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Abstract Molecular events involved in successful embryo
implantation are not well understood. In this study, we used
MALDI imaging mass spectrometry (IMS) technologies to
characterize the spatial and temporal distribution of phos-
pholipid species associated with mouse embryo implanta-
tion. Molecular images showing phospholipid distribution
within implantation sites changed markedly between distinct
cellular areas during days 4-8 of pregnancy. For example,
by day 8, linoleate- and docosahexaenoate-containing phos-
pholipids localized to regions destined to undergo cell
death, whereas oleate-containing phospholipids localized to
angiogenic regions. Arachidonate-containing phospholipids
showed different segregation patterns depending on the
lipid class, revealing a strong correlation of phosphatidyl-
ethanolamines and phosphatidylinositols with cytosolic
phospholipase A,, and cyclooxygenase-2 during embryo
implantation. LC-ESI-MS/MS was used to validate MALDI
IMS phospholipid distribution patterns.Eli Overall, molecu-
lar images revealed the dynamic complexity of lipid distri-
butions in early pregnancy, signifying the importance of
complex interplay of lipid molecules in uterine biology and
implantation.—Burnum, K. E., D. S. Cornett, S. M. Puolitaival,
S. B. Milne, D. S. Myers, S. Tranguch, H. A. Brown, S.
K. Dey, and R. M. Caprioli. Spatial and temporal alterations
of phospholipids determined by mass spectrometry during
mouse embryo implantation. J. Lipid Res. 2009. 50:
2290-2298.
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Early pregnancy failure often arises due to defects that
occur before, during, or immediately after implantation.
Even with in vitro fertilization and embryo-transfer tech-
niques, implantation rates remain low in humans, most
often as a result of embryos being transferred into nonre-
ceptive uteri (1). Studying the molecular interactions that
regulate implantation will provide a better understanding
of these signaling pathways, eventually leading to new ap-
proaches to prevent implantation failure.

There is evidence that phospholipid metabolism and
signaling influences early pregnancy events (2). Phospho-
lipids are vital structural and regulatory components of
biological membranes and serve as precursors for many
active biomolecules, such as eicosanoids and lysophospho-
lipids (3, 4). Prostaglandins, one major group of eicos-
anoid lipid molecules, are produced from arachidonic
acid (AA) that is released from membrane phospholipids
by phospholipase Ay. The released AA is acted upon by
cyclooxygenases (COXs) to form prostaglandin Hy, which
is then converted to various prostaglandins by specific

Abbreviations: AA, arachidonic acid; AM, antimesometrial; COX,
cyclooxygenase; cPLAy,, cytosolic PLAy,; DHA, 2,5-dihydroxyacetophe-
none; DHB, 2,5-dihydroxybenzoic acid; EPC, ectoplacental cone;
FTICR, Fourier transform ion cyclotron resonance; IMS, imaging mass
spectrometry; LPA, lysophosphatidic acid; M, mesometrial; PC, phos-
phatidylcholine; PDZ, primary decidual zone; PE, phosphatidyl-
ethanolamine; PEp, phosphatidylethanolamine plasmalogen; PG,
phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine;
SDZ, secondary decidual zone; SM, sphingomyelin; TOF, time-of-
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prostaglandin synthases (5). Spatiotemporal expression
profiles of cytosolic phospholipase Ay, (cPLA,,), COX-1,
and COX-2 in the uterus at different stages of pregnancy
suggest their differential functions (6-9). In mice, prosta-
glandin I, and prostaglandin E, generated by COX-2 are
essential for ovulation, fertilization, implantation, and de-
cidualization (7, 8, 10-13). Prostaglandin’s role is further
illustrated by poor fertility, resulting from deferred im-
plantation, in mice lacking cPLAy, (6). Another example
for critical roles of lipid signaling in reproduction is the
influence of lysophosphatidic acid (LPA), a small lipid
molecule of the lysophospholipid family. LPA influences a
variety of processes via its cell surface G-protein-coupled
receptors, LPA; 4 (14). In mice, LPA; is expressed in the
uterine luminal epithelium with peak expression occur-
ring during the periimplantation period, and its expres-
sion overlaps with cPLAy, and COX-2 at the site of
implantation (15). More importantly, mice missing LPAg
show remarkably similar defects as cPLAy -deficient mice,
such as deferred on-time implantation, retarded fetal de-
velopment, embryo crowding, and sharing of one placenta
by several embryos (6, 15). Restoration of on-time implan-
tation in LPAg-deficient females by prostaglandin supple-
mentation suggests an intimate interaction between the
LPA-LPA; and cPLA,,-COX-2- prostaglandin signaling
pathways (15). These findings established a new concept
that a short delay in the attachment of blastocysts to the
uterine lining during early pregnancy creates adverse rip-
ple effects during the subsequent course of pregnancy,
ultimately compromising pregnancy outcome (2, 16, 17).
There is also evidence that disturbances in sphingolipid
metabolism by disruption of sphingosine kinase genes
causes sphingoid base accumulation and a reduction of
phosphatidylethanolamines, thereby inducing early preg-
nancy loss by compromising decidualization and the uter-
ine vascular bed stability (18).

The goal of this study was to use mass spectrometry tech-
nologies to assess globally the differential distribution of
glycerophospholipids and sphingomyelins during the cel-
lular events that define implantation. We speculate that
spatial distribution of those phospholipids plays important
roles in the implantation process. MALDI imaging mass
spectrometry (IMS) generates ion density maps from tis-
sue sections that allow protein and phospholipid locali-
zation to be visualized without prior knowledge of the
specific molecules being analyzed (19-27). This technol-
ogy has been previously used to analyze proteins involved
in proliferation, differentiation, and apoptosis during
early mouse pregnancy, providing unique and distinctive
proteomic profiles of implantation sites (28). In this study,
phospholipid distribution was visualized using the molecu-
lar imaging mode of both MALDI-TOF/TOF (time-of-
flight) and MALDI Fourier transform ion cyclotron
resonance (FTICR) mass spectrometers. The fatty acid
chain identities for each phospholipid were determined
by MALDI-MS/MS fragmentation. Isobaric phospholipid
species with identical masses were visually distinguished
using the MS/MS imaging mode of a MALDI linear ion
trap mass spectrometer. Finally, absolute quantitation and

identification of phospholipids on day 8 of pregnancy was
determined using LC-ESI-MS/MS with odd carbon inter-
nal standard to further validate phospholipid distribution
patterns obtained from the MALDI MS images.

MATERIALS AND METHODS

Mice

Adult CD-1 mice were purchased from Charles River Labora-
tory (Raleigh, NC). Females were mated with fertile males of the
same strain to induce pregnancy. Mice were euthanized between
0900 and 1000 h on the specified day of pregnancy (0 h on day
1 =vaginal plug). Implantation sites on days 5 and 6 of pregnancy
were visualized by an intravenous injection of Chicago Blue dye
solution, as previously described (29). With the blue dye method,
implantation and interimplantation sites can be separately ex-
cised, and sections with the implanting embryo can be analyzed
(Fig. 1). On day 8 of pregnancy, blue dye injection is not neces-
sary, since implantation sites are visually distinguishable. All mice
in the present investigation were treated in accordance with the
National Institutes of Health and institutional guidelines on the
care and use of laboratory animals.

MALDI-MS data

Implantation and interimplantation sites were dissected from
the uterus, snap-frozen, sectioned (11 wm) in a cryostat, and
thaw-mounted onto MALDI MS-compatible glass slides. Tissues
analyzed include preimplantation uterine sections (day 4 of preg-
nancy) and implantation site sections (days 5-8) (Fig. 1).

MALDI-TOF Images were acquired on an UltraFlex II MALDI
TOF-TOF instrument equipped with a 355 nm solid-state Nd:YAG
laser accumulating 100 shots/spectrum at 100 Hz laser frequency
(Bruker Daltonics, Billerica, MA) in reflector mode (30). MALDI-
FTICR Images were acquired on a 9.4 T Apex-Qe instrument
(Bruker Daltonics, Billerica, MA) equipped with a 337 nm N,
laser accumulating 20 shots/spectrum at 10 Hz laser frequency.
MALDI-TOF and MALDI-FTICR images were acquired in posi-
tive and negative ion mode.

The lateral resolution of images depicted in Figs. 2 and 3 was
100 pm (positive ion mode images) and 150 wm (negative ion
mode images) for the MALDI-TOF data, and 250 wm (positive
mode images) and 150 wm (negative mode images) for the MALDI-
FTICR data. Multiple lateral resolutions were tested for day 8
implantation site FTICR images; supplementary Fig. I contains
positive ion mode images at 150, 250, and 350 pm lateral resolu-
tions, and supplementary Fig. II contains negative ion mode im-
ages at lateral resolutions at 150 and 250 pm. For positive mode
figures, the most intense [M+K]* form of each phospholipid spe-
cies is depicted, although each type of adduct ([M+H]", [M+Na]",
and [M+K]") showed the same localization pattern.

Matrix application in positive and negative mode utilized dry-
coating methods (30) to deposit 2,5-dihydroxybenzoic acid
(DHB) and ultrafine nebulization to deposit 2,5-dihydroxyaceto-
phenone (DHA) (9 mg DHA, 6 pl aniline, 700 pl ethanol, 300 pl
deionized water) on tissue sections, respectively. Briefly, in the
dry-coating approach, finely ground crystals of DHB were filtered
through a 20 wm stainless steel sieve purchased from Hogentogler
and Co. (Columbia, MD) directly onto tissue sections. In negative
ion mode, DHA generates a high abundance of phospholipids
when compared with DHB, yet it is known to sublimate under
high vacuum (e.g., 1 x 10~ Torr or lower) within 30 min (31). To
combat DHA sublimation in the high vacuum source of our MALDI-
TOF instrument, nebulization was used to deposit a thick coat
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of DHA over the tissue; likewise, the lateral resolution was in-
creased to 150 pm (vs. 100 wm for positive mode) to ensure the
total time under vacuum was <30 min. DHA sublimation was not
an issue in the intermediate pressure source of our MALDI-FTICR
instrument. As an example of the time needed for image acquisi-
tion, in Fig. 3 the day 8 MALDI-TOF image (661 pixels) took ~22
min and MALDI-FTICR image (662 pixels) took ~~199 min.

MALDI-MS/MS data

The day 8 images, located in the bottom of Figs. 2 and 3, were
acquired on our 9.4 Tesla FTICR mass spectrometer with a mass
accuracy of +0.005 Da at m/z of 1,000 (5 ppm). The LIPID me-
tabolites and pathways strategy (LIPID MAPS) online resource
was used to search for possible lipid structures that could match
our experimental mass (+0.005 Da). Although only one theoreti-
cal mass matched in each case, multiple fatty acid isobars with the
same exact mass are possible. Thus, MALDI-MS/MS fragmenta-
tion of phospholipids was implemented to confidently determine
the fatty acid chains. Fragmentation of phosphatidylinositols
(PIs), phosphatidylserines (PSs), and phosphatidylethanolamines
(PEs) in negative ion mode generates fatty acid peaks and corre-
sponding lysospecies (32). Characteristic fragmentations of phos-
phatidylcholines (PCs) in positive ion mode contain only one
fragment corresponding to the head group (m/z 184 Da). To ob-
tain fragment peaks indicative of the fatty acid chains in PCs, the
matrix was doped with lithium chloride (27, 33). MALDI-MS/MS
fragmentation peaks for each lipid in positive ion mode and neg-
ative ion mode are listed in supplementary Tables I and II,
respectively.

All MALDI-MS/MS experiments were performed on a MALDI-
linear ion trap quadrupole mass spectrometer (MALDI-LTQ;
Thermo Electron, San Jose, CA) equipped with a 337 nm N,
laser. For fragmentation of phospholipids, matrix solution was
hand spotted; DHA matrix solution (9 mg DHA, 6 pl aniline, 700
wl ethanol, 300 ul deionized water) was used for negative mode
analysis and DHA matrix solution doped with 100 mM LiCl was
used for positive mode fragmentation. In MS/MS imaging ex-
periments (instrument parameters included a laser energy of 55
1J, 3 microscans/step, and seven shots/microscan), tissue sec-
tions were spotted with DHA matrix solution (9 mg DHA, 6 pl
aniline, 700 pl ethanol, and 300 pl deionized water) at a lateral
resolution of 230 pm (one drop/cycle, 15 cycles) (Portrait 630
reagent Multi-Spotter; Labcyte, Sunnyvale, CA).

LC-MS/MS data

All LC-MS/MS experiments were performed on a hybrid triple
quadrupole/linear ion trap mass spectrometer (4000 QTrap; Ap-
plied Biosystems, Foster City, CA). Each experiment required ap-
proximately 15 mg of tissue. LC-MS quantitation of phospholipids
followed previously published protocols (34). Identification of
individual phospholipids was achieved by LC-MS/MS fragmenta-
tion analysis. Supplementary Table III contains the results for all
the statistically significant phospholipids analyzed in the three
replicate LC-MS/MS experiments.

Immunohistochemistry

The COX-2 antibody was purchased from Cayman (Ann Ar-
bor, MI) (9). Localization of protein in formalin-fixed paraffin-
embedded uterine sections (5 pm) was achieved as previously
described (35). In brief, after deparaffinization and hydration,
sections were subjected to antigen retrieval using a pressure
cooker in 10 mmol/l sodium citrate solution (pH 6.0) for 20
min. A Histostain-Plus kit (Zymed, San Francisco, CA) was used
to visualize the antigen; brown deposits indicate sites of positive
immunostaining.

2292 Journal of Lipid Research Volume 50, 2009

RESULTS

Biological processes underlying embryo implantation

Figure 1 shows implantation sites along the uterine
horns on days 5, 6, and 8 of pregnancy in mice and cor-
responding tissue sections through these sites. The initial
attachment of the blastocyst trophectoderm with the lu-
minal epithelium occurs around 2200-2400 h on day 4 of
pregnancy (0 h on day 1 = vaginal plug). Following this
attachment, uterine stromal cells at the site of blastocysts
undergo extensive proliferation and differentiation giv-
ing rise to decidual cells, a process termed decidualiza-
tion (29, 36). At the same time, luminal epithelial
apoptosis occurs at the site of blastocyst attachment (37),
resulting in subsequent adherence and penetration of
trophoblast cells through the stroma in a regulated man-
ner (36). On the afternoon of day 5 of pregnancy, the
proliferating stromal cells bordering the implanting em-
bryo begin to differentiate into decidual cells, forming
the avascular primary decidual zone (PDZ). By day 6, the
PDZ completes differentiation, and a secondary decidual
zone (SDZ) forms around the PDZ. Although prolifera-
tion is terminated in the PDZ, it continues in the SDZ.
The PDZ then progressively degenerates through day 8 of
pregnancy. On day 8 of pregnancy, cells in the SDZ at the
antimesometrial (AM) pole are still proliferating but are
destined to undergo cell death with the progression of
pregnancy to create space for the growing embryo,
whereas decidual cells at the mesometrial (M) pole un-
dergo heightened angiogenesis forming a vascularized
zone that brings maternal and fetal blood vessels in close
proximity, a prerequisite for the formation of a functional
placenta (36).

Spatial remodeling of phospholipids during early
pregnancy

The molecular images obtained in this study show that
phospholipid distributions correlate with the heteroge-
neous cell types (shown in Fig. 1) that arise during the
course of implantation. Zwitterionic PCs and sphingomy-
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Fig. 1. Morphological changes in the mouse uterus from days
5-8 of pregnancy. The three panels contain optical photographs of
uteri (top) and uterine implantation site sections (bottom) col-
lected on days 5, 6, and 8 of pregnancy.
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elins (SMs) are readily detected in the positive mode (Fig. 2)
by MALDI MS, whereas the anionic PIs, PSs, and phos-
phatidylglycerols (PGs) are best detected in the negative
mode (Fig. 3). PEs and phosphatidylethanolamine plas-
malogens (PEps) can be detected as positive or negative
ions but are usually best measured in negative mode di-
rectly from tissue sections.

Images of specific phospholipids taken during days 4-8
of pregnancy are shown in columns in Figs. 2 and 3. At the
top of each column, phospholipids are labeled using ac-
cepted lipid nomenclature where the first number repre-
sents the total number of carbon atoms in the two fatty
acid chains, and the second number represents the total
number of double bonds in the two fatty acid chains. The
identity of each individual fatty acid side chain is located
in parenthesis (snl/sn2). Fatty acid chains were identified
from a combination of the exact mass of the phospholipid
molecular species and the MS/MS fragmentation pattern
(described below).

From these data, phospholipid expression patterns can
be categorized according to the degree of unsaturation of
the sn2 fatty acid chain. Consequently, the images dis-
played in Figs. 2 and 3 are aligned in increasing order of
unsaturation: 16:0, 18:0, 18:1, 18:2, 20:4, 22:4, and 22:6.
Although there remains some uncertainty regarding the
snl and sn2 positional assignment of fatty acids from mass
spectral data, it is generally accepted that more unsatu-
rated fatty acids occupy the sn2 position (supplementary
Tables I and II list MALDI-MS/MS fragment peaks from
highest intensity to lowest intensity) (27, 38).

The molecular images shown in Figs. 2 and 3 depict al-
terations in phospholipid distributions as uterine cells un-
dergo decidual changes from day 4 to day 8 of pregnancy.
Before embryo attachment, luminal epithelial cells show
substantial increases for SM 16:0 and PCs with 18:1, 18:2,
and 20:4 as their unsaturated fatty acid chain (Fig. 2). Con-
versely, PC (16:0/16:0) shows relatively higher expression
in all cell types except for the luminal epithelial cells.
Opverall, this saturated phospholipid shows an inverse lo-
calization pattern when compared with the other phos-
pholipids on days 4-8 of pregnancy. On day 5 of pregnancy,
glycerophospholipid images show an intense increase in
uterine stroma cells at the site of embryo attachment,
whereas on day 6, glycerophospholipid expression is most
intense in the PDZ. Also, certain phospholipids show
higher levels in the M pole (above the embryo in these im-
ages) and AM pole (around the bottom of the embryo).
Higher expression in the M pole is seen for all PC
(16:0/18:1), PE (16:0/18:1), and PI (18:1/20:4), whereas
higher expression at the AM pole can be seen for PC
(18:0/18:2) and PI (16:0/18:2). On day 8 of pregnancy,
many of the phospholipids show higher intensity either in
the M pole or AM pole. Overall, the phospholipids that
show higher levels at the M pole are PCs, PE, PG, and PS
containing 18:1; PIs and PE with 20:4 as their polyunsatu-
rated fatty acid; and PEp (16:0/22:4). The phospholipids
showing higher intensities at the AM pole are PCs, PlIs, and
PS having 18:2 as a substituent; PCs with 20:4 as their poly-
unsaturated fatty acid; and PC, PEp, and PI with 22:6 as
their polyunsaturated fatty acid. The reproducibility of

MALDI-TOF DATA

Optical SM 16:0 PC320 PC340 PC 34:1 PC 36:1

PC34:2 PC362 PC364 PC38:4  PC40:6

Images (-/16:0)  (16:0/16:0) (16:0/18:0) (16:0/18:1) (18:0/18:1) (16:0/18:2) (18:0/18:2) (16:0/20:4) (18:0/20:4) (18:0/22:6)
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PC342 PC36:2 PC 36:4 PC384  PC40:6
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Fig. 2. Molecular images of SM and PC phospholipids on days 4-8 of implantation. MALDI-TOF images
(top) and MALDI-FTICR images (bottom) of implantation sites are located to the right of their respective
optical images. Each column represents a unique potassiated phospholipid [M+K]", and each row represents
a different day of pregnancy. Each image is orientated so the M pole is at the top and the AM pole is at the

bottom.
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Image  (18:0/-) (16:0/18:0) (16:0/18:1) (16:0/18:1) (18:0/18:1) (16:0/18:2) (18:0/18:2) (18:0/18:2) (16:0/20:4) (18:0/20:4) (18:1/20:4) (18:1/20:4) (16:0/22:4) (16:0/22:6) (18:0/22:6)
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Fig. 3. Molecular images of PE, PEp, PI, lysophosphatidylinositol (LPI), PS, and PG on days 4-8 of implantation. MALDI-TOF images
(top) and MALDI-FTICR images (bottom) of implantation sites are located to the right of their respective optical images. Each column
represents a unique phospholipid [M-H] , and each row represents a different day of pregnancy. Each image is orientated so the M pole

is at the top and the AM pole is at the bottom.

these results (MALDI-TOF and -FTICR) is represented in
supplementary Figs. I-1II, and the quality of the primary
MALDI spectra is represented in Fig. 4A and B and supple-
mentary Figs. IV and V. With these results in hand, subse-
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sites since dramatic spatial changes in phospholipid ex-
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Fig. 4. MALDI spectra. Positive and negative ion mode spectra extracted from the M pole (A) and AM pole (B) of day 8 MALDI-TOF
images. C: Fragmentation spectra of PI 36:2 in negative ion mode. D: Fragmentation spectra of PC 36:2 in positive ion mode (matrix was

doped with 100 mM lithium chloride).
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Determining the presence of isobaric ions (same nominal
mass but different exact masses) in day 8 implantation
sites by FTICR IMS

The molecular weights of phospholipids investigated in
this study are between 600 and 1000 Da. Within this mass
range, the peak density of MALDI spectra is typically com-
plicated by a large number of other endogenous metabo-
lites as well as matrix ions. Together with the naturally
occurring carbon isotopes of these species, the resolving
power of TOF instruments may not be capable of deter-
mining if multiple isobaric ions are contributing to a spe-
cific ion image. Positive ion spectra, in particular, can be
quite complex with the possibility of detecting ions ad-
ducted with H", Na*, or K'. To determine isobaric interfer-
ence, MALDI images of day 8 embryos were also acquired
on a FTICR at a resolving power of 100,000 (full width half
maximum). Peak widths were 10-20 mDa, compared with
100-200 mDa for the TOF spectra and are sufficient to
resolve most phospholipid species that are typically ob-
served in MALDI spectra. Ion images from both instru-
ments are shown in Figs. 2 and 3. From these data, it is
clear that only one molecular species contributes to the
TOF images. An example where multiple isobaric ions
were detected is shown (supplementary Fig. VI).

In situ identification of phospholipids by MS/MS

Identification of fatty acid chains of phospholipids was
accomplished using both the accurate mass of the parent
phospholipid ion with FTICR IMS [mass accuracy of
£0.005 Da at m/z 1,000 (5 ppm)] and MALDI-MS/MS frag-
mentation spectra (32). Supplementary Tables I and II
contain the accurate mass and fragmentation peaks for
each lipid in positive and negative ion mode, respectively.
The fragmentation spectra of PI (18:0/18:2) and PC
(18:0/18:2) are shown (Fig. 4C, D), and the structures and
labeled fragmentation spectra of PI (18:0/18:2) and PC
(18:0/18:2) are shown (supplementary Fig. VII).

Distinguishing spatial distribution of isobaric
phospholipids (identical masses) in day 8 implantation
sites by tandem IMS

The MS images for phospholipids PE 36:2 and PE 38:2
showed no distinct spatial location. However, MS/MS frag-
mentation found each of these phospholipid ions to con-
sist of multiple isobaric species (structure of each isobar,
Fig. 5, left). PE 18:0/18:2 and PE 18:1/18:1 are isobars of
the class PE 36:2 (m/z = 742.54) (Fig. 5A). PE 20:0/18:2,
PE 18:0/20:2, and PE 18:1/20:1 are isobars of PE 38:2
(m/z="770.57) (Fig. 5B). MS/MS imaging determined the
spatial location of each isobar in day 8 implantation sites
(Fig. 5, right). The MS/MS images of PE 36:2 and PE 38:2
confirmed that more than one combination of snl and
sn2 fatty acids were present. Although MS/MS images
were obtained for each fragment ion, Fig. 5 displays only
the most intense fragmention from each isobar (represented
by a red arrow on each phospholipid structure). The MS/
MS images of PE 36:2 contain 18:2 (signified by the fatty
acid 18:2 or the 279 m/z fragment ion) that localized to
the bottom (AM pole) and 18:1 (281 m/z fragment ion)
that localized to the top (M pole) of the day 8 implanta-

A
PE 36:2 (18:0/18:2) il 5 . s 42279
/\/\/\/\/\/=\‘)\/\)L ’
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Fig. 5. MS/MS imaging characterizes the spatial distribution of
isobaric phospholipids with identical masses. Isobars for phospho-
lipids PE 36:2 (A) and PE 38:2 (B). Structure of each isobar (left)
and MS/MS images of the most intense fragment ion (right).

tion site. The MS image of PE 38:2 includes PE (20:0/18:2),
PE (18:0/20:2), and PE (18:1/20:1). The MS/MS images
of PE 38:2 contain either the diunsaturated 18:2 fatty acid
(279 m/z fragment ion) or 18:0 fatty acid (283 m/z frag-
ment ion) that both localize to the AM pole or the mono-
unsaturated fatty acid 18:1 (281 m/z fragment ion) that
localizes to the M pole of the day 8 implantation site.

Validation of MALDI IMS phospholipid expression
patterns by LC-ESI-MS/MS quantitation

LC-MS/MS was used to quantify and identify phospho-
lipids in the M and AM poles on day 8 of pregnancy (Fig.
6A-C). Day 8 implantation sites (15 mg of tissue per sam-
ple) were microdissected (Fig. 6A) to isolate the top and
bottom hemispheres for subsequent organic phase lipid
extraction. The bottom row of Fig. 6C contains selected
FTICR phospholipid images that exhibit the greatest
change in relative abundance between the M and AM
poles in day 8 implantation sites. LC-MS/MS quantitation
of these same phospholipids is illustrated as block struc-
tures, set to the same linear black and white scale as the
MALDI images, in the top row of Fig. 6C or as bar graphs
in Fig. 6B. In summary, a high degree of correlation be-
tween LC-MS/MS quantitation and MALDI IMS was ob-
served, with PC 34:1 (16:0/18:1), PE 34:1 (16:0/18:1), and
PI 38:5 (18:1/20:4) localizing to the M pole and PC 34:2
(16:0/18:2), PI 34:2 (16:0/18:2), PC 36:4 (16:0/20:4), PC
40:6 (18:0/22:6), and PI1 40:6 (18:0/22:6) localizing to the
AM pole. Supplementary Table III contains all of the
LC-MS/MS results.

Colocalization of arachidonate-containing phospholipids
with COX-2

Signaling of prostaglandin signaling, resulting from
cPLA,,-COX-2 processing of arachidonate (20:4), partici-
pates in embryo attachment and uterine decidualization

IMS analysis of phospholipids during embryo implantation 2295

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

0.DC1.html

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2011/04/28/M900100-JLR20

A

Dissection =
o '\]Top —> L > LC-MS/MS Quantitation
oy ee)
&
‘\'1\";/

] Bottom > L > LC-MS/MS Quantitation
Day 8 1S

LC-MS/MS Quantitation Results

2
®

Relative Intensity

PC(34:1) PE(34:1) PC(34:2) PI(34:2) PC(36:4) PI(38:5) PC(40:6) PI(40:6)

] Top

Bottom

PC 34:1 PE341 PC342  Pl34:2

PC 36:4

P1 40:6
(16:0/18:1) (16:0/18:1) (16:0/18:2) (16:0/18:2) (16:0/20:4) (18:1/20:4) (18:0/22:6) (18:0/22:6)
0% I ]100%

Pl 38:5 PC 40:6

Fig. 6. Quantation of phospholipids: LC-MS/MS data from implantation sites on day 8 of pregnancy cor-
relates with IMS images. A: Workflow for microdissection of top (M pole) and bottom (AM pole) of uteri for
subsequent LC-MS/MS analyses. B: LC-MS/MS quantitative results for selected phospholipids between the
top and bottom of day 8 implantation sites. C: Block figures representing LC-MS/MS data (data from B) with

corresponding FTICR MS images below.

during embryo implantation (6, 8). Thus, it was of interest
to determine which arachidonate-containing phospholip-
ids colocalize with COX-2. Figure 7 shows an immunohis-
tochemistry stain for COX-2 and the MALDI images of
AA-containing phospholipids. COX-2 expression localizes
to the M pole above the ectoplacental cone (EPC); corre-
spondingly, PIs and PEs show M pole expression with PE
38:5 (18:1/20:4) and PI 38:5 (18:1/20:4) exhibiting high-
estlevels of expression above the EPC. In contrast, PC 36:4
(16:0/20:4) and PC 38:4 (18:0/20:4) expression patterns
are confined to the AM pole.

DISCUSSION

Lipids are important components of cellular mem-
branes and also serve as signaling molecules that help

COX-2 IHC
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MALDI Images of Arachidonic Acid (20:4) Containing Phospholipids

coordinate events during embryo implantation and
postimplantation growth (8, 15). In this study, we have
mapped phospholipid distributions during embryo im-
plantation employing the molecular specificity of mass
spectrometry. The results demonstrate that distribution of
phospholipids is markedly altered during implantation
with changes specific to the M (top) and AM (bottom)
poles of the uterus, suggesting roles for those phospholip-
ids in the implantation process.

The distribution of phospholipids showed significant
changes in day 5 implantation sites after embryo attach-
ment, and most phospholipids showed substantial increases
in the stroma immediately surrounding the implanting em-
bryo. The spatial redistribution continued on days 6-8 of
pregnancy with differential localization in the M and AM
poles of the implantation sites. With respect to proteins,

UO[)EZ||B207]
8lod N

Fig. 7. Colocalization of arachidonate-containing
phospholipids with COX-2. Immunohistochemistry
(IHC) stain of COX-2 on day 8 of pregnancy (left).
MALDI images of AA-containing phospholipids on
day 8 of pregnancy (right). Black arrow, embryo.
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previous reports on day 8 of pregnancy revealed an in-
creased level of proteins involved in angiogenesis at the M
pole and those involved in cell death at the AM pole. Spe-
cifically, proangiogenic proteins angiopoietin 2 and angio-
poietin 3 and their endothelial-specific receptor tyrosine
kinase Tie2 show an increased expression at the M pole,
which also expresses COX-2, a known enhancer of angio-
genesis (36). Although the mechanism(s) governing decid-
ual cell death at the AM pole are not clearly understood,
there is evidence that a balance between proapoptotic Bax
and antiapoptotic Bcl are involved (39). Regardless, these
differential behaviors of the M and AM poles have biologi-
cal significance with respect to increasing angiogenesis at
the M pole, the site of angiogenesis, and initiating apoptosis
or cell death at the AM pole to make room for the rapidly
growing embryo. This molecular orchestration of lipids and
proteins in both space and time underscores the complex
biological processes involved in sustaining embryo growth
and survival during early pregnancy.

For lipids, these data show a segregation of phospholipids
that contain linoleate (18:2) and docosahexaenoate (22:6)
at the AM pole, and oleate (18:1) at the M pole, across all
lipid classes. Arachidonate (20:4) containing phospholipids
showed differential segregation patterns depending on the
lipid class. This is interesting in the context of the reported
finding that liberation of arachidonate by cPLA, from mem-
brane phospholipids has been found to be class dependent.
This previous study suggests that PCs appear to be the major
ultimate source of 20:4 used for eicosanoid biosynthesis dur-
ing zymosan phagocytosis in murine primary resident perito-
neal macrophages, although specific 20:4 contain PIs, PGs
play minor roles, and other species like PEps can serve as
transient sources that are rapidly replenished (40, 41). This
may explain why different classes of AA-containing mem-
brane phospholipids show differential expression patterns in
our molecular images. There is now evidence that COX-2 ex-
pressed on day 8 of pregnancy at the M pole above the EPC
plays a role in angiogenesis (8) (Fig. 7). Phospholipids that
act as substrates in the cPLA,,-COX-2 pathway should colo-
calize with the rate-limiting enzyme COX-2. In fact, while
arachidonate-containing PEs and PIs are localized to the M
pole, arachidonate-containing PCs are found to be localized
to the AM pole. Oleic acids containing phospholipids also
colocalized to the M pole with COX-2, but to date there is not
a mechanistic connection between 18:1 and COX-2.

This study reveals the importance of obtaining detailed
molecular information on both a spatial and temporal ba-
sis to uncover the complexity of biological events. We be-
lieve this article will initiate further studies that will help us
to better understand the intricacies of implantation and
how specific lipid species may mediate, balance, and con-
trol cellular events. B
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