Corroborating such hypothesis, we found that 61% of
AD patients included in this study had an abnormally increased CSF sPLA2 activity, which
implies that a lack of BCB integrity concerns only a subpopulation of AD. Such results are
in concordance with previous reports estimating that more than 30%of AD cases exhibit
cerebrovascular pathology associated with blood-brain barrier impairment [33, 34].

To date, it is not clear to what extent, changes in BCB integrity in AD subpopulation are a
causal contributor to the disease or whether its dysfunction is a consequence and reinforce
the primary pathological process within the brain. It has previously been suggested by others
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that blood-neural barrier leakage may be a primary event in the pathogenesis of AD [35–37].
Our results seem to corroborate this hypothesis as shown by a significant difference
observed between healthy control and patients with mild neurological symptoms. In
agreement with this assumption, Skoog et al. reported that non-demented women with a high
QAlb are at increased risk of developing dementia within three years [12]. Thus, from the
present study, changes in BCB permeability appear to be a cause more than a consequence
in the pathophysiology of a subgroup of AD cases suggesting that BCB dysfunction is an
early event.

Based on the levels of total tau, Aβ1–42, and ubiquitin in CSF, we previously reported that
AD can be divided into five subgroups [25]. The identification of these various and distinct
patterns of neurodegeneration in AD reflect the heterogeneity of this pathology. Assuming
that BCB integrity is affected differently from one AD patient to another, we investigated
whether one or several of these AD subgroups were also, on top of total tau, Aβ1–42, and
ubiquitin CSF levels, characterized by a BCB impairment. Our analyses did not reveal any
significant difference between the four AD subgroups concerning QAlb or CSF sPLA2
activity, suggesting that the AD patients with an abnormally increased sPLA2 activity do not
belong mainly to any one particular of the four subgroups HARO, ATEO, AELO, or
LEBALO. Moreover, we found no significant difference between AD patients with normal
and abnormally increased sPLA2 activity for all considered parameters, i.e., gender, ApoE4
genotype, MMSE scores, age, CSF levels of total tau, Aβ1–42, or ubiquitin. The BCB
impairment probably occurs prior to AD histopathology and does not affect total tau,
Aβ1–42, or ubiquitin CSF levels. We hypothesize a co- and independent development of both
cerebrovascular and neurodegenerative lesions in the pathophysiology of AD. Moreover,
since clinical studies have demonstrated blood-neural barrier dysfunction in AD patients
who exhibit peripheral vascular abnormalities such as hypertension, cardiovascular disease
and diabetes [38, 39], the investigation of a correlation between these vascular factors and
an increase in CSF sPLA2 activity should be considered. In addition, the association of BCB
impairment with other microvascular cerebral damage should also be investigated [40].

To date, several techniques other than CSF sPLA2 activity measurement are available to
assess blood-neural barrier permeability and their safety, specificity, or sensitivity have been
recently reconsidered. To date, only CSF/Serum albumin ratio (QAlb) remains extensively
used and widely accepted to assess BCB and/or BBB function [18–20]. Although the CSF
sPLA2 activity assay is advantageous over existing methods of measurement of BNB in its
ease of use, the nature of BNB measured remains unknown. But, based on the strong
correlation between QAlb and CSF sPLA2 activity [21], it seems that the latter mainly
measures the assessment of BCB impairment instead of BBB. Indeed, even if it is
sometimes assumed that an increase of albumin concentration in CSF is an estimation of a
BBB permeability, it seems more accurate to associate such assessment to a BCB
breakdown. The reason for such a conclusion is due to the fact that a QAlb increase more
likely and directly reflects albumin release across the BCB than a transport from blood to
brain across an impaired BBB followed by diffusion across the permeable barrier between
brain interstitial fluid and CSF. In this context we also considered the possibility that
changes in CSF sPLA2 activity reflect mainly changes in brain metabolism rather than
altered BCB function. It is conceivable that this increase in CSF sPLA2 activity is due to a
transport from the brain interstitial fluid, which readily communicates (by relatively
unrestricted diffusion) with the CSF. But this assumption is contradicted by: 1) the ability of
CSF sPLA2 activity to discriminate patients with blood-neural barrier leakage from patients
without any impairment [21] and 2) a lack of CSF sPLA2 activity increase in MS patients
[21] while a key role for sPLA2 in the pathophysiology of this disorder has been previously
reported [41, 42].
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We previously suggested that an increase of CSF sPLA2 activity might reflect phenomena
taking place directly at the choroid plexus (CP) epithelium, a primary component of the
blood-cerebrospinal fluid barrier [21]. The hypothesis advanced regarding the role of CSF
sPLA2 in BCB dysfunction was the activation of the arachidonic acid pathway. Another
mechanism generally advanced in order to explain BCB impairment in AD, is an Aβ
accumulation at CP epithelium which alters the CP function [43] as it has been observed at
the BBB interface [33, 44, 45], and may in return increase both the clearance from CSF of
CSF-derived protein, for instance Aβ [46] and the accumulation in CSF of blood-derived
compounds, e.g., amino acids [47]. Would an increase of BCB impairment be the
mechanism involved in the decrease of Aβ level in AD CSF? The present study contradicts
this hypothesis by showing: 1) an absence of negative correlation between CSF sPLA2 and
Aβ1–42; 2) a significant increase of CSF sPLA2 activity between healthy controls and
patients with mild neurological symptoms while no change was observed in Aβ1–42 level;
and 3) a significant increase of Aβ1–42 level between HARO and other AD subgroups while
no change was observed in CSF sPLA2 activity. Obviously additional investigations are
required in order to understand the mechanism involved in the BCB leakage observed in AD
[48]. We believe that, due to its high sensitivity against BCB damage, CSF sPLA2 activity
should facilitate such studies.

In conclusion, the present study confirms the higher sensitivity of CSF sPLA2 activity
compared to QAlb to assess BCB integrity and shows that BCB impairment is restricted to a
subgroup of AD patients. Our previous analyses [25] suggested the multifactorial nature of
AD. The present study is consistent with more than one etiopathogenic mechanism of this
disease. Once established, therapeutic strategies will have to be planned for each individual
AD subgroup. For example, the AD subgroup characterized by a high CSF sPLA2 activity
due to a BCB impairment, might benefit differently than other AD subgroups to an anti-
amyloid immunoglobulin therapy.
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Fig. 1.
Comparison of sPLA2 activity with QAlb in AD and control groups. A) There was a
significant difference in sPLA2 activity (F(2,91) = 6.788; p = 0.002) but not in QAlb (F(2,89) =
0.369; p = 0.693) between H-Control45–75 years group and ND-Control45–75 years or
AD45–75 year group. Data are shown as mean±SD; B) Bland-Altman analysis showing the
agreement between QAlb and sPLA2 activity for the measurement of BCB impairment in
158 clinically diagnosed AD or non-demented cases. QAlb and CSF sPLA2 activity are
normalized to the average of all values of the corresponding parameters and converted to
percentage. The mean difference±2 SDs are represented by horizontal solid and dotted lines,
respectively. C) Proportion of patients with normal and abnormally increased sPLA2
activity in H-Control45–75 years (n = 21), ND-Control45–75 years (n = 19), AD45–75 years (n =
54) and AD>75 years (n = 85) using the cutoff value of 4.82 ΔFI/min.
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Fig. 2.
Area under the receiver operating characteristic curve indicating the discriminating ability of
CSF measurements of sPLA2 activity, QAlb, T-tau, Aβ1–42, Ubiquitin and T-tau/Aβ1–42 ratio
A) in patients with AD45–75 years (n = 54) versus controls (n = 40), and B) in patients with
AD45–75 years (n = 54) versus H-Control45–75 years (n = 21). The optimal cutoff levels,
sensitivity, specificity and AUC are shown in Table 2. T-tau, total tau.
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Fig. 3.
sPLA2 activity in AD subgroups and effects of gender, age, MMSE, ApoE4 genotype, total
tau, Aβ1–42, and ubiquitin on this activity. A) Iqbal’s Decision Tree [25] employed for
identifying various AD subgroups based on CSF levels of T-tau, Aβ1–42 and ubiquitin; B)
Proportion of patients with normal and abnormally increased sPLA2 activity in HARO (n =
11), ATEO (n = 24), AELO (n = 71) and LEBALO (n = 32) AD subgroups using the cutoff
value of 4.82 ΔFI/min. C) Gender and ApoE4 proportion as well as MMSE, Age, and CSF
levels of T-tau, Aβ1–42, Ubiquitin, QAlb, and sPLA2 activity in AD patients with normal (n
= 92) and abnormally increased (n = 46) sPLA2 activity. Categorical data were assessed
using Fisher’s test. Continuous variables are expressed as mean±SD. Differences were
assessed using Mann-Whitney’s test (MMSE, age, T-tau, Aβ1–42, and Ubiquitin) or
Student’s t-test (QAlb and sPLA2 activity). Statistical differences are indicated by an
asterisk. T-tau, total tau.
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