methods

Spatiotemporal lipid profiling during early embryo
development of Xenopus laevis using dynamic

ToF-SIMS imaging

Hua Tian,"* John S. Fletcher, B Raphael Thuret Alex Henderson,* Nancy Papalopulu,
John C. Vickerman,* and Nicholas P. Lockyer

Manchester Institute of Biotechnology, School of Chemical Engineering and Analytical Science,* Faculty of
Life Science," and Manchester Institute of Biotechnology, School of Chernistry,‘§ University of Manchester,

Manchester, UK

Abstract Time-of-flight secondary ion mass spectrometry
(ToF-SIMS) imaging has been used for the direct analysis of
single intact Xenopus laevis embryo surfaces, locating multiple
lipids during fertilization and the early embryo development
stages with subcellular lateral resolution (~4 pm). The
method avoids the complicated sample preparation for lipid
analysis of the embryos, which requires selective chemical ex-
traction of a pool of samples and chromatographic separa-
tion, while preserving the spatial distribution of biological
species. The results show ToF-SIMS is capable of profiling
multiple components (e.g., glycerophosphocholine, SM, cho-
lesterol, vitamin E, diacylglycerol, and triacylglycerol) in a
single X. laevis embryo. We observe lipid remodeling during
fertilization and early embryo development via time course
sampling. The study also reveals the lipid distribution on the
gamete fusion site.ll The methodology used in the study
opens the possibility of studying developmental biology
using high resolution imaging MS and of understanding
the functional role of the biological molecules.—Tian, H.,
J. S. Fletcher, R. Thuret, A. Henderson, N. Papalopulu, J. C.
Vickerman, and N. P. Lockyer. Spatiotemporal lipid profiling
during early embryo development of Xenopus laevis using dy-
namic ToF-SIMS imaging. J. Lipid Res. 2014. 55: 1970-1980.
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The location and identification of lipids is essential to un-
derstand their role in biological processes. Their distribu-
tion in a cell membrane, nucleus, or other organelles is
responsible for their function in inter- and intra-cellular
communication and signaling (1, 2). To date, lipid profil-
ing of Xenopus laevis embryos has been accomplished using
a selective organic extraction methodology followed by
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GC-MS/LC-MS. Comprehensive work on the membrane
composition of the X. laevis oocyte has been reported by
Hill et al. (3). Lipid species in the mass range m/z 400-950
were detected. The plasma membrane is rich in glycero-
phosphocholine (GPCho), SM, and glycerophosphoinosi-
tol (GPIns), as well as cholesterol, comprising approximately
20% of the total lipid extraction. Huang, Liang, and Kam
(4) examined the fatty acid composition of egg yolk in three
anuran species. Koek et al. (5) analyzed approximately 10%
of the cytoplasm in a single X. laevis oocyte using GC/MS.
The detected compounds include organic acids, fatty acids
(saturated, unsaturated, and hydroxy fatty acids ranging
from C8 to C28), amino acids, alcohols, and sugars. These
techniques, based on solvent extraction, do not provide any
information on spatial localization beyond the fraction
which was extracted; however, they offer qualitative and
quantitative information about the composition of the cyto-
plasm with respect to key lipid compounds (6).

A current challenge in lipid biology studies is determin-
ing the spatial location of multiple lipids while retaining
compositional information. Techniques such as scanning
electron microscopy and confocal microscopy have been
applied to image the frog egg and embryo to investigate
the mechanisms of biological processes and embryo devel-
opment. Monroy and Baccetti (7) first revealed the outer
surface of the plasma membrane in X. laevis eggs by means
of scanning electron microscopy. The architecture of the
membrane exhibits dramatic changes before and after
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fertilization and as the fertilized egg moves toward the
two-cell embryo. The large hemispherical protrusions on
the unfertilized egg gradually become smooth and the mi-
crovilli withdraw along with completion of the fertilization
and first cleavage. However, these previous studies were
either focused on lipid component identification or on
surface morphology after complicated sample preparation
protocols. Immunofluorescence has revealed cortical and
subcortical actin filaments and surface microvilli in late
stage and highlighted certain organelles within X. laevis
oocytes (8, 9), but this method has been questioned be-
cause of the possible interference of the fluorescent tags
on in vivo function (10-12).

Mass spectrometric imaging is capable of detecting lipid
species in intact biological cells and tissue, and providing
lateral resolution down to the micron scale (13-15). Ferreira
et al. (16) used MALDI-MS of single and intact embryos or
oocytes from humans, cattle, sheep, and fish. The character-
istic lipid (represented by GPCho, SM, and TAG) profiles
were obtained with high mass resolution. However, due to
the lateral resolution of the applied methodology (typically
>50 wm), limited spatial distribution can be obtained. Time-
of-flight secondary ion mass spectrometry (ToF-SIMS) is an-
other major technique for mass spectrometric imaging of
low-medium mass species, offering much higher spatial reso-
lution. The technique involves scanning the sample surface
with a finely focused energetic [kiloelectron volts (keV) ] pri-
mary ion beam (for example Cy,” or Aus') and recording the
ejected secondary ions as a function of their m/zand point of
origin on the sample to form a “chemical map”. The intro-
duction of polyatomic primary ion beams such as Cg4," has
facilitated the analysis of molecular species beyond the sam-
ple surface allowing complex chemical distributions to be
studied in both two and three dimensions (14, 17). Previ-
ously, we demonstrated the first ToF-SIMS 3D chemical im-
aging of a biological cell using the X. laevis oocyte as a model
system (18). A Cg,"ion beam was used to demonstrate biomo-
lecular depth profiling in the frog oocyte. The spatial distri-
bution of cholesterol (m/z 369) and other lipids at m/z
540-570 and m/z 800-1,000 were revealed to a depth of
~50 pm beneath the oocyte surface. This study demon-
strated proof-of-principle, but practical implementation of
high resolution 3D imaging using ToF-SIMS was at that time
restricted by existing instrumentation.

We have recently reported on the development and
application of a new generation of ToF-SIMS instrumen-
tation, the J105 3D chemical imager (Ionoptika Ltd.,
Southampton, UK), the details of which are described else-
where (15). The instrument utilizes a continuous (direct
current) primary ion beam and buncher-ToF mass analyzer.
This mode of operation offers high mass resolution with-
out sacrificing lateral resolution, improved duty cycle and
independence of mass resolution, and mass accuracy from
sample topography. These properties are well-suited for
studying biological events in topographically challenging
samples, including the intact frog embryo. The aim of the
current study was to gain new insights into the 2D and 3D
arrangement of lipids and other important biomolecules
during normal development of X. laevis embryos.

Lipid profiling of X. laevis embryo using ToF-SIMS imaging

MATERIALS AND METHODS

Obtaining gametes

X. laeviswere bred in the Faculty of Life Science at the University
of Manchester. The gametes were obtained and fertilization was
performed using standard procedures (19). The operations were
conducted in conformity with the Public Health Service policy on
Humane Care and Use of Laboratory Animals, incorporated in the
Institute for Laboratory Animal Research Guide for Care and Use
of Laboratory Animals. X. laevisfemales were preprimed subcutane-
ously 3-5 days before use with 50 units of pregnant mare serum
gonadotropin. Twelve to eighteen hours before use, the animals
were injected subcutaneously with 500 units of human chorionic
gonadotrophin and placed at 16-18°C overnight in individual
tanks. The next day, animals were transferred to tanks containing
5,000 ml 1x Marc’s modified Ringer’s solution (MMR) [1,000 mM
NaCl, 20 mM KCl, 10 mM MgCly, 20 mM CaCly, 50 mM HEPES =
10x stock solution (pH 7.5), autoclaved before use and diluted ac-
cordingly]. Except for HEPES, which was purchased from Biomol,
the other chemicals were obtained from Sigma, BioReagent). The
laid eggs were then collected in MMR with a wide-bore pipette.
Male frogs were euthanized by lethal injection of 400 wl of 40%
ethyl 3-aminobenzoate methanesulfonate (MS-222, Sigma, 98%).
The testis were then dissected and stored in 1.-15 cell culture media
(Sigma) at 4°C for up to 1 week. Fertilization was then performed
by passing a piece of dilacerated testis over the oocytes for 2 min.

Total lipid extraction

A lipid extraction from X. laevis zygotes was initially analyzed to
explore the capability of the J105 ToF-SIMS instrument to distin-
guish the lipid species in a complicated chemical environment and
to provide reference spectra for subsequent imaging studies. Methyl
tertiary butyl ether (MTBE) extraction of lipids from X. laevis zy-
gotes 10 min after fertilization was employed as follows (20). Ten
zygotes 10 min postinsemination of the same batch were washed by
HPLC water (Sigma-Aldrich) three times and aspirated to remove
all the liquid. Subsequently, the cells were homogenized in a glass
homogenizer and transferred into a glass tube with a Teflon-lined
cap, the remaining residue was washed with 1.5 ml methanol
(Sigma-Aldrich, CHROMASOLV® Plus, for HPLC, =99.9%) and
mixed with the homogenized zygotes into the glass tube. MTBE
(5 ml) (Sigma-Aldrich, CHROMASOLV® Plus, for HPLC, =99.9%)
was then added into the mixture followed by incubation for 1 h at
room temperature on a shaker. Phase separation was induced by
adding 1.25 ml MS-grade water. After 10 min of incubation at room
temperature, the sample was centrifuged at 1,000 g for 10 min. The
upper phase was collected, and the lower phase was re-extracted with
2 ml of the solvent mixture (Vyrpg/methanot = 10:3). The total organic
phases were divided into 10 aliquots and dried in a vacuum centri-
fuge for approximately 40 min. To speed up sample drying, 20 pl of
MS-grade methanol was added to the organic phase individually af-
ter 25 min of centrifugation. The lipid extract was dissolved into
500 pl mixed solvent (Vioroformmethanolwater = 00:30:4.5) and stored at
—20°C before analysis. Prior to analysis, 20 pl solution of lipid ex-
tract acquired via the above procedure was pipetted onto a silicon
wafer and air-dried. Once dried, the samples were transferred im-
mediately into the ToF-SIMS instrument.

Sampling the X. laevis embryos

After fertilization, the eggs were divided into two groups. One
group was dejellied 7 min after the start of fertilization by immers-
ing the eggs in 2% L-cysteine [Sigma, BioUltra, =98.5% room
temperature (RT)] in 0.1x MMR (pH ~7.5-8.0, with 10 M NaOH)
and gently agitated by hand for 2 min. The 1-cysteine solution was
then decanted and the eggs washed with 0.1x MMR three times
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within 1 min. The eggs were left in fresh 0.1x MMR. From this time
point, the fertilized embryos were collected using a pipette every
10 min until 40 min postfertilization, and immediately fixed with
MEMFA [4% (v/v) formaldehyde solution: 2 mM EGTA, 1 mM
MgSO,, 20 mM MOPS, 1.23 x 10° mM CH,0; all chemicals were
from Sigma, EGTA for molecular biology; MgSO,, BioReagent;
formaldehyde, for molecular biology 36.5-38% in HyO] for 1.5 h on
a shaker and then washed with 1x PBS (Sigma, BioReagent, without
calcium chloride and magnesium chloride, 10x concentration, di-
luted accordingly) four times and stored in 1x PBS in the refrigerator
(21). Thus, the zygotes, 10, 20, 30, and 40 min after the fertilization,
were prepared. The other group was dejellied using the same proce-
dure as the first group at 40 min postinsemination, and left in 0.1x
MMR at room temperature for further cleavage. The healthy em-
bryos at each cleavage stage were selected, and followed by fixation
using MEMFA and washing using 1x PBS, as with the first group, to
prepare the embryos at 2 cell stage, 4 cell stage, 8 cell stage, 16 cell
stage, and so on, at different cleavage stages. Because the eggs fertil-
ized in vitro at the same time develop almost synchronically (22), the
embryos of different cell stages could be collected at certain time in-
tervals, using optical microscopy to confirm the developmental stage.
Prior to ToF-SIMS analysis, the fixed samples were quickly
washed with HPL.C water three times within 60 s to remove buffer.
This was possible without disrupting the integrity of the system due
to the resistance of the cell membrane to the osmotic pressure (23,
24). The cells were then loaded onto the SIMS sample holder with
the animal hemisphere upwards. After aspirating the liquid around
the cells, the samples were plunge-frozen into liquid nitrogen
(LNy), followed by freeze-drying (Heto Drywinner, Thermo Elec-
tron Corporation) for 6 h. Under the protection of argon gas, the
dried samples were then inserted into the ToF-SIMS instrument.
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ToF-SIMS analysis

Mass spectra and images were acquired in positive ion mode
with a J105 3D chemical imager (Ionoptika Ltd.) using a 40 keV
Cgo primary ion source operating in direct current mode. The zy-
gote 10 min postfertilization and embryos at different develop-
ment stages were analyzed. In this work, the G, beam was operated
at a modest 4 pm focus to match the pixel size of data acquisition,
allowing the entire sample to be imaged in ~45 min. 3D analysis
was performed by acquiring sequential image frames with increas-
ing primary ion fluence, thereby revealing the lateral chemical dis-
tribution as a function of depth. The mass spectral images were
produced using Analyze software (Ionoptika Ltd.). Further princi-
pal components analysis (PCA) was performed using MATLAB
R2009a (MathWorks Inc., Natick, MA) for better contrast or 3D vi-
sualization (analysis routines were developed in-house). The assign-
ment of SIMS ions in the following discussion to lipid classes and
specific lipids is consistent with published literature but remains
putative at this stage. Further analysis by MS/MS and use of authen-
tic standards would increase confidence in lipid identification.

RESULTS AND DISCUSSION

ToF-SIMS analysis of lipid extracts from zygotes

The ToF-SIMS analysis of extracted lipids from the zy-
gotes was performed to provide reference spectra for the
single embryo analysis. The positive ion mass spectrum is
shown in Fig. 1. The assignment of major peaks based on
published literature using MS is listed in Table 1 (25). The
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TABLE 1.

Characteristic molecular ions and fragments of common lipids in ToF-SIMS spectra

+SIMS
m/z Proposed Fragments Species Reference
GPCho 86.1188 [C;H N Fragment (18, 26)
104.1198 [CsH,NOT* Fragment (27)
125.0016 [C,HgPO,T" Fragment (28)
166.0716 [CsH sNPOs]* Fragment (18, 26)
184.0717 [C;H;NPO,]" Fragment (18, 26)
206.0717 [C;H,NPO,Na]" Fragment (18, 26)
224.1192 [CsH,2NPO,]" Fragment (28)
246.0978 [C¢H ;gNPO,Na]* Fragment (27)
459.2727 [CosH,40O,P]" C20:3 Fragment (29)
monoglycerolphosphate
478.3416 [CoH sNPO4-C 5Hg 1" C16:0 Fragment (29, 30)
monoacylglycerophosphocholines
496.3012 [CoHyoNPO-C;Hy, 1" C16:0 Fragment (29, 30)
monoacylglycerophosphocholines
521.4268 [Cs3Hg O4]" C30:1 Fragment (29)
523.4391 [CssHgzO4]" €30:0 Fragment (29)
721.4575 [CsoH7,O,PK]" C34:3 [M+K-TMA]" (31)
723.4828 [C3oH;50,PK]" 84:2 [M+K-TMA]" (31)
725.5492 [C39H7;0,PK]" C34:1 [M+K-TMA]" (28, 31)
732.5794 [C1oHoNPOg-CsoHy, ] €32:1 [M+H]" (3)
758.5543 [C1oHgNPOgCyoHgy ] C34:2 [M+H]" (3)
760.5859 [C1oHoNPOg-CaoHy, ] C34:1 [M+H]* (3)
780.5659 [C4oHgoNPOgNa]* C34:2 [M+Na]” (28)
782.5727 [CyHgpNPOgNa]™ C34:1 [M+Na]" (28)
784.5800 [C4oHgyNPOgNa]* €34:0 [M+Na]” (28)
798.5834 [C4HgNPOGK]" C34:1 [M+K]" (28)
806.5659 [C1oHgNPOgCygHgy ] C38:6 [M+H]" (3)
GPEtm 124.0946 [CoH,NPO,]” Fragment (18, 26)
142.0712 [CoHNPO,]" Fragment (18, 26)
743.5283 [C;H uNPOg-CqHy ] C36:2 [M+H]" (3)
745.4645 [C;H sNPOgCygyHgs ] C36:1 [M+H]" (3)
811.7188 [C;H s2NPOg-CyoH,, " C41:3 [M+H]" (3)
GPGro 198.1008 [CsH,,POG]" Fragment
747.4999 [CsHsPO,-CaoHig, ] C34:1 [M+H]* (3)
GPSer 185.0894 [CsHgNPO,]* Fragment (18, 26)
Sphingolipids 86.1188 [C;H oNT Fragment (18, 26)
102.0651 [C;H,2NOT" Fragment (27)
104.1198 [C;H,NOT" Fragment (27)
166.0716 [CsH sNPOs]” Fragment (18, 26)
184.0717 [C;H;;NPO,]" Fragment (18, 26)
206.0717 [C;H,NPO,Na]" Fragment (18, 26)
265.2644 [CsHgsNT* Fragment (29)
725.5492 [C39HgyN,POgNa] " C34:1 [M+Na]” (28, 31)
Sterol lipids, cholesterol 369.3567 [CoHys]" [M+H-H,O] * (18)
385.3290 [Cy;H,01" [M-H] (18)
Prenol lipids, vitamin E 430.3663 [CogH5005]" M]* (31)
MAG 311.2531 [C1oH3505]" C16:1 All the ions listed here could be (31)
313.2756 [C1oH3,05]" C16:0 fragments from phospholipids, (31)
323.2612 [CyoHy505]" C17:2 DAG, and TAG, or could be (32)
325.2748 [CyoH3,05]" C17:1 [M+H-OH]" from MAG. (32)
327.2948 [CyoHgeO3]" C17:0 (32)
335.2450 [CyH3505]" C18:3 (32)
337.2773 [CyHy705]" C18:2 (31)
339.2876 [CyH3eO3]" C18:1 (31)
341.2904 [CyyH4 O3] C18:0 (31)
351.2905 [CooH3q05]" C19:2 (32)
353.3179 [CooH4, 051" C19:1 (32)
355.3002 [CooH505]" C19:0 (32)
391.2893 [CosH,505]" €C22:2 (32)
393.2867 [CosH 50517 C22:1 (32)
395.3213 [CosH,705]" €22:0 (32)
DAG 515.4220 [CssH5504]" €C30:0 All the ions listed here could be (31)
fragments from phospholipids
and TAG, or could be [M+H-OH]"
from DAG.
519.4109 [Ca3H5004]" C30:2 (31)
545.4204 [Cs5Hg 041" €C32:3 (31)
547.4403 [Ca5HgO4]" C32:2 (31)
549.4657 [CssH 041" C32:1 (31)
551.4621 [Ca5Hg;04]" €C32:0 (31)
561.4643 [CssHg;04]" C33:2 (31)
563.4710 [CasHg;O4]" C33:1 (31)

Lipid profiling of X. laevis embryo using ToF-SIMS imaging
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TABLE 1. Continued.
+SIMS
m/z Proposed Fragments Species Reference
571.4325 [Cg7H6304]: C34:4 (31)
573.4450 [Cs7Hgz04] C34:3 (31)
575.4638 [Ca7Hg;04]" C34:2 (31)
577.4696 [Cy7HgO4]" C34:1 (31)
579.4866 [Ca7H7,04]" C34:0 (31)
587.4610 [CssHg;04]" C35:3 (31)
589.4792 [CasHgeO4]" C35:2 (31)
591.4900 [CssH7 041" C35:1 (31)
595.4408 [Ca9Hg3O4]" C36:6 (31)
597.4587 [C3oHg;04]" C36:5 (31)
599.4799 [CaoHg;04]" C36:4 (31)
601.4857 [C3oHgeO4]" C36:3 (31)
603.5008 [CaoH7,04]" C36:2 (31)
605.5080 [CsoH750,]" C36:1 (31)
607.3814 [Ca9H7;04]" C36:0 (31)
621.4608 [CyHg;04]" C38:7 (31)
623.4754 [CyHg;O4]" C38:6 (31)
625.4749 [CyHgO4]" C38:5 (31)
TAG 825.6895 [Cs3Hg306]" C50:5 All the ions listed here are [M+H]" (31)
827.6923 [C55Hgs06]" C50:4 or [M+Na]". (31)
829.6723 [C53H97OG]: C50:3 (31)
837.7000 [Cs5Hg3O06] C51:6 (31)
839.7016 [C54Hg;06]" C51:5 (31)
849.7359 [C54Hg;04]" C51:4 (31)
851.7067 [Cs5Hg;06]" C52:6 (31)
853.7187 [Cs5Hg;06]" C52:5/ [ Cy5HggOg Na]” (31)
C50:2
855.7371 [Cs5HooOg] " C52:4/ [Cy3H;00ONa]” (31)
C50:1
861.6857 [Cs5H 105061 C52:0 (31)
863.7032 [Cs6Hgs 061" C53:7 (31)
865.7167 [Cs6Hg7;06]" C53:6 (31)
867.7572 [Cs6HgeOg]" C53:5 (31)
877.7266 [Cs5HggONal" C52:4/[CyyHo, 041" (31)
Cb54:2
879.7386 [Cs5H1000sNal" C52:3/[CsyHggO4 ] (31)
Cb4:3
881.7404 [Cs5H 006Nal" C52:2/[CsyH ;061" (31)
Cb4:4
899.6900 [Cs0Hg;04]" C56:10 (33)°
901.7332 [CsoHg706]" C56:9 (33)°
903.7392 [Cs0HgeOg]" C56:8 (33)°
905.7576 [CsoH 191061 C56:7 (33)°
925.7477 [CsoHgeOgNa]* C56:8 (33)°
927.7972 [CsoH 91 O6Na]* C56:7 (33)°
929.7967 [CsoH,9306Na]* C56:6 (33)°
951.7453 [Ce1HypOgNa] " C58:4 (33)°
953.7298 [Ce1H eONa]* C58:4 (33)°

Adapted from (25).

“Represents the species assigned according to the LIPID MAPS structure database.

mass accuracy of all listed peaks is better than 10 ppm. All
the m/z values are rounded to one decimal place in the
following description.

The major lipid classes in the lipid extraction were de-
tected in a single run. The characteristic fragments, as
well as the molecular ions, were used to assign the lipids.
GPCho produced intense fragments at m/z 86.1, 104.1,
125.0, 166.1, 184.1, and 224.1 from the phosphocholine
headgroup. The glycerol tail of GPCho was mainly frag-
mented to monoglycerol phosphate at m/z 459.3 (C20:3),
various monoacylglycerol (MAG) and diacylglycerol
(DAG) species, and potassiated DAG phosphate at m/z
721.5 (C34:3), 723.5 (C34:2), and 725.5 (C34:1). Sphingo-
lipids, including SM, shared common fragments derived
from the phosphocholine headgroup with GPCho. However,

1974 Journal of Lipid Research Volume 55, 2014

instead of two fatty acyl groups bonded to a glycerol back-
bone, SM had a fatty acyl group bonded to a basic nitrogen
leading to the unique ion at m/z 265.2 [C sHg;N]", loss of
phosphocholine head group, and neutral loss of the fatty
acid as a ketene. There were some less abundant lipids,
such as glycerophosphoethanolamine (GPEtn) and glyc-
erophosphoserine (GPSer). GPEtn had characteristic
peaks at m/z 124.1 and 142.1. Some common fragments
were expected due to phospholipids having the same
structure of glycerol backbone and phosphate group, e.g.,
m/z 125.0 [CoHgPO,]" and m/z 143.1 [CoHgO4P]". Sche-
matic fragmentation paths are shown in Fig. 2 (25). Sev-
eral phospholipid species were detected as molecular ions
such as 32:1, 34:2, 34:1, 38:4, and 38:6 GPCho; 36:2, 36:1,
and 41:3 GPEtn; and sodiated 34:1 SM. The results are
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Fig. 2. Fragmentation of the major classes of lipids in biological cell membranes. Adapted from (25).

consistent with the observations of Hill et al. (3). Choles-
terol had the characteristic fragments at m/z 369.4 [M+H-
H2O]+ and m/z385.4 [M-H]". The molecular ion of vitamin
E was observed at m/z 430.4. The assignment of various
DAG and TAG species in the region m/z >500 benefited
from the available mass resolution (m/Am5,000). DAG could
be the degradation product of TAG and phospholipids, as
opposed to ion beam-induced changes to the structure, how-
ever, DAG type lipid fragments do not normally arise from
protonated phosphocholine-containing species, as during

fragmentation the charge stays on the head group. Frag-
mentation of the Na and K adducts could also lead to the
DAG peaks (34). Considering the abundant DAG and
TAG in the frog egg yolk (22), these two lipids are listed
individually in Table 1.

ToF-SIMS analysis of a lipid extraction of X. laevis zygotes
demonstrates that the technique is capable of detecting the
major classes of lipid species within complex mixtures with-
out prior chromatographic separation. The characteristic
peaks of GPEtn, GPCho, GPSer, glycerophosphoglycerol
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(GPGro), SM, cholesterol, vitamin E, and DAG are identi-
fied and can be used as reference signals to locate the lipid
species on the real zygote surface. However, as noted above,
without MS/MS verification, these assignments could be
uncertain due to possible isobaric interference. Our cau-
tion has been demonstrated by listing possible alternative
assignments in Table 1. For example, m/z 725.5 could be
potassiated DAG phosphate or sodiated SM 34:1.

Monitoring the lipid distribution on the animal
hemisphere of zygotes sampled shortly after fertilization

The fertilization of eggs is initiated with sperm entry in
the “animal” hemisphere. For X. laevis, studies have indi-
cated a significantly higher number of spermatozoa bind-
ing to the animal hemisphere (35, 36). The first visible
sign of egg activation is the movement of pigment gran-
ules toward the animal pole (termed cortical contraction),
which occurs approximately 4 min after fertilization (37).
Our aim was to investigate the biological phenomenon on
the surface of the egg shortly after the fertilization. The
zygotes fixed at 10 min postfertilization were analyzed us-
ing a 4 pm-focused 40 keV Cg," primary ion beam to visual-
ize any local differences of surface chemistry.

Image data acquired from the animal hemisphere of
the zygote was binned to 0.1 Da to facilitate data process-
ing. PCA was used to identify the significant differences
in the image, and positive loaded peaks in PC2 (Fig. 3)
guided the selection of m/z values to generate selected ion
images as in Fig. 4 (25).

The overall morphology of the zygote is clearly seen in
the total ion image shown in Fig. 4a. Several features with
distinctive chemical gradients are scattered across the zy-
gote surface, the same phenomenon has not been seen in
the unfertilized egg surface (data not shown). This indi-
cates that these circular features could be the sperm entry
sites. The abundant biomolecules residing within these
features are mapped across the animal side of the zygote as
in the diagnostic secondary ion images, revealing the vary-
ing distribution patterns for different lipids. The common
fragment m/z 165.1 shared by all glycerophospholipids is
spread across the feature areas; m/z 166.1 and 184.1 from
GPCho and/or SM condense in the middle of the features

particularly in one area marked with a white circle in Fig.
4d, e; GPGro at m/z 189.1 is spread more widely across the
features; an unidentified ion at m/z 202.1 and GPCho ion
at m/z 224.1 appear to circle the features in Fig. 4g, h,
while another SM fragment at m/z265.2 (Fig. 4i) is strongly
localized within the distribution of m/z 224.1. The other
components, such as MAG at m/z 313.3, cholesterol at m/z
369.4, and possibly DAG at m/z 577.5, are concentrated in
the center of the features as shown in Fig. 4j-1.

The 3D intensity maps of selected ions are further formed
by normalizing the intensity of selected ions on each pixel to
the maximum intensity of selected ions across the fusion site
marked with the white circle in Fig. 4a. Peaks at m/z 142.1
(Fig. 5b) from GPEwm and m/z 577.5 (Fig. 5f) from DAG
reach higher intensity in the center of the fusion site, whereas
m/z224.1 (Fig. 5d) from GPCho shows more uniform inten-
sity extending to the outer region of the fusion site; m/z265.2
(Fig. be) from SM is more tightly distributed at the fusion
center, as with possible DAG. Combining the information
from Fig. 4 and Fig. b, the pattern of intensity changes across
the region of interest, implying different distribution pat-
terns of the selected biomolecules across the feature areas.
GPCho is in the outer circle of the fusion site, GPEtn and SM
are distributed more toward the fusion center, and DAG and
cholesterol are most abundant in the center.

Membrane fusion is a profound biological process likely
involving lipid rearrangement and possible synthesis. As
DAG could be derived from TAG and phospholipids, a
similar distribution pattern of DAG at m/z 577.5 was ex-
pected as phospholipid fragments at m/z 166.1 and 224.1,
however these ions show different locations in Fig. 4d, h, i.
It was also thought that the cleavage of phosphatidylinosi-
tol 4,5-bisphosphate into DAG during the fertilization was
involved in the egg activation (38). Therefore, it is likely
that the DAG ion detected in the fusion site reflects the
biological process rather than beam-induced fragmenta-
tion. Considering that DAG can be rapidly phosphorylated
to phosphatidic acid (GPA), which is a critical step in phos-
pholipid biosynthesis (39, 40), it is speculated that in the
center of the fusion site phospholipase-mediated hydroly-
sis of SM and phosphatidylinositol 4,5-bisphosphate oc-
curs to generate possible DAG (41), which quickly builds
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Fig. 3. PCA loading plot of ToF-SIMS data of single X. laevis zygote 10 min postinsemination. Inset is Princi-
pal Component 2 scores image which shows that positive loadings (shown in green) contribute to the possible
fusion site of the gametes on the animal hemisphere of the zygote. ToF-SIMS signals associated with the possi-
ble fusion site on the animal pole of the zygote are labeled in the positive loading in PC2. Adapted from (25).
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new lipids such as GPEtn and GPCho to stop the dissolu-
tion of the membrane induced by the sperm binding.
GPEtn is able to form highly curved structures that could
be used to seal a space inside the fusion center for the re-
lease of the sperm nucleus. Most synthesized GPCho is
transported away from the center to form the outer layer
of the fusion site. This proposed model involving lipid syn-
thesis and rearrangement can explain the distribution pat-
tern of selected ions. For example, DAG and SM have high
relative intensity exclusively in the fusion center; GPEtn
only exists in the fusion center and GPCho is lower in the
center and higher away from the center.

To investigate the fusion progression beneath the surface,
depth profiling ToF-SIMS analysis was further performed
on the zygote. The distribution of total ion intensity and an
image of m/z 165.1 are shown for different depth layers
(Z1 to Z5) in Fig. 6. This reveals that the fusion sites pene-
trate the cell membrane and expand with ring-like structures
over the depth of the analysis (~~100 nm in total, based on
the estimated etch rate using the 40 keV Cy," beam). At this
point, it is difficult to identify which fusion site is truly the
point of sperm entry. Amphibians contain two groups of
mechanisms exhibiting very different blocks to polyspermy
(42). One is a fast electrical block before second sperm-egg
fusion by cortical granule exocytosis at the fertilization enve-
lope. Another is a slow process that occurs in the egg cyto-
plasm after sperm entry, allowing only a single sperm nucleus
with a single centrosome to ultimately participate in embry-
onic development, while the other sperm nuclei and cen-
trosomes degenerate before cleavage (43). Itis likely that the
slow block occurs in the sampled zygote, as several fusion sites
penetrating the X. laevis egg membrane are seen in Fig. 6.

Monitoring the lipid distribution on X. laevis embryos
through the early development stages

Mitotic cell division, a regulated dynamic biological event,
is of such central importance for animal development and

Lipid profiling of X. laevis embryo using ToF-SIMS imaging

Fig. 4. Total ion and selected ion images (positive
mode ToF-SIMS) of the animal hemisphere of X. lae-
vis zygote 10 min postinsemination. Spectral dose
density is 5 x 10" ions/cm” using a 4 wm-focused 40
keV Cg," beam over 1,200 x 1,200 p,m2 with 256 x 256
pixels. The surface region marked with a white cir-
cle is the proposed egg-sperm fusion site. The m/z
165.1 is a common glycerophospholipid fragment;
m/z 166.1 and 184.1, the fragments from GPCho
and SM; m/z 224.1, the fragment from GPCho; m/z
265.2, the characteristic peak of SM; m/z313.3, MAG
[C1oHy;,04]" C16:0; m/z 369.4, cholesterol fragment;
m/z577.5, DAG [Cs;HgO4]" C34:1; m/z 152.1, 189.1
and 202.1 are unassigned ions. The color scale cor-
responds to the relative ion intensity and the maxi-
mum count (mc) per pixel is displayed in each
image frame. Adapted from (25).

associated dynamic processes that the visualization of the
mitosis directly in the developing embryo is of great inter-
est. However, only the species featuring a transparent em-
bryo that develops extracorporeally (e.g., teleosts) can be
observed noninvasively by optical microscopy (44). With
regard to amphibian embryos with almost complete opti-
cal opacity, such as the X. laevis embryo, observations are
restricted. In this section, ToF-SIMS is employed to moni-
tor the lipid distribution in the ~10 nm surface region
through early embryo development offering an alternative
chemically specific method for embryonic study.

The biomolecular arrangements on the animal hemi-
sphere of embryos at the 2-, 4-, and 32-cell stages and blastu-
las at 3.3 h and 5.5 h postfertilization are shown in the
positive ion mode ToF-SIMS images in Fig. 7 [data pre-
viewed from (45)]. During the cleavage, the embryo will
not grow, but divides into smaller cells called blastomeres
packed within the sphere. This morphological change is
clearly reflected in the total ion images in Fig. 7a, al, a2, a3.
The phosphocholine lipid headgroup fragments at m/z
125.0, m/2166.1, and m/z 184.1 imaged at the 2-cell and 32-
cell stages concentrate in the blastomere junctions, and are
less intense on the cell surface at these developmental stages
as shown in Fig. 7b, b2, ¢, c2, d, d2. This species is more
uniformly distributed on the embryo at the 8-cell stage as in
Fig. 7b1, c1, d1. Cholesterol (m/z 369.4) and the possible
DAG ion at m/z 577.5 spread on the animal side homoge-
nously as seen in Fig. 7g1, g2, g3, h1, h2, h3, except for the
embryo at the 2-cell stage, where these signals too appear to
concentrate at the blastomere junction. It is worth mention-
ing that the MAG ion at m/z 313.3, shown in Fig. 7f, f1, £2, {3,
shares a similar distribution pattern to cholesterol and DAG.
The cholesterol lends the membrane rigidity and mobility
(46), which could be a reason why the cholesterol is abun-
dant on the animal hemisphere to keep the membrane lip-
ids stable and to adapt to fast biomolecular rearrangement
during the cell cleavage. However, considering the vacuum
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m/z265.2, fragment of SM (E); and m/z577.5, DAG [Cs;HO,]" C34:1 (F).

environment of the ToF-SIMS instrument, cholesterol mi-
gration to the surface of the membrane (47) cannot be dis-
counted. The distribution of the SM ion at m/z 265.2 shows
that SM has a high affinity for cholesterol, as it colocates
with cholesterol as shown in Fig. 7e-e3 and Fig. 7g—g3.
These two biomolecules are able to pack tightly to form mi-
crodomains that are thought to function as signaling plat-
forms in order to regulate the localization and interactions
of proteins (48). The blastula, 5.5 h postinsemination, ap-
pears to show a complementary distribution of phospho-
choline to SM, cholesterol, MAG, and DAG (Fig. 7d3-h3);
although from the image of the whole embryo, the detailed
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distribution is uncertain due to the relatively small feature
size. To explore the lipid distribution at this development
stage would require reanalysis of a smaller region exploiting
the high resolution capabilities of the Cg," microprobe for
micron-level spatial localization.

CONCLUSION AND OUTLOOK

Single embryo analysis using ToF-SIMS shows the possi-
bility of spatiotemporal chemical mapping of lipids on an
embryo surface with high mass resolution and high spatial



Total ion image

m/z 165.1

resolution. The sample preparation is simple without re-
quiring lipid extraction and retains the pristine chemistry
on the cell membrane.

The biological process of fertilization of the X. laevis egg
is visualized by ToF-SIMS imaging to gain insight into the
possible mechanism of egg-sperm fusion on the membrane.
Lipid profiling in the possible egg-sperm fusion sites shows
DAG is located almost exclusively in the center along with
lower intensity of SM; GPEtn is mainly in the fusion center;
and GPCho is more intense in surrounding regions of fu-
sion center. Cholesterol is evenly distributed over a wider
range than DAG, possibly to stabilize the newly formed
membrane. The results are consistent with the following
lipid synthesis pathway. The phospholipase-mediated hy-
drolysis of SM-generated DAG in the fusion center swiftly
builds new lipids such as GPEtn and GPCho. GPEtn then
m/z 166.1

Total +SIMS image mz125.0

mc:485 (c) mc: 1495 (d)

8 cells stage

(@al)  me: 44026(b1)

32 cells stage

(@2) ' me: 851 (d2)

Blastula 5.5 h after
fertilisation

(a3) mc: 52522 (b3) mc: 480 (c3) mc: 958 (d3)

mz 184.1

mc:2180 (e)

mc: 1573 (e2)

mc: 2385 (e3)

Fig. 6. Depth profile of X. laevis zygote 10 min
postinsemination using dynamic ToF-SIMS imaging
(positive mode ToF-SIMS) with a 4 pm-focused 40
keV Cgo" beam, showing that the gamete fusion pro-
gressed through the surface region. The distribu-
tion of total ion signal (top row) and m/z 165.1
(bottom row) is shown as a function of depth (Z1 to
75,~20 to 100 nm total depth). The depth profiling
was performed on the animal hemisphere. Starting
from the image at the surface (Z1) each image was
acquired with an additional primary ion dose density
of 1x 10" ions/cm2 over an area of 1,200 x 1,200 qu
(256 x 256 pixels).

forms the highly curved structure in order to seal a space
inside the fusion center for the release of the sperm nu-
cleus. Most synthesized GPCho is transported away from the
center to form the outer layer of the fusion site.

For the first time, intact developing embryos have been
imaged using ToF-SIMS with relatively simple sample prepa-
ration and without considering the embryonic pigment ef-
fect as encountered in the optical microscopic approach.
Studies such as this may serve as a starting point to further
explore the role of lipid distributions in the mechanisms of
biological processes in single cells on the micron and submi-
cron scale, which is currently beyond other techniques.li

The authors are grateful to Dr. Arno Christian Gutleb and Prof.
Nicholas Winograd for the creative discussions, and to Dr.
Jimmy Moore for assistance with image processing.
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Fig. 7. Total ion and selected ion images (positive mode ToF-SIMS) of the animal hemisphere of X. laevis embryos in different cleavage
stages using dynamic ToF-SIMS imaging. The 40 keV Cg," beam primary ion dose density was 2 x 10" ions/cm® over a 1,200 x 1,200 wm® area
with 256 x 256 pixels. The biomolecular arrangements on the animal hemisphere of embryos at 2 cells, 4 cells, 32 cells, and blastula 5.5 h
postinsemination are shown. During the cleavage, the embryo does not grow but divides into smaller cells (blastomeres) packed on the surface
of the sphere. The maximum counts (mc) can be read on the ion images. The m/z 165.1, common fragment from glycerophospholipids;
GPCho and SM share the fragments at m/z 125.0, 166.1, 184.1, and m/z 265.2 is unique to SM; m/z 313.3, MAG [C1oH3,045]" C16:0; m/z 369.4,
cholesterol fragment; m/z577.5, DAG [Cs;HgoO,4]" C34:1 or the fragment from phospholipid. [Data previewed from (45)].
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