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A novel online system including two-dimensional liquid chromatography coupled to high-resolution
mass spectrometry (2D-LC/MS) was developed and applied for comprehensive phospholipid (PL) and
sphingomyelin (SM) profiling of dorsal hippocampus (DHPC), ventral (VHPC) and prefrontal cortex (PFC)
brain regions in a mouse model of anxiety disorder. In the first dimension, lipid classes were distinguished
by hydrophilic interaction liquid chromatography (HILIC), while the second dimensional separation of
individual PL and SM species was achieved by reversed-phase (RP) chromatography. For the enrichment
of lipid species in diluted HILIC effluent, two RP trapping columns were used separately. The developed
fully-automated 2D method allowed the quantitative analysis of over 150 endogenous PL and SM species
in mouse brain regions within 40 min. The developed method was applied in a pilot study, which aimed
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2D-LC/MS to find alteration of PL and SM composition in a mouse model of anxiety disorder. In the case of 37 PL
Lipidomics and SM species, significant differences were observed between high anxiety-related behavior (AX) and

Anxiety disorder low anxiety-related behavior (nAX) mice. In mice having elevated anxiety, the most typical trend was

the downregulation of PL species, in particular, in VHPC.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Non-targeted analysis of biomolecules is an important trend in
the field of omics such as proteomics, genomics, transcriptomics
and metabolomics. Lipidomics, an emerging field of metabolomics,
aims for the comprehensive analysis of lipids in cells, tissues
and biological fluids and monitors the lipid responses to various
external or internal effects/events [1-4]. Chemically, eight lipid
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categories are known, namely, fatty acyls (FA), glycerolipids, sac-
charolipids, polyketides, sterol lipids, prenol lipids, sphingolipids
and PLs. According to the polar head group of PLs, phosphatidyl-
choline (PC), phosphatidylethanolamine (PE), phosphatidylinositol
(PI), phosphatidylserine (PS), phosphatidylglycerol (PG) and phos-
phatidic acid (PA) classes are distinguished [5,6].

Nowadays, the coupling of LC to MS is one of the most power-
ful and widespread techniques to analyze lipid molecular species
in complex samples. The main advantages of the use of this
hyphenated technique, compared to direct infusion called “shot-
gun” methods, are its ability to distinguish isomers (isobars) and
obtain higher sensitivity of low-abundance lipids owing to reduced
ion suppression effect [7-9]. In LC, lipids are usually separated by
RP, HILIC or normal phase (NP) methods. In RP-LC, the retention
behavior of lipids are in correlation with the equivalent carbon
number, while in the case of NP-LC and HILIC, the retention of lipid
classes depends on the hydrophilic properties of the polar head
group [4,10,11]. The solvent system used in NP-LC usually provides
low ionization efficiency in MS detection, while RP-LC and HILIC
mobile phases are MS compatible and result in good ionization [12].
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Lipidomics deals with large sample complexity; therefore, one-
dimensional (1D) chromatographic separation can provide limited
selectivity for lipid species in any chromatographic mode resulting
in difficulties in identification and quantification [13]. The combi-
nation of different LC modes could provide a number of possibilities
to improve separation of lipid molecular species through enhanced
chromatographic resolution and higher peak capacity. Two con-
nected orthogonal LC modes, such as NP-LC or HILIC or silver-ion
chromatography (for nonpolar lipids) with RP-LC, either online or
offline, have already been used in lipidomics. [13-21]. The main
benefit of offline 2D techniques is that the chromatographic con-
ditions in both dimensions can be completely optimized, which
helps to improve the separation of lipid species. On the other hand,
it is not automated and additional sample preparation steps, such
as fraction collection, evaporation of mobile phase, reconstitution
and rerun in second dimension, make this method time-consuming
and labor-intensive and may result in degradation of the sample.
Online 2D techniques, in turn, give an opportunity for the devel-
opment of completely automated measurements with a low risk
of sample loss and degradation. However, this technique provides
compromising chromatographic resolution in the first and/or sec-
ond dimension due to the synchronization of both dimensions and
requires a high level of instrumentation [14,16,19].

Although anxiety disorders are among the most widespread
affective diseases, their pathogenesis is still poorly understood. The
generation and regulation of the sustained anxious mood are a com-
plex process, in which several brain regions (also referred to as
the fear circuitry) are involved in the generation of fear. Key areas
of the brain are the medial PFC and VHPC, sharing a monosynap-
tic connection, which functionally interacts during innate anxiety
tasks [22-25]. It is the VHPC, which is also interconnected with
the amygdala and the entorhinal cortex and mediates the effect of
glucocorticoids on anxiety in the brain [26-29]. The use of animal
models of anxiety disorder may help to understand human dis-
orders. Two mouse strains with extremes in their anxiety-related
phenotype have been established by using an intra-strain and a
selective bidirectional inbreeding approach that led to an accumu-
lation of genetic material associated with the respective anxiety
phenotype. Our group has previously studied neurophysiological
and brain proteome differences in AX and nAX mouse strains and
now we present our lipidomics results on this animal model [30,31].

The main goal of this study was the development of a new,
online 2D-LC/MS method for the characterization of the PL and
SM composition of different brain regions of nAX and AX mice.
Comprehensive lipidomics analysis was achieved by separation of
lipid classes by HILIC chromatography (first dimension) followed by
reversed-phase chromatography (second dimension) on a UHPLC
column packed with fully porous sub-2 wm C18 particles to sep-
arate lipids species. The identification of brain polar lipid species
was based on the retention times in both dimensions, the accurate
m/z values and isotope patterns of the detected ions ([M—H]~ or
[M+HCOO]~, depending on PL classes). Quantification of PL species
identified was carried out by using internal standards.

2. Materials and methods
2.1. Animals and tissue samples

Inbred mouse strains having either AX or nAX were bred in
our animal facility. These strains were originally developed at EGIS
Pharmaceuticals PLC (Budapest, Hungary) by bidirectional inbreed-
ing based on anticipatory anxiety [30]. 2.5-3-month-old male mice
were housed individually under a light/dark 12-h cycle (lights on
at 08:00) at 24 + 1 °C temperature giving ad libitum access to food
and water. For the experiments, 80-85th generations were used.

The mice were sacrificed, their brains were rapidly removed and
PFC, VHPC and DHPC regions were dissected. The wet samples were
weighed, snap-frozen in liquid nitrogen and stored at —80 °C before
homogenization. The study was in compliance with EU directive
2010/63/EU and was approved by the regional Station for Animal
Health and Food Control under Project License XXXI/2012.

2.2. Chemicals and standards

1-Heptadecanoyl-2-hydroxy-sn-glycero-3-phosphate (sodium
salt) (LPA 17:0), 1,2-dimyristoyl-sn-glycero-3-phosphate
(sodium salt) (PA 14:0/14:0), N-lauroyl-p-erythro-
sphingosylphosphorylcholine (SM d18:1/12:0),
1-myristoyl-2-hydroxy-sn-glycero-3-phospho-(1'-rac-glycerol)
(sodium salt) (LPG 14:0), 1,2-diheptadecanoyl-sn-glycero-
3-phospho-(1’-rac-glycerol) (sodium salt) (PG 17:0/17:0),
1-nonadecanoyl-2-hydroxy-sn-glycero-3-phosphocholine
(LPC 19:0), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (PC
14:0/14:0), 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine
(sodium  salt) (PS  14:0/14:0), 1-myristoyl-2-hydroxy-
sn-glycero-3-phosphoethanolamine (LPE 14:0), and
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (PE
14:0/14:0) were purchased from Avanti Polar Lipids (Alabaster,
USA) and used as internal standards (IS). Water, methanol, ace-
tonitrile, ammonium formate (all LC-MS grade), n-hexane, and
chloroform (HPLC grade) were purchased from VWR (Radnor,
USA). LC-MS-grade 2-propanol was purchased from Fluka (Buchs,
Switzerland) and acetone (GC-MS grade) was from MERCK
(Darmstadt, Germany).

2.3. Sample preparation

The weighed brain samples were placed into 1.7 mL microcen-
trifuge tubes and an appropriate volume of ammonium formate
buffer (50 mM) were added in order to obtain 5 jLg/L concentra-
tion of each homogenate. The samples were individually sonicated
with a BioLogics Model 150VT ultrasonic homogenizer (BioLogics
Inc, Manassas, VA, USA) for 1 min using full power setting with a
50% pulse on the micro-tip probe.

Extraction of lipids from brain homogenate was performed
according to a slightly modified Folch procedure [32]. Prior
to extraction, 10 wL brain homogenate was spiked with 10 uL
lipid standard mixture (100 pmol/uwL PC 14:0/14:0, 100 pmol/pL
LPC 19:0, 50pmol/pnL PE 14:0/14:0, 30pmol/ul LPE 14:0,
5pmol/uwLPG 17:0/17:0, 5pmol/pl LPG 14:0, 50 pmol/pnL PA
14:0/14:0, 50 pmol/pL LPA 17:0, 50 pmol/wL PS 14:0/14:0 and
125 pmol/wL SM d18:1/12). After vortex mixing, 5 L of butylated
hydroxytoluene (2mg/mL in ethanol) and 450 L of chloro-
form/methanol (2:1, v/v) were added, followed by vortex mixing.
The mixture was shaken for 15 min at room temperature. After
the addition of 115 L of ammonium formate (50 mM), the sample
was vortexed for 20s. Upon 5 min of incubation at room tempera-
ture, the sample was centrifuged at 1000 g for 10 min 200 w.L of the
lower phase was collected, and the upper phase was re-extracted
with 200 L of chloroform. After centrifugation, 300 L of the lower
phase was combined with the first portion of organic phase and
dried by a nitrogen stream at ambient temperature. For 2D-LC/MS
measurements, the dried extracts were reconstituted in 100 L
chloroform/methanol (2:1, v/v) mixture.

2.4. 2D-LC/MS conditions

2D-LC/MS analysis was performed by using a Waters Acquity I-
Class UPLC™ gsystem (Waters, Manchester, UK), equipped with two
binary solvent managers, an auto-sampler and a column manager
with two six-port, two-position automatic switching valves. The
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Fig. 1. Flow scheme of the established 2D-LC/MS system in both valve positions: Position 1 and Position 2.

eluent of the first-dimensional HILIC column was diluted using a dimensional analytical columns were thermostated in the column
HITACHI L-7100 pump (Hitachi, Tokyo, Japan) and a high-pressure manager of the UPLC system, while for the enrichment columns, a
static mixing tee (IDEX, Oak Harbor, WA, USA). The first and second L-7350 LaChrom column oven (Merck, Darmstadt, Germany) was
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used. The ultrahigh-performance liquid chromatography (UPLC)
system was coupled to Thermo Scientific Q Exactive Plus hybrid
quadrupole-Orbitrap (Thermo Fisher Scientific, Waltham, MA, USA)
mass spectrometer. The experimental configuration of our online
2D-LC/MS system is illustrated in Fig. 1.

In the 2D-LC/MS system, the first- and second-dimension
columns were connected through two six-port valves and two Luna
C18(20 x 2.0 mm, 5 pm, 100 A, Phenomenex) enrichment columns
(Fig. 1). By the scheduled switching of the six-port valves, the
diluted mobile phase from the HILIC column in first dimension was
trapped on C18 enrichment column, while the trapped compounds
on the other C18 enrichment column were analyzed in the sec-
ond dimension in sync (Table 1). To prevent the elution of lipid
species from the enrichment columns during the trapping process,
the diluter pump delivered 5mM ammonium formate eluent at a
flow rate of 0.6 mL/min into the static mixing tee, which was con-
nected after the HILIC column and in front of the first six-port valve.
The trap columns were maintained at 50 °C.

Fig. 1 demonstrates the schematic representation of our 2D-
LC/MS system in “Position 1” arrangement, where the “RP trap 1”
column was first used to enrich analytes from the diluted efflu-
ent of the HILIC column. The system was kept in this configuration
for 8 min. Then switching valves were turned into “Position 2” as
shown in Fig. 1. The diluted mobile phase from the HILIC column
was then trapped on the “RP trap 2” column and, at the same time,
the analytes trapped on the “RP trap 1” column were washed onto
and separated on the second-dimensional RP analytical column.
The complete schedule of event times is detailed in Table 1. The
number of valve events was odd (5), which would have resulted in
the same initial valve positions in consecutive analysis. Namely,
in the first HILIC effluent trapping section (0-8 min), the eluted
analytes of the given measurement would have enriched on the
same trap column that was used in last section of previous mea-
surement. Therefore, to prevent the undesired “double trapping”
on the enrichment columns, two methods with the same LC and
MS parameters had to be established, which differed only in the
order of valve positions (Table 1). The two methods had to be
strictly alternated in sample sequence. Components that trapped
in the washing and re-equilibration steps of the HILIC column
(32-40min) were detected in the first RP-LC run of the following
sample but were ignored in data evaluation (Fig. 2).

Lipid classes were separated in the first dimension after
injecting 10 L of sample/standard on a Kinetex HILIC column
(150 x 2.1 mm, 2.6 um, 100A, Phenomenex) using programmed
gradient of eluent A (50 mM ammonium formate solution) and elu-
ent B (acetone) (Table 1). The flow rate of the mobile phase and
the temperature were kept, respectively, at 0.4 mL/min and 50°C
during the analysis. The injector needle was washed with hexane-
2-propanol-water (2:2:0.1, v/v/v) mixture after each injection.

In the second dimension, eluent A and B were water/acetonitrile
(50:50, v/v) and water/acetone (5:95, v/v), respectively, both con-
taining 5 mM ammonium formate. The mobile phase washed the
substances trapped on a given C18 enrichment column onto an
Acquity UPLC BEH C18 analytical column (2.1 x 50 mm, 1.7 pm,
130 A, Waters) at a flow rate of 0.4 mL/min. The column was main-
tained at 50°C. The gradient programs of both dimensional are
detailed in Table 1.

The mass spectrometer was operated in the negative-ion mode
using a heated ESI source with the following conditions: capillary
temperature 250 °C, S-Lens RF level 50, spray voltage 2.5 kV, sheath
gas flow 45, sweep gas flow 2 and auxiliary gas flow 10, and full
scan with a mass range of 100-1000 and a resolution of 35,000.
The automatic gain control (AGC) setting was defined as 3 x 106
charges and the maximum injection time was set to 100 ms.

The LC system was controlled by MassLynx 4.1 SCN 901 (Waters,
Milford, MA, USA). The control of MS system and MS data acquisi-

tion were conducted by the Xcalibur™ 4.0 software (Thermo Fisher
Scientific, Waltham, MA).

2.5. Data processing

The alignment of retention times, peak picking, deconvolution,
determination of peak area, as well as preliminary identification
using LipidBlast database were performed from raw data by Proge-
nesis QI (Nonlinear Dynamics, Newcastle, United Kingdom) [33].
Then, the processed data including peak area, m/z value, and
retention time were imported into Microsoft Excel software for
normalization of the peak areas, which was based on calculation
of the analyte/IS peak area ratios. Identification of lipid species was
accomplished via accurate mass (<3 ppm) database searching of
LIPID MAPS and our homemade database built on our own mea-
surements, literature sources and the prediction of retention times
based on retention behavior of PL classes and PL species in both
dimensions [6,34-39].

Multivariate data analysis of data including the normalized peak
area and the abbreviation of the obtained identified lipids was per-
formed by SIMCA software 14.1 (Umetrics, Umed, Sweden). The
obtained results of the orthogonal partial least square discriminant
analysis (OPLS-DA) and the corresponding S-plots allowed the pre-
diction of significant features (potential biomarkers) of which the
alteration was in relation to the AX mouse model. Box plots and
column diagrams with standard errors (SEM) were used to illus-
trate the data and the differences between the nAX and AX mice.
These were assessed with t-test using GraphPad Prism 5 statistical
software (GraphPad Software, Inc., La Jolla, CA, USA).

3. Results and discussion
3.1. Coupling of HILIC and RP-LC in 2D/LC

Several chromatographic parameters, such as column length,
mobile phase composition, types and concentration of mobile
phase additives, column temperature, gradient steepness and flow
rate were investigated both in the first HILIC and the second RP-LC
dimensions.

During optimization of HILIC, 100 mm and 150 mm length
narrow-bore columns (2.1 mm) with porous shell particles were
compared, and the latter was selected for further optimization
to obtain better separation of PL classes. To achieve this goal,
methanol, acetonitrile and acetone were tested as the organic com-
ponent of the mobile phase. The application of acetone resulted
in the highest retention and improved chromatographic resolu-
tion, in particular, for PCs and SMs, thus it was selected in the
final method. In HILIC mode, the concentration of water in the
mobile phase has a significant influence on the retention mech-
anism and the reproducibility of retention time by establishing of
a water-enriched layer of semi-stagnant eluent on the stationary
phase [40,41]. The minimum water content of the mobile phase
was determined to be 3% (v/v) for the reproducible retention of
lipids. The chromatographic behavior of the analytes is influenced
by the type and concentration of the mobile phase modifiers. The
volatile and MS-compatible ammonium formate was selected and
added at 50 mM concentration to water for preparation of eluent
A. In order to improve the trapping efficiency, the flow rate in first
dimensional separation and the diluter pump had to be harmo-
nized. Usually, the application of low flow rate in the first dimension
promotes trapping efficiency of the analytes. However, it resulted in
serious peak broadening in our case, thus as an optimum flow rate
of 0.4 mL/min was selected. Lipid profiling of mouse brain extract
with optimized HILIC chromatography is shown in Fig. 2(A). 11 PL
classes, specifically, PG, PI, LPG, LPI, PE, PS, LPE, PC, PA, SM and LPC,
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Table 1
The detailed gradient program and valve events of final 2D-LC/MS method.

First dimension (HILIC)

Valve position

Second dimension (RP-LC)

Lipid classes Retention time [min] Solvent B [%] Method 1 Method 2 Lipid species Retention time [min] Solvent B [%]
nonpolar lipids 0.0 97 1 2 0.0 30
FA 2.0 95
LPG 5.0 95
PG 5.1 30
8.0 30
LPI 2 1 nonpolar lipids 8.0 30
PI FA 10.0 95
PE LPG 13.0 95
PG 13.1 30
16.0 30
LPE 1 2 LPI 16.0 30
PC PI 18.0 95
PS PE 21.0 95
21.1 30
24.0 30
PC 2 1 LPE 24.0 30
PS PC 26.0 95
SM PS 29.0 95
LPC 30.0 82 29.1 30
PA 31.0 50 32.0 30
1 2 PC 32.0 30
35.0 50 PS 34.0 95
35.5 97 SM 37.0 95
LPC 371 30
40.0 97 PA 40.0 30

were distinguished within 40 min. Identification of these classes
was performed in a separate 1D experiment by the application
of the method detailed above. For analysis of lipid species in the
second dimension, the eluate of the HILIC chromatography was
divided into five fractions with 8 min of retention time windows,
as demonstrated in Fig. 2(A).

By the use of reversed-phase C18 stationary phase, the retention
and separation mechanism of lipids are based on the lengths of fatty
acyl (or alkyl) chains and the number and the position of double
bonds [4], which allow the discrimination of lipid species within
the same class. For the separation of lipid species in second dimen-
sion, an Acquity UPLC BEH C18 micro-bore column with a particle
size of 1.7 wm was selected. In order to achieve appropriate separa-
tion of lipid species within lipid classes at proper system pressure,
flow rate and to get high ionization efficiency, a careful selection of
the mobile phase was also needed. The use of water/acetonitrile
(50:50, v/v) as A eluent and water/acetone (5:95, v/v) as B elu-
ent (both containing 5mM ammonium formate) proved to be a
good compromise in point of view of system pressure, retention,
selectivity and ionization efficiency of the analytes. For obtaining
appropriate retention and chromatographic resolution within the
8-min runtime including washing and re-equilibration of the col-
umn, the temperature of C18 column, the flow rate and the gradient
steepness were adjusted. In case of all lipid fractions, same RP gra-
dient program was used in order to produce same retention time
for those lipid species which were present in two HILIC fractions
(e.g. PCs).In this way, the same chromatographic and mass spec-
trometric conditions were guaranteed for these species, which is a
requirement for appropriate quantitative analysis combining peak
species eluting in two consecutive fractions.

The collection/trap of analytes from the eluate of the first-
dimensional column in a 2D-LC system is usually performed by the
application ofloop(s) or trap column(s)[13-21].For the enrichment
of the analytes in a loop, the mobile phase should be evaporated
by the use of vacuum and temperature modulation. In the case
of trap column, especially in highly orthogonal separation (e.g.

NP x RP or HILIC x RP), the solvent strength of the effluent of first-
dimensional column should be adjusted to retain analytes on the
enrichment column. Using HILIC x RP-LC combination, we did not
have to reckon on the solvent incompatibility problem, which is
known in NP-LC x RP-LC methods. Acetone, applied as eluent B in
HILIC mode, is a strong eluent in RP mode; therefore, it had to be
diluted with a solvent with a very low eluting power in RP mode. An
aqueous solution of ammonium formate (5 mM) was chosen for this
purpose. The flow rate ratio of the HILIC mobile phase and the dilut-
ing solvent was critical for the appropriate retention of lipid species
on the trap columns, especially at the beginning of analysis, when
the effluent of HILIC column had high organic concentration. The
effect of flow rate of the diluting eluent on the retention was inves-
tigated in the range 0.2-1mL/min. A flow rate of 0.6 mL/min for
the diluting eluent was the best compromise considering sufficient
trapping of lipid species and proper system pressure.

3.2. Evaluation of extraction recovery and matrix effect

Prior to analysis, the enrichment of PLs through removal of the
polar matrix is a crucial step to obtain reliable results. The determi-
nation of extraction recovery (RE) and matrix effect (ME) could help
to decide whether an analytical method is feasible for quantitative
analysis. The RE and ME of the developed method were determined
by using 10 lipid class standards in accordance with the procedure
of Matuszewski et al. and Cappiello et al. [42,43]. According to data
on Fig. S1, the RE and ME of standard lipid species were repro-
ducible and comparable. The high mean values of RE (above 85%)
and repeatabilities for all lipid standards suggest that our extraction
method is well established.

The matrix effect values ranged from 63.0 to 88.0%, which,
because of the complexity of brain tissue, is an acceptable range.
ME was below 100% for all standards examined indicating the lack
of ionization enhancement during MS detection.
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Fig. 2. Base peak chromatogram of PLs in VHPC of nAX mouse was detected by negative mode with 1D-HILIC method (A) and 2D-LC/MS method (B). Orange lines indicate the
gradient LC profile in 1D and 2D measurements. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.3. Identification and quantification of PLs in mouse brain
regions

As shown in Fig. 2, HILIC was employed to differentiate PL
classes in the first-dimensional run. The effluent obtained in the
first dimension was divided into five fractions in order to sep-
arate individual PL species within classes according to the fatty
acyl chain lengths and the number of double bonds using RP
mode. The enhanced chromatographic resolution and higher peak
capacities obtained by the 2D method is illustrated through the
example of PE 36:1, PE 36:2, PE 36:3, PE 34:4 and PE 35:5 on
Fig. 3, by presenting extracted ion chromatograms (negative ions)
of HILIC/MS (A) and 2D-LC/MS (B). The advantage of 2D-LC/MS is
demonstrated on Fig. 3(B) showing baseline separation of trapped
phosphatidylethanolamine species. In lysophospholipids (LPLs),
the fatty acyl chains are attached at either the sn-1 or sn-2 position
of the glycerol backbone [4]. In several cases, separation of these
isomers in LPI, LPE and LPC classes can be observed (Table S1).

Table S1 lists 151 endogenous PLs and SMs (3 LPG, 7PG, 5 LPI,
13 PI, 35 PE, 14 LPE, 37 PC, 11 PS, 8 SM, 14 LPC and 4 PA), which

were identified by using our method in mouse brain regions. For
quantitative analysis of the identified lipid molecules, the peak
area of each individual lipid species was corrected by the corre-
sponding internal standard. Relevant chromatographic and MS data
along with the relative abundance of particular lipid species within
classes determined in different brain regions (DHPC, VHPC and PFC)
are presented in Table S1. Our results support the finding that ner-
vous tissues contain high amounts of plasmanyl and plasmenyl PLs
[44]. Fig. 4 illustrates the distribution of brain PL species contain-
ing acyl, alkyl ether and vinyl ether side chains within lipid classes.
Plasmalogens and ether analogs were decisively present in PE and
PC classes.

3.4. Comparing lipid profiles in the brain of nAX and AX mice

Seventeen mice from two strains were involved in the pilot
study, 9 with low anxiety-related behavior and 8 with high anxiety-
related behavior. Normalized peak areas of all identified lipid
species in DHPC, VHPC and PFC of nAX and AX mice were statis-
tically evaluated using the SIMCA (multivariate data analysis) and
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Fig. 3. Extracted ion chromatograms of selected PE species detected by negative mode with 1D-HILIC method (A) and 2D-LC/MS method with obtained chromatographic
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Fig. 4. Identified PL species in mouse brain.

GraphPad Prism 5 (t-test) software. At first, by using t-test, statis-
tical significances were calculated for the normalized peak areas
of lipid classes (sum of normalized peak areas of lipid species in
a given class) in nAX and AX brain regions. Significant alterations
were observed in four lipid classes and two brain regions. As shown
in Fig. S2(A), the normalized peak area of the PE class significantly
decreased in VHPC of the AX group. A similar trend was observed
for the PS class in PFC; however, in the case of LPG and PA, there was
anincrease in the normalized peak areas in the AX group compared
to those of the nAX group (Fig. S2(B)).

The comparison of normalized peak areas of 151 individual lipid
molecules in three brain regions between nAX and AX groups was

carried out using multivariate data analysis. Data on Fig. S3(A,C,E)
clearly demonstrate the proper separation of nAX and AX mice
through the obtained supervised OPLS-DA score plots.

The related S-plots (Fig. S3(B,D,F)) helped to select lipid species,
which are present in significantly different concentration in the
two groups. Lipid species, which did not differ significantly (dys-
regulated)in nAX and AX mice, are labeled with green. Lipid species
downregulated significantly are located on the lower left section of
S-plot, while the upregulated ones are on the upper right section
(red dots). S-plots of OPLS-DA methods unveil 37 lipid species with
significant differences (P<0.05) between the nAX and AX groups
(Fig. S3(B,D,F)).
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Table 2
Identified PL species having significantly different concentration in nAX and AX
mice.

Mouse brain region Phospholipid species Probability Fold change

DHPC PE 40:5 <0.001 0.27

DHPC PE 0-36:3, 0.011 0.60
P-36:2

DHPC PE 0-38:3, 0.017 0.62
P-38:2

DHPC PE 34:1 0.020 0.84

DHPC PE 0-40:7, 0.023 0.75
P-40:6

DHPC SM 36:1 0.041 1.23

VHPC PE 40:5 0.001 0.16

VHPC PC38:2 0.002 0.56

VHPC PC 0-34:1, 0.004 0.58
P-34:0

VHPC PC 40:2 0.007 0.34

VHPC PC 40:4 0.009 0.65

VHPC PC 0-36:2, 0.010 0.16
P-36:1

VHPC PE 0-40:7, 0.013 0.77
P-40:6

VHPC PE 34:1 0.015 0.78

VHPC PC36:3 0.015 0.30

VHPC PE 0-40:8, 0.016 0.80
P-40:7

VHPC PC38:1 0.020 0.61

VHPC PE 38:4 0.021 0.79

VHPC PI36:5 0.029 0.59

VHPC PC 40:6 0.030 0.73

VHPC PE 40:6 0.032 0.84

VHPC PG 32:0 0.037 0.76

VHPC PC38:7, 0.037 0.50
0-38:0

VHPC PC 34:2 0.040 0.76

VHPC PE 0-38:5, 0.040 0.79
P-38:4

VHPC PC 0-32:1, 0.040 0.65
P-32:0

PFC PE 40:5 <0.001 3.84

PFC PE 38:0 0.003 0.24

PFC PA 40:6 0.006 1.59

PFC PS 36:1 0.007 0.40

PFC PA 36:2 0.019 221

PFC PC42:9 0.019 2.56

PFC PS 40:6 0.026 0.71

PFC PE 0-38:3, 0.031 0.61
P-38:2

PFC LPE 20:1 0.031 0.34
(sn-2)

PFC PG 34:2 0.039 1.79

PFC LPG 18:0 0.042 1.74

PLs and SMs composition of DHPC were compared in nAX and
AX groups, too. The results showed that only SM 36:1 was upreg-
ulated, while 5 PEs were found to be downregulated. In particular,
PE 40:5 with the lowest P values had a concentration in AX mice
almost 4 times lower (Table 2). Interestingly, SM 36:1 was the most
abundant lipid species compared with other SMs in DHPC, while PE
40:5 was present in a relatively low concentration (Table S1).

Significantly alterated lipid profiles were observed in VHPC of
AX mice: 20 lipid species from PE, PC, PI and PG classes were found
to be downregulated (in range of 0.16-0.84 fold change) (Table 2).

Fig. 5(A,B) show the mean values with SEM of normalized peak
areas of significantly altered polar lipid species from DHPC and
VHPC in the nAX and AX groups. In contrast with DHPC, only sig-
nificant downregulation of VHPC lipid species was observed in
mice having elevated anxiety. Again, PE 40:5 showed the high-
est concentration differences in the two groups. Similarly, large
downregulations were found for PC 0-36:2; P-36:1 (6.25x ), PC36:3
(3.33x) and PC 40:2 (2.9x) species (Table 2).

The comparison of normalized peak areas of polar lipids in PFC
of nAX and AX mice revealed 11 statistically significant differences
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Fig.5. Normalized peak area of the significantly different PLs of nAX (blue columns)
and AX groups (orange columns) in the three brain regions: (A) DHPC, (B) VHPC and
(C) PFC. * P <0.05; ** P <0.01; *** P <0.001. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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PFC

17

DHPC VHPC

Fig. 6. Distribution of PLs that found to be up- or downregulated in DHPC, VHPC
and PFC of AX mice.

in LPE, PE, PC, PS, PG, LPG and PA classes (Table 2, Fig. 5(C)). PE 38:0,
PS 36:1, PS 40:6, LPE 20:1 and PE 0-38-3; PE P-38:2 lipid species
were downregulated in PFC of the AX group (Fig. S3(F)). In contrast
to DHPC and VHPC, PE 40:5 was highly upregulated in PCF of the
AX mice. Concerning the values of up- and downregulation of lipid
species in the AX group, higher than two-fold increases were found
for PE 40:5, PA 36:2 and PC 42:9. For PE 38:0, LPE 20:1 (sn-2) and
PS 36:1, in contrast, higher than two-fold decreases were observed.

Table 2 reveals that the majority of PL species having statis-
tically different concentrations in the nAX and AX groups contain
unsaturated fatty acids. Furthermore, plasmanyl and plasmenyl PLs
exhibiting significant alteration were also present in high percent-
age.
Finally, Fig. 6 illustrates the distribution of significantly altered
PL species in DHPC, VHPC and PFC brain regions of the AX mice. Only
PE 40:5 showed significant alteration in all of the investigated brain
regions.

4. Conclusion

This paper describes the development of a comprehensive
online 2D-LC/MS method for the analysis of PL and SM species in
mouse brain regions. In our novel system, the coupling of HILIC and
RP-LC was designed by using two RP trap columns, thus enabled the
enrichment of HILIC effluent on the trap column and the separation
of the trapped lipids in the second dimension synchronously. In the
first dimension, the HILIC separation of lipid classes was divided
into five fractions and the analysis of the individual PL and SM
species within fractions was performed by four RP runs. The final
method provided the quantification of more than 150 PL and SM
species in the DHPC, VHPC and PFC brain regions within 40 min
run-time. With the established method, the differences of PL com-
position in brain regions of nAX and AX mice were compared. To
our best knowledge, this is the first time that PL and SM alteration of
different brain regions in mouse model of anxiety was reported. Our
study revealed that 37 PL and SM species had significantly altered
concentration in the AX group: 20 were found in VHPC, 6 in DHPC
and 11 in PFC. Itis worth noting that significant unidirectional alter-
ation of the concentration of PL species was found in VHPC of the
AX group. Overall, the developed fully automated 2D method was
successfully applied in profiling brain PLs and SMs in mouse model
of anxiety disorder.
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