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an individual lipid group, there are potentially thousands 
of individual lipid species, though most have not been 
identifi ed. To understand their functional roles and test 
whether any changes are a cause or a consequence of dis-
ease, there is a need to identify and quantify these lipids. 

 Of all known brain lipids, GPs constitute a diverse group 
of molecules with important functions. For example, 1-radyl-
2-acyl- sn -glycerophosphocholines (PCs) are the main com-
ponent of cell membranes and lipoproteins, and they are 
precursors of signaling molecules (diacylglycerol), infl am-
matory molecules [platelet-activating factor (PAF), eico-
sanoids], and neurotransmitters (choline) ( 3, 7 ). Hydrolysis 
of PC by several phospholipases initiates the formation of 
these signaling and infl ammatory molecules ( 8, 9 ). In ad-
dition to changes during enzyme digestion, the composi-
tion and structure of brain GPs may change when there is 
enhanced oxidation of PUFAs, and oxidized GPs are more 
susceptible to degradation ( 10 ). Lecithin cholesterol acyl 
transferase requires PC to esterify cholesterol ( 11 ). 1-Radyl-
2-acyl- sn -glycerophosphoethanolamine (PE) and N-acyl 
phosphatidylethanolamine (NAPE) are precursors of endo-
cannabinoids ( 12–15 ), whereas cell-surface 1,2-diacyl- sn -
glycerophosphoserine (PS) levels can signify apoptosis ( 16 ). 

 Several studies associate GP metabolism with key features 
of Alzheimer’s disease (AD), such as neuronal injury, neu-
roinfl ammation, and neurodegeneration ( 17–19 ). Whereas 
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  Lipids that   constitute about 40% of the dry mass of the 
brain are divided into eight different groups ( 1 ). Of these 
groups, studies show that fatty acyls, glycerolipids (GLs), 
glycerophospholipids (GPs), sphingolipids (SPs), and sterol 
lipids (STs) are important in neuronal function ( 2–6 ). Within 
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after fulfi lling the criteria for MCI ( 27 ); and of 40 participants 
with dementia, 29 were diagnosed after fulfi lling the criteria for 
clinically probable LOAD ( 25, 26 ). Demographic and baseline 
CSF clinical measures are shown in   Table 1  .  Lumbar CSF was 
obtained between 8:00 AM and 11:00 AM after an overnight fast-
ing within one month of neuropsychological testing and centri-
fuged (1,500  g  × 3 min) to remove cell debris. Lumbar CSF was 
immediately examined for total cells and total protein, and the 
remainder was stored in 1 ml aliquots at  � 80°C within 2 h after 
collection, until thawed for these experiments. 

 Materials 
 HPLC-grade water, 2-isopropanol, and anhydrous acetonitrile 

were purchased from VWR (West Chester, PA). Ammonium acetate 
and butylated hydroxytoluene (BHT) were purchased from 
Sigma (St Louis, MO). PC(17:0/17:0), PC(11:0/11:0), PC(16:0/
18:0), PC(16:0/18:1), PC(16:0/18:2), PC(18:0/16:0), PC(16:0/16:0), 
PC(18:0/18:0), PC(20:0/20:0), PC(16:0/20:4), PC(16:0/20:5), 
PC16:0/22:6), PE(17:0/17:0), PS(17:0/17:0) and lysophosphati-
dylcholine [LPC(17:0)] standards were purchased from Avanti 
Polar Lipids (Alabaster, AL). N-arachidonoyl phosphatidyletha-
nolamine, D 4 -PAF, and D 4 -LPC were purchased from Cayman 
Chemical (Ann Arbor, MI). 

 CSF A �  42  and Tau 
 CSF concentrations of A �  42  and Tau were measured using a 

sandwich ELISA kit (Innotest  � -amyloid (1-42)  and Innotest hTAU-Ag 
(Innogenetics, Gent, Belgium) according to the manufacturer’s 
protocol. 

 CSF fractionation and GP extraction 
 CSF membranes were prepared as described ( 24 ). Briefl y, 4 ml 

of CSF was centrifuged at 17,000  g , and the resulting supernatant 
fl uid was centrifuged again at 200,000  g . The fi nal SF was stored at 
 � 80°C, and the pellet containing CSF nanoparticles was washed 
with 4 ml of PBS, repelleted at 200,000  g , and the fi nal pellet (NP) 
was resuspended in 25–200 µl of PBS. After adding internal stan-
dards (IS) and retention time calibrants [5 ng PC(11:0/11:0), 1 ng 
D 4 -PAF, 5 ng LPC(11:0), and 5 ng D 4 -LPC)] to 1 ml SF from the 
original 4 ml of CSF, GPs were extracted using a modifi ed Bligh and 
Dyer procedure ( 28 ). Briefl y, 2 ml methanol containing 0.2 mg/ml 
BHT and 1 ml chloroform was added to CSF to obtain a mono-
phase at room temperature. After vigorous mixing for 10 min, 2 ml 
chloroform and then 1 ml water containing 1M NaCl were added 
to separate a lipid-rich chloroform layer, which was then aspirated 
to clean borosilicate culture tubes. For the NP fraction, 40% of the 
suspended pellet derived from the original 4 ml of CSF was sus-
pended in 1 ml water containing 1 M NaCl, IS, and then extracted 
as described above. The GP-rich chloroform layers from SF or NP 
were dried under a stream of N 2 , and 40% from each fraction was 
reconstituted in HPLC solvent for LC-MS/MS analyses. 

GP hydrolysis generates signaling and inflammatory 
molecules, oxidized PC is associated with ApoA1, amyloi-
dosis, and phospholipase A 2  (PLA 2 ) activation ( 20–23 ). 
Thus, measurement of GP composition and PLA 2  activ-
ity in cerebrospinal fl uid (CSF) may elucidate potential 
mechanisms of AD progression. 

 The enormous complexity of brain cell lipid composi-
tion and the limited access to tissue during life leads to the 
use of CSF as a gateway to assess brain-derived lipid com-
ponents and any fl uctuation that may occur in association 
with pathophysiological states. How closely CSF lipids mir-
ror those in the brain remains to be determined, but we 
recently described nanometer-sized membrane particles 
(NPs) that have rich lipid content, functionally active en-
zymes, and neurotransmitters distinct from the surround-
ing supernatant fl uid (SF) ( 24 ). Though the mechanism 
for the formation of these CSF fractions remains to be de-
termined, NPs can be considered to represent some of the 
brain tissue components, and the SF fraction represents 
extracellular fl uids. Thus, CSF provides a readily accessible 
source to investigate both soluble and particulate GPs that 
refl ect brain physiology or pathological conditions. 

 It is not clear whether the GP composition of NP is dif-
ferent from that of the SF fraction. In this study, we used 
liquid chromatography tandem mass spectrometry to de-
termine the main GP classes and the most abundant PC, 
PE, and PS species in SF and NP fractions from the CSF of 
cognitively healthy study participants more than 70 years 
of age. We then compared GP levels between study par-
ticipants classifi ed as cognitively healthy (CH), minimally 
cognitively impaired (MCI), or late onset Alzheimer’s dis-
ease (LOAD). Since we found differences in GPs associ-
ated with neurodegeneration, we measured PLA 2  activity 
to determine its involvement in LOAD. 

 MATERIALS AND METHODS 

 Clinical methods 
 The local Institutional Review Board (Huntington Hospital, 

Pasadena, CA) approved our protocol and consent form, and all 
study participants gave written informed consent. Study partici-
pants were assessed using the Mini-Mental Status Examination 
and clinical dementia rating scale ( 25, 26 ). Briefl y, 70 consecu-
tive participants were classifi ed as CH based on their having no 
evidence of cognitive impairment after uniform clinical and neu-
ropsychological examinations; 40 participants were diagnosed 

 TABLE 1. Demographic and CSF parameters in the clinical groups based on cognition 

Parameters CH MCI LOAD

Number of subjects 70 40 29
Female (%) 61 60 55
Mean ± SD
 Age (years) 77.2 ± 6.8 77.0 ± 7.0 77.4 ± 9.6
 BMI   a   1.7 ± 0.8 1.8 ± 0.8 1.6 ± 0.8
 A �  42  (pg/ml) 722 ± 299 754 ± 268 506 ± 231
 Tau (pg/ml) 273 ± 149 265 ± 168 473 ± 222
 A �  42 /Tau 3.4 ± 2.2 3.9 ± 2.3 1.4 ± 1.3
 CSF protein ( � g/ml) 399 ± 16) 414 ± 15 403 ± 19

Diagnoses for CH, MCI, and LOAD were made on standard clinical criteria described in Methods.
  a   BMI: Underweight = 0, Normal weight = 1, Overweight = 2, Obese = 3.
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0.2 ml/min. The starting solvent mixture was maintained for 
5 min followed by a linear increase to 20% solvent B in 20 min, 
maintained at 20% B for 25 min, and then equilibrated with sol-
vent A for 15 min before subsequent injections. 

 Positive ion ESI/MS/MS 
 GPs eluting from the HILIC column were positively ionized in 

ESI and detected using several MS scanning modes in a triple qua-
drupole mass spectrometer (TSQ Classic, Thermo Fisher Scientifi c, 
San Jose, CA.) The MS was operated with a spray voltage of 4.5 kV, 
heated capillary temperature of 300°C, with nitrogen (50 units) and 
argon (5 units) as the sheath gas and auxiliary gas, respectively. xPE 
(retention time [RT] 1.6 min) and PE (RT 4.5) were obtained using 
neutral ion loss scan of 141 with acquisition mass range of 660–880. 

 Determination of protein in CSF fractions 
 SF and NP fractions were diluted using PBS, and protein 

amounts were determined using a fl orescence-based Quant-iT™ 
protein detection kit (Invitrogen, Eugene, OR) with 0–500 
ng/ � l   BSA as standards. 

 Hydrophilic interaction liquid chromatography of GPs 
 Hydrophilic interaction liquid chromatography (HILIC) was 

performed using an HP-1100 system equipped with an autosam-
pler, a column oven maintained at 35°C, and a binary pump. GP 
extracts were separated using a TSK-Gel Amide-80 Column (2.0 × 
150 mm) and a binary solvent system of 20% acetonitrile in iso-
propanol (solvent A) containing 8% solvent B (20% water in iso-
propanol containing 10 mM ammonium acetate) at a fl ow rate of 

  Fig.   1.  LC-MS/MS of SF and NP GPs. GPs extracted from CSF SF or NP fractions were separated using 
HILIC and detected using tandem MS. The total ion current (TIC) and scan-specifi c chromatographs for 
NAPE, xPE and PE, PS, PC, PAF_LL, and LPC for SF (A) and NP (B). These data are representative of injec-
tions from 70 and 67 SF and NP, respectively.   
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were identifi ed using the spectra function of the Qual Browser soft-
ware. The other components of the IS mix [(D 4 -PAF, D 4 -LPAF, 
LPC(11:0)] were used as retention time calibrants for PAF, LPAF, 
and LPC, respectively. The major molecular species were identifi ed 
using Lipid Maps MS tools (www.lipidmaps.org), and masses of the 
most intense molecular species not encumbered by isobars were ex-
tracted. Peak intensities of the extracted ions were compared with 
the IS [PC(11:0/11:0)], and amounts were estimated using standard 
curves for PC, PE, and PS, respectively. 

 Isobaric peaks 
 In CSF samples with lipids over a wide, dynamic range of abun-

dance and heterogeneity, isobaric interferences are a concern. 
We approached this problem by carefully reviewing PC species 
using the Quan software (Thermo Fisher, San Jose, CA) to ex-
tract 0.5 min spectral segments across the PC peak. The exact 
mass from each segment was exported to an Excel spreadsheet 
and then sorted by peak intensities. After deleting peaks with in-
tensities less than 100, the data was sorted by increasing  m/z . 
Once all spectral peaks from each segment were combined, we 
isolated isobaric peaks that decreased from the parent  m/z  from 
authentic PC peaks that increased relative to the preceding peak. 
Examples of these can be seen in supplementary Fig. I (methods) 
and supplementary Table I (data). To be conservative, we only 
selected a peak that was of equal or higher intensity compared 
with the odd  m/z  isobars. We demonstrated that the abundance 
of the isobars in our method is predictable with little variation, as 
seen in the analyses of isobars for 10 commercial lipid standards 
[supplementary Fig. I-B (methods)]. 

 Multiple reaction monitoring of GP species 
 In addition to parent ion or neutral ion loss scanning of GPs, 

targeted analyses were performed for selected PC, oxidized PC, 

NAPE (RT 1.8) was acquired using precursor ion scanning  m/z  551 
with a range of 900–1,050. PC (RT 12.6) was acquired using precur-
sor ion scanning  m/z  184 with a range of 630–920. PC(11:0/11:0) IS 
(RT 14.9) was acquired using selected reaction monitoring (SRM) 
of  m/z  595 (precursor ion) to 184 (product ion). PS (RT 13.5) was 
acquired using neutral ion loss of 185 with a mass range of 645–900. 
PAF-like lipids (RT 22.5) were acquired using precursor scanning 
 m/z  184 with a mass range of 440–630. LPC (RT 26 min) was ac-
quired using precursor ion scanning  m/z  104 with a mass range of 
440–580. D 4 -PAF was acquired using SRM of  m/z  528 (precursor 
ion) to 184 (product ion), and D 4 -LPAF was acquired using SRM 
of 486 (precursor ion) to 184 (product ion). LPC(11:0) was ac-
quired using precursor ion scan of  m/z  104 and by SRM of  m/z  
426 (precursor ion) to 104 (product ion). All GP scans were opti-
mized with respect to collision energies, and data was collected 
using three different scan windows from 0–6 min, 6–14.5 min, 
and 14.5–40 min. Our instrument was rated for two decimal 
places mass measurement, and thus exact mass measurements 
were not possible. However, this limitation was circumvented 
in our study when we quantifi ed only GP species that were isoto-
pically resolved using the analysis strategies described below. 
Complete experimental MS parameters are reported in the sup-
plementary methods. 

 LC-MS/MS data analyses 
 Peak areas for all GPs were integrated using the Qual Browser 

module of the Xcalibur software (Thermo Fisher, San Jose, CA). All 
integrated GP peak areas were normalized to PC(11:0/11:0) used as 
an IS. For quantifi cation, known amounts of GPs and a fi xed amount 
of IS (5 ng) were run separately, and standard curves of GP amount 
versus GP/PC(11:0/11:0) were obtained. From the ensuing stan-
dard curves, quantities of GPs were calculated for SF (ng/ml CSF) 
or for NP (ng/ml CSF equivalent). PC, PE, and PS molecular species 

 TABLE 2. GP levels in SF and NP normalized to CSF volume 

GP SF (n = 70) % Total (SF Mean) NP (n > 66) % Total (NP Mean) NP/SF (% Total)

xPE 1.35 ± 0.1 0.02 10.6 ± 0.7 14.1 705
NAPE 11.9 ± 1.6 0.13 7.8 ± 0.6 10.4 79.6
PE 43.9 ± 3.3 0.5 1.6 ± 0.1 2.1 4.4
PC 9030 ± 398 99.1 52.4 ± 6 69.7 0.7
PS 8.8 ± 0.7 0.1 Low level ND ND
PAF_LL 4.9 ± 0.5 0.1 0.08 ± 0.01 0.1 2.0
LPC 12.1 ± 1.3 0.1 2.7 ± 0.2 3.6 27.1
LPC/PC 0.0013 0.0519 39.9

GPs extracted from CSF supernatant fl uid or NP were separated using HILIC and detected using MS. Amounts 
of each GP were quantifi ed using standard curves, and data were expressed as the mean normalized to CSF volume 
(mean ± SEM, ng/ml). For each fraction, we used the mean values to estimate proportions of each detected GP 
(% Total) and to calculate the relative enrichment in NP compared with SF (NP/SF). We also calculated the 
proportion of LPC to PC (LPC/PC). Levels of PS in NP were very low (low level) or not detectable (ND).

 TABLE 3. GP levels in SF and NP normalized to protein content 

GP SF (n = 70) % Total (SF Mean) NP (n > 66) % Total (NP Mean) NP/SF (% Total)

xPE 0.0035 ± 0.0003 0.02 6.7 ± 0.5 9.8 491
NAPE 0.032 ± 0.004 0.14 5.0 ± 0.5 7.4 53.3
PE 0.108 ± 0.009 0.47 1.636 ± 0.5 2.4 5.1
PC 23.01 ± 1.36 99.1 52.4 ± 6 76.4 0.8
PS 0.024 ± 0.002 0.10 ND ND ND
PAF_LL 0.012 ± 0.001 0.05 0.08 ± 0.01 0.12 2.3
LPC 0.031 ± 0.003 0.13 2.7 ± 0.2 4.0 29.7
LPC/PC 0.0014 0.0519 37.1

GPs in SF and NP were quantifi ed using LC-MS/MS as described in Methods. Amounts of each GP are 
expressed as the mean normalized to total the protein content of SF or NP (ng/ � g). For each fraction, we used the 
mean values to estimate proportions of each GP (% Total) and to calculate the relative enrichment in NP compared 
with SF (NP/SF). We also determined the proportion of LPC to PC (LPC/PC). Levels of PS in NP were very low or 
not detectable (ND).
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heptenoate (0.3 mM), 10 mM dioleoylphosphatidylcholine 
(DOPC), and 10 mM dioleoylphosphatidylglycerol (DOPG) was 
prepared in ethanol. Liposomes were formed by gradually add-
ing 77  � l substrate/lipid cocktail to 10 ml PLA 2  buffer (50 mM 
Tris-HCl at pH 8.9, 100 mM NaCl, 1 mM CaCl 2 ) while stirring rap-
idly over 1 min using a magnetic stirrer (Invitrogen EnzChek ®  
phospholipase A 2  assay). CSF containing 10  � g total protein was 
added to 96-well plates, and PLA 2  activity was initiated by adding 
50  � l substrate cocktail. Fluorescence (excitation at 360 nm and 
emission at 460 nm) was measured, and specifi c activity [relative 
fl uorescent units (RFU)/µg protein/min] for each sample was 
calculated. 

 Statistical analyses 
 All GP data are presented as the mean ± SEM (ng/ml) or as a 

percentage of total in the SF or NP fractions. A small number (< 5) 
of CSF samples was not available for analyses because of defective 
sample preparation or less than ideal sensitivity for LC-MS/MS 
detection. Differences in GP content of SF and NP fractions were 
determined using a Student paired  t -test. Kruskal-Wallis and 
Mann-Whitney tests were performed to determine the presence 

nitrated PC or short-chain PC species using multiple reaction 
monitoring (MRM). PC and LPC species were selected using 
published molecular species tables ( 29 ) supplemented with  m/z  
selected from the Lipid Maps database from the mass range 558–
986 (www.lipidmaps.org). Only PC species that are not burdened 
by isobaric interference were included in our studies. Oxidized 
PC masses were from published data ( 30, 31 ). Details of the MS 
parameters for these MRM studies and a list of targeted GP 
species are reported in the supplementary methods. The major 
groups include 121 transitions for PC species, 36 transitions for 
PAF-LL and short-chain PC species, and 33 transitions for LPC 
species. We do not notice any differences in collision energy or 
tube lens voltage for different PC species [supplementary Fig. II 
(methods)]; therefore, we used standardized values in all our 
studies. 

 PLA 2  activity assay 
 A modifi ed liposomal-based fl uorescent assay was used to mea-

sure PLA 2  activity in CSF samples ( 32 ). Briefl y, a PLA 2  substrate 
cocktail consisting of 7-hydroxycoumarinyl-arachidonate (0.3 mM), 
7-hydroxycoumarinyl-linolenate (0.3 mM), hydroxycoumarinyl-6-

  Fig.   2.  Spectra of major GPs in SF and NP. The major GPs from LC-MS/MS were processed using the 
spectral feature of Qual Browser software. Shown are the spectra for PE, PS, and PC for SF (A) and NP (B). 
These data are representative of 70 SF and 67 NP injections.   



Glycerophospholipid alterations in AD 2889

was different between SF and NP ( Table 2 ). For exam-
ple, whereas the proportion of PC (NP/SF) in NP was 
about 0.7 of that in SF, the proportions of other GPs 
were higher in NP. This was seen when the lipid content 
is normalized to volume ( Table 2 ) or to total protein 
content (  Table 3  )  of CSF. The proportion of LPC to PC 
was also higher in NP than SF. Together our data show 
the detection of several GP classes and their differential 
distribution between the SF and NP fractions from CSF 
of CH study participants. 

 Molecular composition of the major GPs 
 Using spectral analyses, we identifi ed several molecular 

species of PE, PS, and PC in SF (  Fig. 2A  )  and NP ( Fig. 2B ). 
In SF, the main molecular species of PE and PS had PUFAs. 
In contrast, the molecular species in PC were composed 
of unsaturated fatty acids, monounsaturated fatty acids, 
and proportionally less PUFAs. Several molecular species 
of PE found in SF were absent in NP, and several PS species 
found in NP were absent in SF. PC molecular species ap-
peared identical in SF and NP, although their proportions 
might differ. 

of signifi cant differences in GP levels or PLA 2  activity between CH, 
MCI, and LOAD study participants. All analyses were performed 
using GraphPad Prism software (La Jolla, CA), and signifi cance 
was set at the 5% level for rejecting the null hypothesis. 

 RESULTS 

 GP class composition in SF and NP 
 We initially examined the composition of SF and NP 

GPs using positive ion ESI LC-MS/MS. The total ion 
current (TIC) shows that both SF and NP have several 
GP classes (  Fig. 1  ).  GP-specifi c neutral ion loss monitor-
ing or parent ion monitoring revealed the expression of 
xPE, NAPE, PE, PS, PC, PAF-LL, and LPC in SF. Phos-
phatidylinositol (PI), phosphatidic acid (PA), and phos-
phatidylglycerol (PG) were not reliably detected using 
positive ion ESI and may require development of nega-
tive ion ESI for sensitive detection. Of the GPs detected 
in SF using positive ion ESI, PC accounted for 99.1% 
(  Table 2  ).  Similar to SF, several GPs were detected in 
NP, but the levels of PS were below the limit of detection 
for most NP samples. The distribution of detected GPs 

  Fig.   3.  PC spectra showing the major clusters in SF 
and NP. PC from LC-MS/MS was processed using 
the spectral feature of Qual Browser software. Shown 
are the PC spectra for SF (A) and NP (B). These 
data are representative of 70 SF and 67 NP injections 
and show major clusters of 1-acyl-linked, 1-ether-
linked, and 1-plasmalogen-linked species in both SF 
and NP.   
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attachment of different fatty acids at the  sn -1 (radyl-linked) 
or  sn -2 (acyl-linked) position of glycerol. Thus, the main 
clusters corresponded to 32a, 34a, 36a, 38a, and 40a species, 
respectively. For most samples, smaller clusters of peaks also 
occurred at  � 706, 722, 746, 772, 796, 818, 850, and 874, likely 
corresponding to 1-ether-linked or 1-plasmologen-linked 

 PC species in SF and NP 
 The high expression of PC in CSF allowed us to examine 

its molecular species in detail. Examination of PC spectrum 
in SF or NP showed several clusters of peaks with major 
 m/z  at 734, 760, 786, 810, and 834 (  Fig. 3  ).  These likely 
represent species with different carbon number due to the 

  Fig.   4.  EICs of PC molecular species. The major 
PC molecular species were identifi ed using a Lipid 
Maps algorithm. The most intense molecular spe-
cies not infl uenced by isobars were extracted from 
LC-MS/MS chromatograph of SF and NP. Shown 
are the TIC, SRM of PC(11:0/11:0) internal stan-
dard, and EIC of PC species in SF (A) and NP (B). 
These data are representative of injections from 70 
and 67 SF and NP, respectively.   

  Fig.   5.  Distribution of selected PC species in SF and NP. After LC-MS/MS of SF and NP, selected PC species not encumbered by isobaric 
interference were identifi ed using a Lipid Maps algorithm. These PC species were extracted and their intensities normalized to PC(11:0/11:0) 
as an internal standard. Amounts of each molecular species were determined and expressed as a percentage of total in each CSF fraction. 
These data are the mean ± SEM for SF (A) (n = 70), and NP (B) (n = 67). The  P  values were obtained using a paired  t -test. (A) * P <  0.05 
for three PC species whose proportion is higher in SF than in NP. (B) * P <  0.05 for nine PC species whose proportion is higher in NP than 
in SF, while the proportion of the four unmarked species are similar in both fractions ( P  > 0.05).   
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and NP. In agreement with the extracted ion chromato-
graph (EIC) study, we showed that SF and NP fractions 
[supplementary Fig. II (data)] are composed of several PC 
species. An interesting feature of our study is the resolu-
tion of some PC species into several peaks, indicating wide 
heterogeneity in GP composition of CSF lipids. 

 PE and PS molecular species in SF 
 The high expression of some PE and PS molecular spe-

cies in SF ( Fig. 2 ) allowed us to examine these in more detail, 
whereas the much smaller amount available in NP pre-
vented such analysis. EIC confi rmed the presence of four 
PE and three PS species in SF (  Fig. 6A  ).   Fig. 6B  shows the 
estimated levels of these species in SF. 

 GPs in MCI and LOAD 
 After identifying GPs in CSF fractions from CH partici-

pants, we compared these to CSF fractions from age-
matched study participants classifi ed as MCI or LOAD in 
order to investigate the role of GP metabolism in neurocog-
nitive decline. 

 Alteration in glycerophosphocholine-containing lipids in 
LOAD.   In the SF fractions, PC levels decrease in MCI 
( � 12.3%) and LOAD ( � 18.3%,  P  < 0.05) compared with 
CH (  Fig. 7A  ).  Levels of LPC were not altered in MCI and 

PC species ( Fig. 3 ). For these clusters, we examined masses 
and identifi ed at least 42 species that were not burdened 
by isobaric interference in CSF from CH subjects [ Fig. 1  and 
supplementary Table I (data)]. The distribution of these 
species in SF showed diversity in composition, with differ-
ent 1-acyl and 1-ether/1-plasmalogen   species (  Fig. 4A  ). 
 Examination of PC molecular species in NP reveals a simi-
lar diversity as in SF ( Fig. 4B ). 

 To compare levels of PC species between the SF and NP 
fractions, the mean of each species was expressed as a per-
centage of the total (  Fig. 5  ).  The major molecular species 
( m/z  = 760.58, 34a:1) accounted for 43.2 ± 0.6% (n = 70) 
and 33.7 ± 1.1% (n = 61) for SF and NP, respectively. Pro-
portions of some PC species were similar in both fractions 
(32a:1, 34p:0/34e:1, 34a:2, 36a:2); some PCs were higher 
in SF than NP (34a:1, 36a:4, 38a:4); others were higher in 
NP (32a:0, 36p:3/36e:4, 36p:0/36e:1, 36a:1, 36a:0/38p:6, 
38a:6, 38a:5, 38a:3, 40a:6) ( Fig. 5 ). The ratio of combined 
plasmalogen and ether-PC species to 1-acyl species was 
higher in NP (2.0 ± 0.2, n = 5) than in SF (1.2 ± 0.1, n = 15) 
( P  < 0.05). 

 Targeted analyses of PC molecular species in SF and NP 
 With the availability of lipid databases (www.lipidmaps.

org) and published data for GP molecular species ( 29 ), we 
used the more sensitive MRM to identify PC species in SF 

  Fig.   6.  Distribution of the top PE and PS molecular 
species in SF. After LC-MS/MS of SF, the four most 
intense PE and 3 PS molecular species were identi-
fi ed using a Lipid Maps algorithm (A). PE and PS 
molecular species were extracted, their intensities 
were normalized to PC(11:0/11:0) as an internal 
standard, and the levels were determined from stan-
dards curves (B). Data are the mean ± SEM (n = 70).   
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tiple comparisons test indicated that the decrease in 
AD compared with CH accounted for this difference 
( Fig. 8B ). Mann-Whitney test showed a signifi cant decrease 
in PC(32a:0) in MCI and AD compared with CH. Although 
most of the other PC species decreased in MCI and AD 
compared with CH, these changes did not attain statisti-
cal signifi cance. 

 PE and PS differed in LOAD.   In SF, PE levels decreased 
in MCI ( � 4.3%) and LOAD ( � 25.4%,  P  < 0.05) compared 
with CH (  Fig. 9A  ).  Similarly, PS levels decreased in MCI 
( � 25.8%) and LOAD ( � 28.1%,  P  < 0.05) compared with 
CH ( Fig. 9B ). In contrast, the levels of other PE lipids (xPE 
and NAPE) were not altered in SF of MCI or LOAD com-
pared with CH (data not shown). In NP, PE levels were 
lower in MCI ( � 20%) and LOAD ( � 21.8%) compared 
with CH ( Fig. 9C ). Compared with CH, xPE levels in NP 
decreased more in LOAD ( � 25.5%,  P  < 0.05) than in MCI 
( � 0.7%) ( Fig. 9D ). 

 PE and PS species levels were lower in LOAD.   In the SF 
fractions, levels of PE species with  m/z  = 780 [PE(40p:4/
40e:5)] decreased in MCI ( � 15.4) and LOAD ( � 76.2%, 
 P  < 0.05) compared with CH (  Fig. 10A  ).   Levels of other PE 
species with diacyl-linked fatty acids did not change in 
MCI/LOAD compared with CH ( Fig. 10A ). Compared 
with CH, levels of PS(34a:3) and PS(36a:4) decreased in 
LOAD by 26.5% ( P  < 0.05) and 36.6% ( P  < 0.05), respec-
tively, whereas only the level of PS(38a:6) was reduced in 
MCI ( � 20.5%,  P  < 0.05) ( Fig. 10B ). 

 PLA 2  activity contributed to GP lipolysis in LOAD 
 The decrease in GPs ( Figs. 7 and 9 ) and the increase in 

LPC/PC in LOAD ( Fig. 7 ) may arise from enzymatic or non-
enzymatic processes. To examine the former, we measured 

LOAD compared with CH ( Fig. 7B ). However, the ratio 
LPC/PC was higher in MCI (14.6%,  P  < 0.05) and AD 
(16.7%) ( Fig. 7C ), and the total content of glycerophospho-
choline (GPC) lipids (PC + LPC + PAF_LL) was signifi -
cantly lower ( P  < 0.05) in LOAD (7.4 ± 0.6  � g/ml) compared 
with CH (9.1 ± 0.4  � g/ml). 

 In the NP fraction, PC decreased in MCI ( � 18.6%) and 
LOAD ( � 23.2%) compared with CH ( Fig. 7D ). In con-
trast, LPC increased in MCI (6.5%) and LOAD (20%) 
compared with CH ( Fig. 7E ). This resulted in a signifi cant 
increase in the ratio LPC/PC in NP (Kruskal-Wallis  P  < 
0.05) ( Fig. 7F ) of LOAD. Dunn’s multiple comparison 
tests and Mann-Whitney test ( P  < 0.05) showed that the 
PC decrease with a concomitant increase in LPC levels in 
LOAD samples compared with CH accounted for the 
group difference in the ratio LPC/PC. Levels of PAF_LL 
decreased in MCI ( � 21.1%) and increased in LOAD 
(12.3%) but did not attain statistical signifi cance (data not 
shown). 

 PC species levels were lower in LOAD.   In SF, a Kruskal-
Wallis test showed signifi cant group differences in sev-
eral PC species: PC(32a:0), PC(34p:0/34e:1), PC(34a:1), 
PC(34a:0), PC(36a:1), and PC(38a:5). For these PC spe-
cies, a post-hoc analysis using Dunn’s multiple comparison 
test showed signifi cant differences between CH and LOAD 
( P  < 0.05) but not between CH and MCI (  Fig. 8A  ).  Mann 
Whitney tests without correction confi rmed the signifi -
cant differences between CH and LOAD. Although no 
group differences were observed for PC(36a:0/38p:6) and 
PC(38a:6), direct comparison showed differences between 
CH and LOAD. Levels of PC(38a:5) and PC(38a:6) were 
also lower in MCI compared with CH ( Fig. 8A ). 

 For PC species in NP, Kruskal-Wallis test showed signi-
fi cant group differences in PC(32a:0), and Dunn’s mul-

  Fig.   7.  GPC lipids change in LOAD. The levels of GPC lipids (PC, LPC, PAF_LL) in SF or NP were deter-
mined using LC-MS/MS. (A–C) Levels of PC, LPC, and LPC/PC, respectively, in SF for CH, MCI, and LOAD 
subjects. (D–F) Levels of PC, LPC, and LPC/PC, respectively, in NP for CH, MCI, and LOAD subjects. The 
number of samples for each group (n) is indicated for each group, and the bar is the mean ± SEM. Group 
comparisons were performed using Kruskal-Wallis test and comparisons using Mann-Whitney test. * P <  0.05.   
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 GP components of SF and NP from older CH adults 
 Both fractions of the CSF are rich in GPs, particularly in 

the NP fractions that are composed mainly of a heteroge-
neous group of 30–200 nm-sized particles ( 24 ). The SF com-
ponents may represent metabolism in the interstitial fl uids 
(CSF), whereas the NP is likely derived from brain cell mem-
branes via exocytosis and may represent metabolism within 
the brain. Using LC-MS/MS, we present data of CSF GP com-
position of SF and membrane-rich NP fractions. LC-MS/MS 
is an attractive and complementary substitute for the often-
used shotgun lipidomics approaches ( 34, 35 ). Using LC 
rather than direct infusion allows the measure of several lipid 
classes in the same analysis ( 36 ), especially important when 
sample availability is limited. This approach can be used for 
discovery of modifi ed GP molecular species ( 37 ) as well as 
targeted MRM studies within a single analysis. 

 The amount of lipids recovered in the CSF fractions was 
markedly different. While the lipid/protein content was 
higher in NP, signifi cantly lower amounts of lipids were 
recovered from NP compared with SF. For example, 
whereas SF yielded 9,030 ng/ml PC, only 52 ng per ml 

PLA 2  activity in CSF from CH, MCI, and LOAD, and we 
found that PLA 2  activity was higher in MCI (7.6%) and 
LOAD (15.36%) ( P  < 0.05) (  Fig. 11  ).   These data demon-
strate that decreased GP levels found in SF and NP frac-
tions from LOAD participants resulted at least partly from 
increased PLA 2  activity. 

 DISCUSSION 

 CSF bathes and transports metabolites around the brain, 
and thus, its constituents refl ect in vivo brain metabolism 
( 33 ). Nanoparticles that we recently described in CSF have 
signaling functions and are likely derived from brain cells 
by exocytosis or autophagy ( 24 ). Here, our data showed 
compartmentalization of GPs between SF and NP fractions 
in support of their differential origins and/or metabolism. 
The GP composition in these fractions was altered as neu-
rodegeneration progressed and corresponded to increases 
in PLA 2  activity. 

  Fig.   8.  PC species change in LOAD. Levels of se-
lected PC species in SF or NP were determined using 
LC-MS/MS. (A) Levels of PC species in SF for CH, 
MCI, and LOAD subjects. (B) Levels of PC species in 
NP for CH, MCI, and LOAD subjects (mean ± SEM). 
Group comparisons were performed using Kruskal-
Wallis test and comparisons using Mann-Whitney 
test. * P <  0.05 compared with CH.   
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 GPs differed in LOAD 
 The richness and diversity of CSF GPs with their known 

important biological roles and their compartmentaliza-
tion in NPs versus SFs justifi ed further study to examine CSF 
fl uid and membrane preparations from different disease 
groups. Here, we investigated whether the GPs measured 
were different between age-matched CH, MCI, and LOAD 
participants. We found that GP levels decreased progres-
sively from CH to MCI, and from MCI to AD, with PC, PE, 
and PS values in LOAD decreasing the most in SF. In con-
trast, LPC levels in NP and the ratio LPC/PC in both SF 
and NP increased in LOAD compared with CH. 

 Measurement of the most abundant PC species in CSF in-
dicated a major decrease in SF compared with NP fractions. 
There was no substrate-specifi c decrease, with unsaturated, 
monounsaturated, polyunsaturated, and diradyl-linked PC 
species decreasing in SF. In contrast to PC, a PE species (pu-
tatively identifi ed as plasmalogen PE) was drastically reduced 
in SF. Together, our data in this cross-sectional study show 
that GP composition of CSF nanoparticles and fl uid fractions 
differ between healthy people and those with LOAD, whereas 
the CSF GPs from people with MCI are intermediate. 

 PLA 2  activity contributed to LOAD 
 The decrease in PC in both CSF fractions accompanied 

by an increase LPC in NP suggests that a PLA 2  activity may 
be involved in GP lipolysis, a process that may contribute 
to LOAD pathology. A slight increase in PLA 2  activity in 
MCI and a signifi cant increase in PLA 2  activity in LOAD 
are evidence that PLA 2  is involved in LOAD pathology. 
Several important characteristics of PLA 2  activity in CSF 
are evident from our study. First, the decrease in GPs is 
found in both SF and NP, suggesting that cytosolic or 
membrane-bound enzymes may be involved. Second, sev-
eral GP substrates are hydrolyzed, suggesting nonsubstrate 
specifi city or involvement of different PLA 2  isoforms in 
LOAD. Studies support the role of different PLA 2  isoforms 
in AD ( 20, 23, 41 ). Third, whereas different subclasses of 
PC are hydrolyzed in LOAD, the biggest decrease in any 
GP species is the greater than 75% decrease in PE ( m/z  
780) that corresponds to PE(40p:4/40e:5). A plasmalogen-
specifi c PLA 2  is implicated in AD pathology and may be 
responsible for the depletion of brain plasmalogen in AD 
( 20 ). These data show more specifi city in the degradation 
of PE plasmalogen but not PC and PS species in LOAD 
compared with CH. 

equivalent was recovered in NP ( Tables 2 and 3 ). We 
would expect to identify many more GP molecular species 
in the NP fractions if a greater quantity was prepared. 
However, the choice of limiting the source CSF to 4 ml was 
based on enabling this analysis from most (67/70) of our 
study participants. 

 The differences in the distribution of detected GPs in SF 
using positive ion ESI compared with NP may have struc-
tural and functional importance. Whereas PC is the major 
GP in both fractions, higher PC in SF compared with NP 
and the presence of more plasmalogen/ether lipids in NP 
suggests compartmentalization of lipid metabolism. NAPE 
is known to have antioxidant capacity, is a precursor of en-
docannabinoid ( 38–40 ), and is enriched in NP compared 
with SF. Furthermore, higher proportions of PUFAs exist in 
certain GP pools, and the plasmalogen/ether lipids and 
NAPE we found in NPs may refl ect efforts to protect brain 
PUFAs from oxidation. These differences in GP composi-
tion of SF compared with NP support the notion that GPs in 
these fractions may be regulated differently. 

  Fig.   9.  PE and PS decrease in LOAD. Levels of PE and PS in SF 
and PE and xPE in NP were determined using LC-MS/MS. (A, B) 
Levels of PE and PS, respectively, in SF for CH, MCI, and LOAD 
subjects. (C, D) Levels of PE and xPE, respectively, in NP for CH, 
MCI, and LOAD subjects. The number of samples for each group 
(n) is indicated for each group, and the bar is the mean ± SEM. 
Group comparisons were performed using Kruskal-Wallis test and 
comparisons using Mann-Whitney. * P <  0.05 compared with CH.   

  Fig.   10.  PE and PS species change in LOAD. Lev-
els of PE (A) and PS (B) species in SF were deter-
mined using LC-MS/MS. Data are the mean ± SEM. 
Group comparisons were performed using Kruskal-
Wallis test and comparisons using Mann-Whitney 
test. * P <  0.05 compared with CH.   
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 Role of GP metabolism in clinical groups 
 Overall, our studies show that GPs, PLA 2 , and amyloid pep-

tides are involved in LOAD pathology. It is diffi cult to deter-
mine the relationship between these major molecules in the 
context of a complex organ such as the brain, but several 
links can be proposed in the three different clinical groups, 
CH, MCI, and LOAD. Differences that we measured in CSF 
fractions and clinical groups are summarized in   Table 4  .  

 Normal aging is accompanied by a gradual decrease and 
change in brain lipid composition ( 18 ), and in our CH 
population, there was normal GP turnover with homeo-
static control of infl ammatory lipid levels in the SF and NP 
fractions. Under these conditions, processing of amyloid 
precursor protein and lipid-associated clearance of neuro-
toxic peptides are not hindered, PLA 2  activity is at a ‘nor-
mal level,” and neuroinfl ammation is controlled, resulting 
in slower neurodegeneration. 

 In the MCI population, demographic, clinical, and 
genetic factors linked to the transport of lipids do not 
contribute to the changes in GPs compared with CH. 
But in MCI, there is mild disturbance in GP metabolism 
shown by a slight increase in PLA 2  activity in CSF that 
accompanies a decrease in GPs in SF and NP fractions 
compared with CH. The increase in PLA 2  activity in MCI 
is consistent with the increase in the product (LPC) to 
substrate (PC) ratio in both SF and NP fractions. This 
might result in mild neuroinfl ammation that is inde-
pendent of A �  42  formation in MCI. Interestingly, in 
the SF fraction from MCI participants, only three GP 
species containing PUFAs [PC(38a:5), PC(38a:6), and 
PS(38a:6)] were signifi cantly decreased compared with 
CH. Given studies suggesting that omega-3 PUFAs, such 
as eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA), are important in cognitive function and memory 
( 46 ), the decrease we observed in CSF may indicate early 

 Increased expression or activation of PLA 2  contrib-
utes to the digestion of GPs. Hydrolysis of GPs can per-
turb membrane structures, exposing membrane-bound 
amyloid precursor proteins to abnormal digestion and 
production of toxic peptides, consistent with reports of 
colocalization of PLA 2  with amyloid plaques ( 23 ). Dis-
turbance of membrane structures can also impede the 
transport and clearance of neurotoxic amyloid peptides 
( 42, 43 ). PLA 2  products have infl ammatory properties 
that can exacerbate the damage to brain tissues ( 44, 45 ). 
Thus, the increase in PLA 2  activity that we measured in 
CSF may be expected to worsen LOAD pathophysiology by 
destroying cell membranes or by generating infl amma-
tory molecules. 

  Fig.   11.  PLA 2  activity increases in LOAD. PLA 2  activity in CSF 
(10  � g protein per assay) was determined using a fl uorescent assay. 
Data are expressed as the RFU per min for different clinical groups. 
Data are the mean ± SEM for CH, MCI, and LOAD. * P <  0.05 com-
pared with CH.   

 TABLE 4. Summary of GPs in CSF fractions and their alteration in clinical groups 

CSF CH (n = 70) MCI (n = 40) LOAD (n = 29)

SF fraction PC >>> PE > LPC > NAPE > 
 PS > PAF_LL > xPE

PC ( ↓ ) PC ( ↓  ↓ )
LPC/PC ( ↑  ↑ ) PE ( ↓  ↓ )

PE and PS enriched 
 with PUFA

PC(38a:5) ( ↓  ↓ ) PS ( ↓  ↓ )
PC(38a:6) ( ↓  ↓ ) LPC/PC ( ↑ )
PS(38a:6) ( ↓  ↓ ) 7 PC species   a    ( ↓  ↓ )

PE (40p:4/40e:5) ( ↓  ↓ )
NP fraction PC >>   xPE > NAPE> LPC > 

 PE > PAF_LL, [PS(ND)]
PC and PE ( ↓ ) LPC ( ↑ )

Lipid enriched with SAFA, 
 MUFA, PUFA

PC(32a:0) ( ↓  ↓ ) xPE coelutes with NAPE ( ↑  ↑ )

PLA 2  activity Increased ( ↑ ) Increased ( ↑  ↑ )
Interpretation  i ) NP and SF rich in GPs 

 that differ in distribution 
 between these fractions

 i ) Increased GP lipolysis 
 and oxidation

 i ) Breakdown of lipids,

 ii ) Refl ects interstitial fl uid 
 and membrane metabolism 
 in normal aging

 ii ) Early evidence of 
 neuroinfl ammation

 ii ) Enzymatic lipolysis
 iii ) Evidence of extensive 
 infl ammation

We recruited CH, MCI, and LOAD study participants and fractionated their lumbar CSF into SF and NP 
fractions. Levels of GP were reliably detected using positive ion ESI and were quantifi ed for the CH population (PI, 
PG, PA were not measured). Their direction of alterations within clinical groups and pathological signifi cance in 
each clinical group are shown. Labels for GP levels in CSF fractions and the alterations in GPs and PLA2 activity in 
clinical groups: >, greater than; >> much greater than; >>> much more greater than;  ↑ , increased compared with 
CH;  ↑  ↑ , signifi cantly increased compared with CH;  ↓ , decreased compared with CH;  ↓  ↓  signifi cantly decreased 
compared with CH. SAFA, saturated fatty acid; MUFA, monounsaturated fatty acid; ND, not determined.

  a   Seven PC species include 32a:0, 34a:1, 34p:0/34e:1, 36a:0/38p:6, 36a:1, 38a:5, and 38a:6.
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evidence of metabolic dysfunction in omega-3 PUFA me-
tabolism. Oxidative stress linked to PUFA degradation 
in addition to increased PLA 2  activity may also contrib-
ute to the increased LPC/PC ratio that we reported. Re-
gardless of the mechanisms that account for altering GP 
levels, the decrease in PUFAs in MCI compared with CH 
may impair neuronal function. These potential mecha-
nisms become important when considering the preven-
tion of cognitive impairment in an elderly population. 
Our study contributes to the scientifi c basis for using anti-
infl ammatory or antioxidant agents in the MCI popula-
tion to delay its progression to LOAD ( 47, 48 ). Moreover, 
the altered GP species we reported in CSF from the par-
ticulate and SF fractions can be measured to estimate the 
effi cacy of these therapies on infl ammatory and oxidative 
damage in patients. 

 In the LOAD population, widespread disturbance in GP 
metabolism is shown by a signifi cant decrease in PC, PE, 
and PS in the SF fraction and by the increase in LPC/PC 
in both SF and NP fractions. These modifi cations in GP 
compositions may change cell membrane fl uidity, alter 
amyloid precursor protein processing, and infl uence the 
release of neurotoxic A �  42  ( 49, 50 ). An increase in PLA 2  
activity combined with the higher LPC/PC in CSF is evi-
dence of neuroinfl ammation in LOAD. Given studies 
showing that NAPE and plasmalogens have antioxidant 
properties ( 51 ), our results showing a decrease in a phos-
phoethanolamine-containing lipid that coelutes with 
NAPE in NP and in a plasmalogen-PE in SF of LOAD, sug-
gest decreased antioxidant capacity in LOAD compared 
with CH. These differences in CSF lipids in both fl uid and 
membrane fractions refl ect major changes in the brain of 
LOAD participants. 

 CONCLUSION 

 Our studies, summarized in  Table 4 , show GP compo-
sition that differs between CSF particulate and SFs from 
CH study participants and that are further altered in 
MCI and LOAD with the involvement of PLA 2  activity. 
However, much more research is required to under-
stand the roles of GPs and PLA 2  in LOAD. Studies that 
identify the involvement of specific PLA 2  isoforms or 
testing inhibitors of PLA 2  may reveal biomarkers or 
means of preventing the disturbance of GP metabolism 
in MCI and LOAD ( 52, 53 ). We propose that an inte-
grated treatment strategy involving anti-inflammatory 
and antioxidant agents that stabilize GP composition 
in MCI subjects may be important in preventing the 
pathological consequences of altered GP metabolism 
( 47, 48 ).  
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