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Abstract
BACKGROUND: The phospholipase A2 (PLA2) family comprises multiple isoenzymes that vary
in their physicochemical properties, cellular localizations, calcium sensitivities, and substrate
specificities. Despite these differences, PLA2s share the ability to catalyze the synthesis of the
precursors of the proinflammatory mediators. To investigate the potential of PLA2 as a biomarker
in screening neuroinflammatory disorders in both clinical and research settings, we developed a
PLA2 assay and determined the predominant types of PLA2 activity in cerebrospinal fluid (CSF).

METHODS: We used liposomes composed of a fluorescent probe (bis-Bodipy® FL C11-PC [1,2-
bis-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-undecanoyl)-sn-glycero-3-
phosphocholine]) and 1,2-dioleoyl-L-α-phosphatidylcholine as a substrate to measure CSF PLA2
activity in a 96-well microtiter plate format. We established the type of CSF PLA2 activity using
type-specific inhibitors of PLA2.

RESULTS: Using 5 μL CSF per assay, our PLA2 activity assay was reproducible with CVs
<15% in 2 CSF samples and for recombinant secretory Ca2+-dependent PLA2 (sPLA2) in
concentrations ranging from 0.25 to 1 μmol/L. This PLA2 assay allowed identification of sPLA2
activity in lumbar CSF from healthy individuals 20–77 years old that did not depend on either sex
or age. Additionally, CSF sPLA2 activity was found to be increased (P = 0.0008) in patients with
Alzheimer disease.

CONCLUSIONS: Adult human CSF has sPLA2 activity that can be measured reliably with the
assay described. This enzyme activity in the CSF is independent of both sex and age and might
serve as a valuable biomarker of neuroinflammation, as we demonstrated in Alzheimer disease.

Nearly 22 different phospholipase A2 (PLA2,5 EC 3.1.1.4) enzymes have been identified
and broadly classified into several families based on their structure, cellular localization,
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substrate specificity, and calcium requirement for catalytic activity: (1) the secretory
(extracellular) Ca2+-dependent PLA2 (sPLA2) family of 10 isoenzymes with low molecular
weight (14–19 kDa) that requires mmol/L calcium concentrations for catalytic activity; (2)
the cytosolic Ca2+-dependent PLA2 (cPLA2) family of 3 isoenzymes with high molecular
weight (61–114 kDa) that requires μmol/L calcium concentrations for binding to lipid
substrates; (3) the intracellular Ca2+-independent PLA2 (iPLA2) family of 2 isoenzymes
with high molecular weight (84–88 kDa); (4) the platelet-activating factor acetylhydrolase
(PAF-AH) family of 4 isoenzymes with low molecular weight (26–45 kDa) that are calcium
independent; and (5) the lysosomal PLA2 family of a 45-kDa isoform that does not require
calcium for catalytic activity (1).

Despite their differences, PLA2s share the ability to catalyze the hydrolysis of the sn-2 ester
bonds of glycerophospholipids, resulting in the production of free fatty acids (e.g.,
arachidonic acid and docosahexaenoic acid) and lysophospholipids. These metabolites have
a variety of physiologic effects, e.g., regulation of gene expression and maintenance of
neural membrane integrity, and serve as precursors for the synthesis of proinflammatory
mediators such as eicosanoids (prostaglandins and leukotrienes) and platelet-activating
factor (2). Although these PLA2-derived metabolites, at low concentrations, contribute to
normal functions, their excessive production and accumulation can lead to pathological
processes.

Second to adipose tissue, the brain has the highest lipid concentration. Dysregulation of lipid
metabolism that results in an upregulation of PLA2 is of particular interest in the context of
the central nervous system and has already been considered in a number of neurological,
neurodegenerative, and psychiatric disorders including epilepsy, ischemia, Alzheimer
disease (AD), Parkinson disease, schizophrenia, and mood disorder (2,3). But, despite
several studies, the functions of brain PLA2s are either unknown, diverse, or controversial.

The availability of a simple, reproducible, and sensitive assay is needed to facilitate studies
regarding the role of PLA2 isoenzymes in regulating physiological and pathological
functions in the central nervous system. We report here the development and validation of
such an assay for measurement of PLA2 activity in cerebrospinal fluid (CSF).

Materials and Methods
CHEMICALS

Recombinant mouse group X secretory PLA2 (4,5) was a kind gift from Tauseef R. Butt
(LifeSensors Inc.). Bis-Bodipy® FL C11-PC [1,2-bis-(4,4-difluoro-5,7-dimethyl-4-bora-3a,
4a-diaza-s-indacene-3-undecanoyl)-sn-glycero-3-phosphocholine] was purchased from
Invitrogen; AACOCF3 (arachidonyl trifluoromethyl ketone), BEL (bromoenol lactone), and
thioetheramide-PC (1-palmitylthio-2-palmitoylamido-1,2-dideoxy-sn-glycero-3-
phosphorylcholine) were from Cayman Chemical.; PG (L-α-phosphatidylglycerol), DOPC
(1,2-dioleoyl-sn-glycero-3-phosphocholine), and other chemical products were from Sigma
Aldrich.

5Nonstandard abbreviations: PLA2, phospholipase A2; sPLA2, secretory Ca2+-dependent PLA2; cPLA2, cytosolic Ca2+-dependent
PLA2; iPLA2, intracellular Ca2+-independent PLA2; PAF-AH, platelet-activating factor acetylhydrolase; AD, Alzheimer disease;
CSF, cerebrospinal fluid; bis-Bodipy FL C11-PC, 1,2-bis-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-undecanoyl)-sn-
glycero-3-phosphocholine; AACOCF3, arachidonyl trifluoromethyl ketone; BEL, bromoenol lactone; thioetheramide-PC, 1-
palmitylthio-2-palmitoylamido-1,2-dideoxy-sn-glycero-3-phosphorylcholine; PG, L-α-phosphatidylglycerol; DOPC, 1,2-dioleoyl-sn-
glycero-3-phosphocholine; NINCDS-ADRDA, National Institute of Neurological and Communicative Disorders and Stroke/
Alzheimer's Disease and Related Disorders Association; MMSE, Mini-Mental State Examination; FI, fluorescence intensity; NBD
C6-HPC, 2-(6-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino)hexanoyl-1-hexadecanoyl-sn-glycero-3-phosphocholine; IL, interleukin;
TNF-α, tumor necrosis factor-α; AA, arachidonic acid; PGE2, prostaglandin E2.
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STUDY PARTICIPANTS AND CSF SAMPLING
We generated the study population from retrospectively collected lumbar CSFs 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. Informed consent was obtained
from all participants in accordance with the provisions of the Helsinki Declaration. Forty-
two healthy individuals, without any cognitive disturbance, were actively recruited and
selected to participate in this study, plus an additional group of 33 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) (6). Mini-Mental State Examination
(MMSE) scores were documented for most AD patients and for some controls (7). We
determined the apolipoprotein E isoform by isoelectric focusing/immunoblotting using
serum samples (8). The clinical features of the participants in this study are summarized in
Tables 1 and 2. Venipuncture was performed to obtain serum, and CSF was obtained by
lumbar puncture from the L3/L4 or L4/L5 intervertebral space; the first 12 mL CSF was
collected, centrifuged at 2000g for 10 min at −4 °C, and aliquoted in 1-mL polypropylene
tubes. All samples were sent in dry ice from Sahlgrenska University Hospital to New York
State Institute for Basic Research and kept at −80 °C until used.

CONTINUOUS FLUORESCENT ASSAY FOR PLA2
We prepared fluorescence-labeled liposomes similarly to a described method (9). To
optimize the conditions for the measurement of PLA2 activity in CSF, we adjusted
parameters such as concentration and composition of phospholipids. Briefly, 388 μg DOPC
and 97 nmol bis-Bodipy FL C11-PC were mixed in 970 μL chloroform. After drying under
vacuum, we added 970 μL sucrose/Tris buffer (50 mmol/L Tris-HCl, pH 7.4, 250 mmol/L
sucrose, 0.02% sodium azide), followed by thorough and repeated mixing with a Vortex-mix
over 5 min at room temperature. The suspension was then ultrasonicated for 10 min on ice
using an ultrasonic cell disrupter (Branson Digital Sonifier) at 50 W sonic energy. The
liposomes were stored at −20 °C until used. Liposomes containing other proportions and/or
types of phospholipids were prepared by comparable procedures.

We carried out PLA2 activity assays in triplicate using a continuous fluorescent
measurement. In a 96-well microplate, we diluted 5 μL lumbar CSF (or 10 μmol/L
recombinant sPLA2 or 5 μL of appropriately diluted serum) in 90 μL PLA2 assay buffer (10
mmol/L Tris-HCl, pH 7.4, 100 mmol/L KCl, 5 mmol/L CaCl2, 1 mmol/L dithiothreitol). We
added 5 μL bis-Bodipy FL C11-PC-labeled 100% DOPC liposomes to each well and
immediately placed the microplate in a temperature controlled (30 °C) cytofluor multiwell
plate reader series 4000 (PerSeptive Biosystems). The fluorescence intensity was recorded
over 90 min (91 cycles of 60 s each) at 485 nm excitation and 530 nm emission. Finally, we
evaluated PLA2 activity using linear curve fitting with Graph Prism 3.0 (GraphPad).

METHOD VALIDATION
We assessed the linearity of the assay by measuring in triplicate the PLA2 activity at 5
different concentrations of recombinant sPLA2 (0–2 μmol/L) as well as 5 different CSF
volumes (0–10 μL). We estimated the precision by measuring repeatability and intermediate
precision. We assessed both measurements with 3 different concentrations of recombinant
sPLA2 (0.25, 0.5, and 1 μmol/L) as well as with 3 different CSF volumes (2.5, 5, and 7.5
μL). We calculatedc repeatability by measuring PLA2 activity in sextuplicate. To evaluate
intermediate precision, we analyzed each sample 3 times a day on 3 consecutive days.
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PLA2 INHIBITION
We prepared stock solutions and serial dilutions of PLA2 inhibitors (AACOCF3, BEL, and
thioetheramide-PC) in PLA2 assay buffer supplemented by 4.25 mmol/L Triton X-100.
Each assay was carried out in the absence or presence of 5 μL of the appropriate inhibitor.

STATISTICAL ANALYSES
We performed statistical analyses with Statgraphics Centurion XV (StatPoint) and Graph
Prism 3.0 (GraphPad). We considered variable distributions nonnormal when values of
skewness and kurtosis were outside the range −2 to +2. Non–normally distributed variables
were analyzed by nonparametric tests or were log-transformed before parametric tests. We
compared frequency distributions using the Fisher test. We assessed differences between 2
means using unpaired, 2-tailed Student t-test or Mann–Whitney test. Pearson correlation
coefficients were calculated for statistical analysis of correlation. The level of significance
was defined as P < 0.05. Results are expressed as mean (SD).

Results
DEVELOPMENT AND VALIDATION OF THE PLA2 ACTIVITY ASSAY

To measure PLA2 activity in human CSF, we developed a continuous fluorescence assay
using an already well-known PLA2 specific substrate, self-quenched fluorescent bis-Bodipy
FL C11-PC (9). This substrate (because of its 2 Bodipy fluorophores added to the sn-1 and
sn-2 acyl chains of phosphatidylcholine), once incorporated into artificial cell membranes
such as liposomes, exhibits attenuated fluorescence due to energy transfer between the 2
Bodipy fluorophores. On cleavage by PLA2, the Bodipy from the sn-2 acyl chain is released
and an increase in fluorescence results from the separation of the 2 Bodipy moieties.
Because PLA2 activity has been reported to depend on phospholipid concentration and
composition from liposomes (9), we assessed the effect of these 2 parameters on CSF as
well as on recombinant sPLA2 activities to optimize the conditions for measurement. We
observed a maximum activity of the enzymatic reaction, for CSF as well as recombinant
sPLA2, when using liposomes made from 20 μg/mL 100% DOPC and labeled with 5 μmol/
L bis-Bodipy FL C11-PC (Fig. 1). These conditions allowed us to record a time-dependent
increase in fluorescence intensity (FI) from lumbar CSF (Fig. 2A), whereas bis-Bodipy FL
C11-PC–labeled 100% DOPC liposomes alone did not show such increases. Because no
artifactual change in FI was associated with the substrate, the observed changes in FI during
the reaction can be associated with artifactual hydrolysis of bis-Bodipy FL C11-PC by CSF
PLA2, which produces fluorescence-labeled free fatty acid and lysophosphatidylcholine.
Similar results were obtained with recombinant sPLA2 (data not shown).

In line with the recommendations of the International Conference on Harmonisation
guideline on validation of analytical procedures (10), we validated this new continuous
fluorescence assay using both recombinant sPLA2 (Fig. 2B) and lumbar CSF (Fig. 2C and
D). The assay imprecision was <15% of CV, which meets the recommended guidelines (11).
The CV range for imprecision was 2.0%–14.8% for recombinant sPLA2 in concentrations
0.25–1 μmol/L and 1.8%–13.4% for 2 different CSF samples with sizes ranging from 2.5 to
7.5 μL per assay. Moreover, the initial rate of reaction depended on recombinant sPLA2
concentration (Fig. 2B) and CSF volume (Fig. 2C and D), giving a recombinant sPLA2
signal-to-concentration linearity over the range 0.25–1.5 μmol/L (r2 = 0.999, P < 0.001) and
a linear signal-to-CSF volume relationship over the range 2.5–10 μL for the CSF1 (r2 =
0.997, P = 0.001) as well as for the CSF2 (r2 = 0.992, P = 0.004) tested.
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CHARACTERIZATION OF THE CSF PLA2 ACTIVITY
Although 22 different PLA2 enzymes classified in 5 families (sPLA2, cPLA2, iPLA2, PAF-
AH, and lysosomal PLA2) have been identified (1), no specific tool allowing the specific
characterization of each of these isoenzyme is available to date. Thus, with regard to a new
PLA2 activity identification, the current approach is to determine the family instead of the
concerned specific isoenzyme. For this purpose, a battery of inhibitors more or less specific
to each PLA2 family is generally used to discriminate 1 family from another. Thus, to
identify the type of PLA2 activity in the CSF measured using our assay, we performed
incubation of 5 μL lumbar CSF in the presence of 3 different PLA2 inhibitors (AACOCF3,
BEL, and thioetheramide-PC) that are known to exhibit different relative potencies for the 3
major families of the enzyme (sPLA2, cPLA2, and iPLA2). Indeed, whereas AACOCF3 is a
selective inhibitor of both cPLA2 and iPLA2 (12,13), BEL inhibits specifically isoenzymes
from the iPLA2 family (12), and thioetheramide-PC functions as a competitive inhibitor
toward sPLA2 (14). The pharmacological profile of the PLA2 activity in lumbar CSF was
found to be most consistent with the sPLA2 subtype (Fig. 3). Indeed, wheres the sPLA2-
specific inhibitor thioetheramide-PC dose-dependently inhibited the PLA2 activity from
lumbar CSF as well as from the recombinant sPLA2 (Fig. 3C), the 2 other inhibitors failed
to do so (Fig. 3A and B).

Although calcium is known to be an absolute requirement for the activity of both sPLA2 and
cPLA2, its role in the 2 activations is different. Calcium resides at the catalytic center of
sPLA2 and is directly involved in substrate–enzyme interaction (15), whereas it is not
required for cPLA2 catalytic activity but rather involved in the translocation of cPLA2 from
cytosol to the membrane where the substrates are located (16). Thus, to further characterize
the CSF PLA2 and to confirm its type, we assessed PLA2 activity in the presence of various
concentrations of calcium. With increase in the concentration of calcium, we observed an
increase of PLA2 activity in lumbar CSF as well as recombinant sPLA2 (Fig. 3D). Thus, the
PLA2 activity measured in human CSF appears to be mainly sPLA2 activity. The PLA2
activity observed in CSF was unlikely to be due to either PAF-AH or lysosomal PLA2, since
both of them are calcium-independent (17,18).

MEASUREMENT OF sPLA2 ACTIVITY IN NORMAL CSF
To determine whether CSF sPLA2 activity depends on age or sex, we assessed its normal
physiologic levels from 32 healthy volunteers (16 women and 16 men; age 52.3 (15.2)
years; MMSE score 29.5 (0.5); sPLA2 activity 3.8 (1.0) ΔFI/min). As shown in Fig. 4A,
sPLA2 activity in CSF does not seem to correlate with age. Moreover, no significant
difference in sPLA2 activity was noted between men and women (Fig. 4B).

CSF sPLA2 ACTIVITY VS SERUM sPLA2 ACTIVITY
To better understand the origin of the sPLA2 activity measured in lumbar CSF, we
simultaneously assessed sPLA2 activity in 10 undiluted lumbar CSFs as well as diluted sera
from the same cases (Table 1). We found that the sPLA2 activity relative to protein
concentration was 2.5-fold higher in serum than in lumbar CSF which, based on the basic
feature of both brain- and blood-derived proteins (19), seems to be of brain origin with a
blood-derived fraction in it.

CSF sPLA2 ACTIVITY IN ALZHEIMER DISEASE
Evidence from epidemiological, clinical, and experimental studies supports the hypothesis
that inflammatory events are part of the neuropathology of AD (20,21). Several markers of
neuroinflammation have been measured in biological fluids, but their specificity for AD
remains controversial (22). To assess the relevance of CSF sPLA2 activity measurement as a
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neuroinflammatory biomarker for AD, we performed its measurement in CSF from 33 AD
patients and 19 age-matched controls. As shown in Table 2, a significant increase in CSF
sPLA2 activity was noted for AD compared with the control group.

Discussion
We have developed a simple continuous fluorescence assay for measuring PLA2 activity in
CSF using a 96-well microplate format that allows for high-throughput analysis of samples.
In addition to fluoro-metric assays, titrimetric, colorimetric, and radiometric methods can be
used to determine PLA2 activity in biological fluids (23). With the exception of the radio-
metric, however, these methods are not sufficiently sensitive. Although radiometric methods
are more sensitive, they are hazardous, laborious, and impractical for assaying large
numbers of samples. Thus, albeit with a sensitivity that is second to radiometric methods
(23), fluorescence-based assays offer the advantage of being suitable for the analysis of a
large number of biological fluid samples in a clinical setting.

The performance of a fluorescence-based assay is highly dependent on the conditions and in
particular on the type of fluorescent PLA2 substrate used. Several substrates, differentiated
by type, number, and localization of the fluorophores, are commercially available. The 2
more frequently used substrates are NBD C6-HPC® [2-(6-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)amino)hexanoyl-1-hexadecanoyl-sn-glycero-3-phosphocholine] and bis-Bodipy FL C11-
PC. The former exhibits 1 fluorophore on the sn-2 phospholipid acyl chain, whereas the
latter exhibits an additional fluorophore on the sn-1 phospholipid acyl chain, which
contributes to its self-quenching. When using NBD C6-HPC, an additional laborious step of
separation of the remainder substrate from the product is required (24). In the case of bis-
Bodipy FL C11-PC, this step is not required (9), allowing the continuous monitoring of
PLA2 activity. When combined, these characteristics make our approach the most attractive
methodology currently available.

We also show that the use of liposomes made up of 20 μg/mL phospholipids containing
100% DOPC and labeled with 5 μmol/L bis-Bodipy FL C11-PC as substrate in 10 mmol/L
Tris-HCl (pH 7.4) supplemented by 5 mmol/L CaCl2 is optimal to measure PLA2 activity in
5 μL lumbar CSF per assay. The linear signal-to-CSF volume relationship over the range
2.5–10 μL CSF demonstrates the sensitivity of this approach. Another strength of our assay
is its reliability as shown by CV <15% for repeatability and intermediate precisions (11).

In the present study, for the first time, we identified the secretory Ca2+-dependent PLA2
activity in lumbar CSF. The observations that 3 mmol/L thioetheramide-PC inhibited >60%
of substrate cleavage and that the FI increase was calcium dependent suggest that the CSF
activity is predominantly due to sPLA2 type. Additionally, negative results from the
pharmacologic experiments using AACOCF3 and BEL, 2 inhibitors of cPLA2/iPLA2 and
iPLA2, respectively, confirm this conclusion. Based on our data, however, we cannot
identify which specific isoenzymes give rise to this sPLA2 activity. The identification of
sPLA2 isoenzymes from CSF using selective antibodies should be considered. At present,
however, the lack of availability of specific antibodies against each sPLA2 isoenzyme
makes this identification difficult. In addition, we cannot rule out the presence of other
PLA2 types in human CSF. To our knowledge, only 1 other study has reported on this
subject to date (25); but the authors of that study claimed that the PLA2 activity identified in
their study was most likely from cPLA2 and iPLA2 types. Thus, because the PLA2 type
targeted in a specific assay in part depends on the methodology used, we can expect the
future identification of other CSF PLA2 types as has been seen in studies of human serum
using independent methodologies (9,24,26).
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Phospholipase A2 enzymes are well known to play a role in neuroinflammation (2).
Concerning the specific secretory Ca2+-dependent PLA2 family, a large variety of additional
biological functions have been proposed. These include, among others, reactive oxygen
species generation (27), apoptosis (28), and cell proliferation (29). To date, however, the in
vivo biological functions, in physiological as well as pathological conditions, of each brain
sPLA2 remain unknown. We believe that the development of this simple and sensitive assay
as well as the demonstration of the secretory (extracellular) Ca2+-dependent PLA2 activity
in CSF will stimulate studies that will enhance the understanding of the role of these
isoenzymes in neurological disorders.

The discovery of the sPLA2 activity in lumbar CSF allows us to envisage the use of our
assay in the diagnosis of neurological disorders associated with inflammation. Such a
consideration raises the question of whether an increase of sPLA2 activity in CSF reflects
the cause or the outcome of a neuroinflammatory process. In other words, is the sPLA2
activity measured in lumbar CSF of central nervous system origin or of blood origin or
both? Because sPLA2 activity is present in both serum (9) and brain (2), both origins can be
considered equally. The simultaneous measurement of sPLA2 activity in both CSF and
serum from the same cases, at equal protein concentrations, revealed a CSF: serum sPLA2
activity ratio of 1:2.5. In considering the basic features of both brain- and blood-derived
proteins as described by Reiber (19), such a ratio is consistent with a brain origin associated
with a blood-derived fraction of the enzyme activity. Furthermore, the fact that the CSF
sPLA2 activity did not increase from age 20 to 77 whereas the CSF/serum albumin ratio
does increase with age (30), also supports the main brain origin of the CSF sPLA2 activity
we have observed. However, the discrimination between brain and blood origin is difficult
to assess once the multiplicity of serum and brain PLA2 isoenzymes characterized by a
sPLA2 activity is taken into consideration.

The presence of activated glial cells and the increase in inflammation-associated proteins in
AD brain had led to the consideration that chronic inflammation plays a role in the
pathophysiology of AD (20,21). For these reasons, several mediators of inflammation such
as interleukin (IL)-1β, IL-6, and tumor necrosis factor-α (TNF-α) have been extensively
studied in CSF of AD patients, but conflicting results have been observed (22). Indeed,
although the majority of studies report no difference (31,32), others showed an increase
(33,34) or even a decrease (35) in levels of these inflammatory markers in CSF of AD
patients compared with controls. Due to this low specificity, the use of cytokines as
biomarkers of AD is questionable. Other key molecules involved in neuroinflammation,
such as constituents of the arachidonic acid cascade, have been investigated in the CSF. The
downstream events of this pathway result in enzymatic oxidation by cyclooxygenase and
lipoxygenase and in the nonenzymatic peroxidation of arachidonic acid (AA) in
proinflammatory eicosanoids (i.e., prostaglandins, leukotrienes, and thromboxanes) and
isoprostanes, respectively (36,37). The concentrations of eicosanoids and isoprostanes in
CSF are of particular interest in the biomarker field, and increases in CSF prostaglandin E2
(PGE2) and F2-isoprostane have been reported in AD patients (38,39). However, such
analyses require highly specialized equipment and expertise, e.g., GC/MS, and, the
measurements of CSF PGE2 and F2-isoprostane have not, to date, been widely used in
practice. The upstream events of the arachidonic acid cascade corresponding to AA
synthesis by PLA2 are of major interest in neuroinflammation. Whereas the quantification
of 11C-AA incorporation into human brain by positron emission tomography has provided
promising results (40), little is known about phospholipase A2 activity in CSF. In this study,
we have shown for the first time a significant increase of sPLA2 activity in AD compared
with age-matched controls, which may allow consideration of such measurement as a
neuroinflammatory biomarker.
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In conclusion, we have developed a new continuous fluorescence method using
commercially available reagents to measure the CSF activity of a well-known inflammatory
key enzyme, i.e., the secretory (extracellular) Ca2+-dependent PLA2. We have also
demonstrated that this microplate assay meets several of the ideal biomarker requirements
such as reliability, reproducibility, and simplicity to perform (41). The discovery of the
sPLA2 activity in human lumbar CSF should facilitate investigations of this enzyme activity
in CSF from a variety of neurological diseases, especially neurodegenerative and
neuroinflammatory disorders. The increase in the CSF level of sPLA2 activity in Alzheimer
disease compared with age-matched healthy controls discovered in the present study is
consistent with the involvement of neuroinflammation in this disease.
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Fig. 1. Effect of the liposome phospholipid concentration and composition on recombinant and
lumbar CSF PLA2 activities
(A), Effect of increasing the liposome phospholipid concentration on the rate of the initial
reaction of 0.5 μmol/L recombinant sPLA2 or 5 μL CSF. The activity was determined using
Bodipy-labeled liposomes composed of 50% DOPC and 50% PG in 10 mmol/L Tris-HCl
(pH 7.4) supplemented by 5 mmol/L CaCl2. (B), Effect of varying proportions of DOPC and
PG on the rate of the initial reaction of 0.5 μmol/L recombinant sPLA2 and 5 μL CSF. The
activity was determined using Bodipy-labeled liposomes made up of 20 μg/mL
phospholipids in 10 mmol/L Tris-HCl (pH 7.4) supplemented by 5 mmol/L CaCl2. Data are
expressed as mean (SD) (n = 3).
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Fig. 2. Linearity and precision profiles for recombinant and lumbar CSF PLA2 activities
(A), Time dependence of the PLA2 activity in a representative experiment using different
volumes of lumbar CSF (0–10 μL). Data are expressed as mean of 3 independent
experiments. (B–D), Signal-to-concentration linearity performance and CV for repeatability
and intermediate precision assessment for recombinant sPLA2 (B) and CSFs from 2
different cases (C and D). Linearity data are shown as mean (SD) (n = 3), and precision are
shown as CV resulting from 6 consecutive replicates for repeatability and from 3
measurements on 3 consecutive days (n = 9) for intermediate precision.
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Fig. 3. Effect of PLA2 family-specific inhibitors on recombinant and lumbar CSF PLA2
activities
(A–C), Effect of different concentrations of 3 PLA2 inhibitors: 0.16–5 μmol/L AACOCF3
(A); 0.003–2.5 μmol/L BEL (B); 0.003–2.5 μmol/L thioetheramide-PC (C). (D), Effect of
increasing concentration of calcium (6.4 μmol/L to 100 mmol/L). PLA2 activity is expressed
as percentage of the activity relative to the same sample without any inhibitor or any
calcium supplementation. Recombinant sPLA2 and lumbar CSF data are expressed as mean
(SD) from 3 experiments and from 3 different CSFs each analyzed in triplicate, respectively.
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Fig. 4. CSF sPLA2 activity as function of age and sex
(A), Pearson correlation between log(sPLA2 activity) and age (r = 0.214; P = 0.239; 95% CI
−0.145 to 0.524). (B), No significant difference between healthy women and healthy men
for sPLA2 activity (tdf=30 = 1.312; P = 0.200). Data are shown as mean (SD).
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Table 1

CSF vs serum sPLA2 activity.a

Healthy individuals
(n = 10)

Sex, F/M 3/7

Age, years 53.0 (22.6)

CSF/serum sPLA2 activity ratiob 0.4 (0.1)

CSF/serum protein ratioc 0.013 (0.003)

a
Categorical data (sex) and continuous variables (age, CSF/serum sPLA2 activity ratio, CSF/serum protein ratio) are expressed as number of

individuals and as mean (SD), respectively.

b
Whereas CSFs were undiluted, sera were appropriately diluted to get similar protein concentration between CSF and serum-matched samples.

c
Protein concentrations were measured using bicinchoninic acid protein assay (Pierce).
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Table 2

Demographic and clinical features and CSF levels of sPLA2 activity of AD and age-matched controls.a

Control AD Statistic value P

19 33

Male sex, n (%) 12 (63) 17 (52) NA 0.564

Age, years 62.6 (8.2) 66.8 (3.6) z = 212.5 0.055

MMSE 29.5 (0.5) 22.7 (6.4) z = 58.5 0.0008

ApoE4 carrier, n (%) 0 (0) 19 (58) NA <0.0001

sPLA2 activity, ΔFI/min 3.8 (0.9) 5.1 (1.3) tdf=50 = 3.59 0.0008

a
Differences between groups were assessed using Fisher test. Continuous variables are expressed as mean (SD), and differences between groups

were assessed using Mann–Whitney test (age, MMSE) or 2-tailed Student t-test (sPLA2 activity). NA, not applicable.
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