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Preface

Since the first edition of this volume, the many new and important advances in this fast-
moving field prompted us to solicit updates for protocols that we thought would be valuable
for both experts and novices alike.

We are thus grateful to all of the contributors who took time to present their protocols
in the useful format for which the Methods in Molecular Biology series is known. We thank
them for this and hope that this volume will be as valuable as the first edition was found
to be.

We acknowledge the support and guidance of Dr. John Walker, Editor-in-Chief of the
Methods in Molecular Biology series, for giving us the opportunity to put this volume
together. Patrick Marton, Executive Editor of the Springer Protocols series, provided contin-
uous support and encouragement from the start to completion of this project - Thank you.

David Casey provided tremendous help and hands-on support by helping us to elimi-
nate any missing parts and details in chapters. A special thank you for this outstanding effort
goes to him.

Melbourne, VIC, Australia Alice Pébay
Ottawa, ON, Canada Kursad Turksen
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ALICE PÉBAY � Centre for Eye Research Australia, Royal Victorian Eye and Ear Hospital,
The University of Melbourne, Melbourne, VIC, Australia; Ophthalmology, Department
of Surgery, The University of Melbourne, Melbourne, VIC, Australia

MARTIN F. PERA � Department of Anatomy and Neurosciences, Florey Neuroscience and
Mental Health Institute, Walter and Eliza Hall Institute of Medical Research, The
University of Melbourne, Melbourne, VIC, Australia

MELISSA R. PITMAN � Molecular Signalling Laboratory, Centre for Cancer Biology,
University of South Australia and SA Pathology, Adelaide, SA, Australia

STUART M. PITSON � Molecular Signalling Laboratory, Centre for Cancer Biology,
University of South Australia and SA Pathology, Adelaide, SA, Australia

SHRESTHA PRIYADARSINI � Department of Ophthalmology/Dean McGee Eye Institute,
University of Oklahoma Health Sciences Center, Oklahoma City, OK, USA

GARY M. REYNOLDS � Centre for Liver Research and NIHR Biomedical Research Unit,
University of Birmingham and Queen Elizabeth Hospital Birmingham, Birmingham, UK

YAMILA I. RODRIGUEZ � Instituto Multidisciplinario de Investigaciones Biol�ogicas San Luis
(IMIBIO-SL) CONICET and Universidad Nacional de San Luis, San Luis, Argentina

ROGER SABBADINI � Stanford University School of Medicine, Stanford, CA, USA
SUSAN S. SMYTH � Gill Heart and Vascular Institute, University of Kentucky College

of Medicine, Lexington Veterans Affairs Medical Center, Lexington, KY, USA
STEFKA D. SPASSIEVA � Department of Molecular and Cellular Medicine, Texas A&M

Medical Health Sciences Center, Bryan, TX, USA
TAMOTSU TANAKA � Institute of Biomedical Sciences, Tokushima University Graduate School,

Tokushima, Japan
BARBARA VISENTIN � La Jolla Biologics Inc, San Diego, CA, USA
GUANGHU WANG � Department of Neuroscience and Regenerative Medicine, Medical College

of Georgia, Augusta University, Augusta, GA, USA
PIPER A. WEDMAN � Department of Pathology, Microbiology and Immunology, University

of South Carolina School of Medicine, Columbia, SC, USA
JONATHAN M. WOJCIAK � Lpath Incorporated, San Diego, CA, USA
RAYMOND C.B. WONG � Centre for Eye Research Australia, Royal Victorian Eye and Ear

Hospital, The University of Melbourne, Melbourne, VIC, Australia; Ophthalmology,
Department of Surgery, The University of Melbourne, Melbourne, VIC, Australia

RYOUHEI YAMASHITA � Institute of Biomedical Sciences, Tokushima University Graduate
School, Tokushima, Japan

JIANHONG ZHANG � Research Centre for Women’s and Infants’ Health, Lunenfeld-
Tanenbaum Research Institute, Mount Sinai Hospital, Toronto, ON, Canada

x Contributors



Methods in Molecular Biology (2017) 1697: 1–8
DOI 10.1007/7651_2017_5
© Springer Science+Business Media New York 2017
Published online: 28 March 2017

Measuring Sphingosine-1-Phosphate/Protein Interactions
with the Kinetic Exclusion Assay

Jonathan K. Fleming and Jonathan M. Wojciak

Abstract

By directly detecting the ligand-free binding sites in a sample, the kinetic exclusion assay (KinExA®)
provides a compelling alternative to SPR-based techniques for determining equilibrium dissociation con-
stants of protein-ligand interactions. It is especially useful for observing protein-lipid interactions, as
binding of native lipids occurs entirely in solution, and monoclonal antibodies can be used to directly
compete with a protein of interest for lipid binding. By measuring the antigen-free binding sites on the
antibody and using competition affinity analysis, the Kd for the lipid binding the protein and the antibody
can be determined simultaneously. Herein, we describe this label-free approach for determining the Kd for
S1P-binding serum albumin, which chaperones ~30% of the S1P in human plasma.

Keywords: Anti-lipid antibody, Bovine serum albumin, Competitive affinity analysis, Human serum
albumin, Kinetic exclusion assay, Physical biochemistry, Sphingosine-1-phosphate

1 Introduction

The ability to determine accurate, reliable equilibrium dissociation
constants for proteins binding lysophospholipids, such as S1P, is
challenging due to its lack of inherent traceable characteristics (e.g.,
fluorescence or UV/Vis absorption). Modifying S1P either by
covalently attaching bulky tags or derivatization potentially alters
the solubility properties and/or natural mode of protein recogni-
tion [1]. In addition, binding studies that rely on physical separa-
tion of free and bound S1P species can be difficult because S1P
demonstrates poor solubility properties in aqueous media. The
aqueous media is, however, necessary to support the structure
and function of the protein. To overcome these issues, typically
S1P is delivered in complex with fatty acid-free bovine serum
albumin (FAF-BSA) [2]. However, the intrinsic affinity of FAF-
BSA for S1P (or other lysophospholipids) may confound the bind-
ing event being investigated and is seldom considered while inter-
preting the data.

The KinExA approach described here both overcomes the
challenges described above for studying protein-lipid interactions
and elucidates the effect of using carrier proteins to deliver
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lysophospholipids. The equilibrium binding constant of S1P bind-
ing to serum albumin is determined by measuring the unbound
fraction of an antibody, LT1009, which competes with serum
albumin for S1P binding. This method can also be applied to
other S1P-binding proteins and chaperones.

Three equilibrium affinity experiments are used to determine
the Kd of serum albumin and the anti-S1P LT1009 antibody
(Fig. 1). Two experiments employ a constant serum albumin con-
centration, which is below theKd for the S1P interaction, while the
third experiment contains a much higher serum albumin concen-
tration, which alters the position and shape of the isotherm relative
to the corresponding low serum albumin concentration curve.
Fitting all three curves using a direct competition model generates
Kd values (Kd1, S1P-LT1009; Kd2, S1P-serum albumin), the per-
cent of nominal lipid, and residual error between the data points
and the theoretical curves (Fig. 1). Although all three experimen-
tally derived curves are necessary to determine these parameters,
each curve weighs disproportionately toward the resolution of a
particular parameter: the low antibody, low serum albumin experi-
ment yields Kd1 information; the high antibody, low serum albumin
experiment provides titrant concentration information; and the

Fig. 1 Competition affinity experiments with FAF-BSA. Global curve fitting of the
three affinity experiments used to determine the equilibrium dissociation
constants for the S1P binding the antibody and FAF-BSA in solution. The
percentage of antigen-free binding sites on the antibody (in duplicate) is
plotted as a function of the S1P concentration in each sample. The LT1009
and FAF-BSA concentrations are as follows: black circles, 1 nM LT1009 and
1 μM FAF-BSA; gray squares, 10 nM LT1009 and 1 μM FAF-BSA; light gray
triangles, 10 nM LT1009 and 500 μM FAF-BSA [1]. Note: The curves shown here
are specific for the reagents and conditions described herein. The use of
alternative conditions or chaperones may change the curve shape and spacing
due to differences in binding properties

2 Jonathan K. Fleming and Jonathan M. Wojciak



high antibody, high serum albumin experiment affords Kd2

information.
During this analysis, the concentration of S1P-binding sites

offered by serum albumin was set equal to its molar concentration
(i.e., 1:1 S1P/albumin), due to the lack of published information
on S1P albumin stoichiometry. The antibody concentration is used
as a reference, which allows for a parameter that represents the
amount of S1P present to float and be determined as a percent of
the nominal lipid concentration. This parameter is particularly
useful and informative, since a loss of S1P is presumed while pipet-
ting this hydrophobic lipid in aqueous buffer. Together these data
provide insight into the interaction between S1P, the commonly
used carrier protein serum albumin, and the LT1009 anti-S1P
antibody.

2 Materials

Ultrapure water (18MΩ cm at 25 �C) and analytical grade reagents
should be used. The experiments described herein use sodium azide
and waste must be disposed of properly.

2.1 Equipment

and Software

Pipettes, vortex mixer, scale, water bath sonicator, rocking plat-
form, tabletop centrifuge, spectrophotometer, glass syringes with
stainless steel needles, KinExA 3200 with autosampler, and compe-
tition n-curve software (Sapidyne Instruments Inc.).

2.2 Reagents

and Buffers

Maleimide-activated lyophilized bovine serum albumin, omega-1
thiolated S1P, dimethyl sulfoxide, phosphate-buffered saline, frac-
tion V fatty acid-free BSA, S1P, methanol, dry argon, running
buffer (10 mM HEPES, 150 mM NaCl, 2.5 mM CaCl2, 0.005%
polysorbate 20, 0.02% NaN3, pH 7.4), LT1009 antibody, 5%
bleach, and fatty acid-free human serum albumin.

2.3 Consumables Pipette tips, 2 mL amber glass vials, spin desalting columns, PMMA
beads (Sapidyne Instruments Inc.), 2 mL microcentrifuge tubes,
12 � 75 mm silanized glass tubes, 50 mL polypropylene conical
tubes, 0.2 μm polyethersulfone filters, and KinExA bead vials (Sapi-
dyne Instruments Inc.).

3 Methods

All procedures are to be carried out at room temperature unless
noted.

3.1 S1P-BSA Coating

Material Preparation

1. Prepare 150 μMmaleimide-activated lyophilized bovine serum
albumin (BSA) by resuspending in water; vortex gently until
dissolved.

Measuring Sphingosine-1-Phosphate/Protein Interactions. . . 3



2. Prepare 25 mM omega-1 thiolated S1P [3] in DMSO by add-
ing a measured mass of the lipid to an amber glass vial, adding
DMSO, and vortexing for 1 min, sonicating for 10 min, and
vortexing for an additional 1 min.

3. Add the 150 μM bovine serum albumin made in step 1 to an
amber glass vial followed by a 40-fold molar excess of thiolated
S1P in DMSO. Rock slowly for 2 h. Volume made depends on
experimental requirements.

4. Buffer exchange spin desalting columns into PBS in a tabletop
centrifuge (follow manufacturer instructions).

5. To remove excess unconjugated thiolated S1P, pass the
S1P-BSA coating material through the PBS exchanged
columns by centrifuging at 1500 RPM for 2 min.

6. Determine BSA concentration of the flow through by measur-
ing A280 spectrophotometrically and using a molar extinction
coefficient of 0.66 mL/mg.

3.2 S1P-BSA Bead

Preparation

1. Prepare aliquots containing 200 mg of PMMA beads in 2 mL
microcentrifuge tubes.

2. In a silanized glass tube, dilute S1P-BSA to 30 μg/mL with
PBS. Vortex briefly to mix. 1 mL of solution is needed for every
200 mg of beads.

3. Prepare a 1.5 mM fraction V fatty acid-free BSA (FAF-BSA)
stock from dry FAF-BSA in PBS by mixing gently in a polypro-
pylene conical and pass through a 0.2 μm PES filter. Verify
concentration by measuring A280 spectrophotometrically and
using a molar extinction coefficient of 0.66 mL/mg.

4. In another silanized glass tube, dilute FAF-BSA to 150 μM
with PBS. Vortex briefly to mix. 1 mL of solution is needed for
every 200 mg of beads.

5. To coat beads, add 1 mL of S1P-BSA in PBS from step 2 to
200 mg of beads in microcentrifuge tube and then rock for 1 h
at 37 �C.

6. Remove the beads from the rocking platform and allow them
to settle.

7. To block the beads, aspirate the liquid leaving the beads undis-
turbed and replace with 1 mL of 150 μM FAF-BSA in PBS.

8. Transfer the resulting slurry containing blocked beads via a
1 mL pipette tip that has been cut at a 45� angle to a glass
KinExA bead vial containing 13.5 mL PBS per 200 mg of S1P-
BSA coated and blocked beads.

3.3 Label

Preparation

1. Prepare goat anti-human heavy and light chain IgG secondary
by diluting it in running buffer (see Note 1).

4 Jonathan K. Fleming and Jonathan M. Wojciak



3.4 S1P Preparation 1. Resuspend powdered S1P of a known mass in methanol to
0.5 mM by vortexing for 1 min, sonicating for 10 min, and
vortexing for another minute. S1P concentration can be ver-
ified using a colorimetric phosphorus assay [1]. Quantity used
is dependent on experimental needs.

2. Dry down enough S1P in methanol in an amber glass vial
under a stream of dry argon in order to carry out experiments
(seeNote 2). 150 nmol was used for the experiments described
herein.

3. Resuspend dry S1P to 0.1 mM in running buffer (10 mM
HEPES, 150 mM NaCl, 2.5 mM CaCl2, 0.005% polysorbate
20, 0.02% NaN3, pH 7.4) supplemented with 100 μM FAF-
BSA by vortexing for 1 min, sonicating for 10 min, and vortex-
ing again for 1 min (see Note 3).

4. Dilute S1P twofold using glass vials with a glass syringe
into running buffer supplemented with 100 μM FAF-BSA
(see Note 4). These aliquots serve as the lipid stocks for
subsequent experiments.

3.5 Determination of

LT1009 Kinetic

Exclusion

1. Prepare 15 mL of 10 nM LT1009 IgG in running buffer in a
polypropylene conical.

2. Add 2 mL of running buffer to a silanized glass tube and add
FAF-BSA to 100 μM. The volume added should be consistent
in the subsequent two steps in order to prevent signal differ-
ences due to antibody concentration differences introduced via
varying volumes. This sample will provide nonspecific binding
(NSB) data.

3. Transfer 2 mL of 10 nM LT1009 IgG to a silanized glass tube
and add FAF-BSA to 100 μM. This sample will provide the
100% signal data.

4. Transfer 2 mL of 10 nM LT1009 IgG to a silanized glass tube
and add S1P in running buffer supplemented with FAF-BSA to
100 μM. Final S1P concentration: 14 nM. This sample will
provide the ~50% signal data.

5. Gently vortex mix all samples and incubate for 6 h.

6. Measure each of the samples using the KinExA starting with
the NSB sample, the 100% signal, and the ~50% signal sample
at flow rates starting at 0.25 mL/min to 2.25 mL/min incre-
mentally by 0.25 mL/min.

7. Determine the percentage of free antibody by dividing the
signal (voltage) of the antibody in the presence of S1P (~50%
signal) by the signal of the antibody in the absence of S1P
(100% signal) after subtracting NSB from both values (see
Note 5).

Measuring Sphingosine-1-Phosphate/Protein Interactions. . . 5



8. Clean KinExA after this and all other experiments by passing
5% bleach in water through the autosampler needle as if it were
sample until signal reaches baseline. Rinse thoroughly with
running buffer.

3.6 Equilibrium

Affinity Experiments

with BSA, LT1009,

and S1P

1. Prepare stock solutions of either 1 or 10 nM LT1009 and 1 or
500 μM FAF-BSA (dependent on experiment) in running
buffer and distribute to 15 silanized glass tubes (see Note 6).

2. Deliver S1P from the twofold S1P stocks made previously in
running buffer with 100 μM FAF-BSA to all but one of the 15
tubes containing LT1009 and FAF-BSA (see Note 7).

3. Vortex samples gently and equilibrate for at least 6 h.

4. Measure samples using the KinExA from low S1P concentra-
tion to high at a flow rate of 0.25 mL/min. Repeat measure-
ments to obtain duplicate measurements for each sample.

5. Analyze data in competition n-curve software with drift
correction.

3.7 Equilibrium

Affinity Experiments

with HSA, LT1009,

and S1P

1. Prepare a 1.5 mM stock of fatty acid-free HSA (FAF-HSA) as in
Section 3.2, step 3.

2. Prepare a stock solution of 10 nM LT1009 and 500 μM FAF-
HSA and distribute to 15 silanized glass tubes.

3. Deliver S1P from the twofold S1P stocks made previously in
running buffer with 100 μM FAF-BSA to all but one of the 15
tubes containing LT1009 and FAF-HSA (see Note 7).

4. Vortex samples gently and equilibrate for at least 6 h.

5. Measure samples using the KinExA from low S1P concentra-
tion to high at a flow rate of 0.25 mL/min. Repeat measure-
ments to obtain duplicate measurements for each sample.

6. Analyze data in competition n-curve software with drift correc-
tion (see Note 8).

4 Notes

1. The concentration of label required to give an acceptable signal
(voltage) to noise ratio varies and needs to be determined
experimentally per manufacturer recommendations. Factors
affecting signal include bead load volume, efficiency of bead
coating, label fluorophore, lamp brightness, sample load vol-
ume, etc. The experiments described herein used a concentra-
tion of 250–500 ng/mL.

2. Dry S1P can be stored under dry nitrogen or argon at -20 �C.
Periodic testing should be carried out to verify integrity.

3. Calcium serves as a bridge between the LT1009 and S1P and is
thus required for strong affinity binding.

6 Jonathan K. Fleming and Jonathan M. Wojciak



4. In order to minimize lipid carryover during serial dilution of
lipid stocks, the following precautions are taken. When using
the glass syringe to move lipid from one vial to the next vial,
minimal contact with the solution should be maintained. This
is carried out by inserting the stainless steel needle just beyond
the meniscus of the air-liquid interface. After each transfer, the
needle syringe should be washed in methanol, running buffer,
and then running buffer supplemented with 100 μM FAF-
BSA. The needle should then be wiped with a tissue wipe
before continuing with the serial dilution.

5. The percentage of free LT1009 at the tested flow rates should
not increase significantly as the flow rate increases. A lack of
percent-free LT1009 increase confirms that the fraction of
LT1009 in complex with S1P does not dissociate during detec-
tion and contribute to the free LT1009 measurements. It is
important that this is determined before carrying out equilib-
rium affinity experiments. It is recommended that each mea-
surement be made in duplicate.

6. The experiments required to obtain equilibrium dissociation
constants for both FAF-BSA and LT1009 are as follows: 1 nM
LT1009, 1 μM FAF-BSA; 10 nM LT1009, 1 μM FAF-BSA;
and 10 nM LT1009, 500 μM FAF-BSA. These concentrations
are fixed throughout the sample set.

7. In another effort to minimize lipid carryover, S1P is taken via
glass syringe (see Note 4) from the twofold titrated S1P stock
with the lowest concentration first and added to the FAF-BSA
or FAF-HSA and LT1009 containing tubes. Subsequently the
S1P stock with the next highest concentration of S1P is deliv-
ered until all but one of the test tubes contain FAF-BSA or
FAF-HSA, LT1009, and S1P. The tube without S1P but with
FAF-BSA or FAF-HSA and LT1009 serves as a signal reference
point between experiments.

8. Data collected in this step are paired with two of the datasets
collected in Section 3.6 and processed together. Datasets: 1 nM
LT1009, 1 μM FAF-BSA, and 10 nM LT1009, 1 μM FAF-
BSA.
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Abstract

Sphingosine kinases (SK) are the sole enzymes responsible for the production of sphingosine 1-phosphate
(S1P). S1P is a signaling molecule with a plethora of targets, acting as both a second messenger intracellu-
larly and extracellularly via a family of cell surface G-protein-coupled S1P receptors. The two sphingosine
kinases, SK1 and SK2, arise from different genes and have some distinct and overlapping cellular functions
that are regulated in part by differential cellular localization, developmental expression, and catalytic pro-
perties. Here, we describe an improved method for selectively detecting SK1 activity in vitro and cell lysates
via the use of the zwitterionic detergent CHAPS, which effectively inhibits SK2 activity and thus allows
selective analysis of SK1 activity in a range of cell samples. The assay measures the production of 32P-labeled
S1P following the addition of exogenous sphingosine and [γ32P]ATP. The S1P product can be purified by
Bligh–Dyer solvent extraction, separated by thin layer chromatography (TLC), and the radiolabeled S1P
quantified by exposing the TLC plate to a storage phosphor screen. This sensitive, reproducible assay can be
used to selectively detect SK1 activity in tissue, cell, and recombinant protein samples.

Keywords: Sphingosine kinase, D-erythro-sphingosine, Sphingosine 1-phosphate, Thin layer chroma-
tography, Bligh–Dyer extraction

1 Introduction

Sphingosine 1-phosphate (S1P) is a bioactive signaling molecule
that can modulate a range of cellular responses. S1P can be export-
ed from the cell to act as a ligand for a family of S1P-specific G-
protein-coupled receptors or bind to and act on a range of intracel-
lular targets [1, 2]. The production of S1P is catalyzed by two
sphingosine kinase (SK) enzymes, SK1 and SK2, that phosphory-
late sphingosine at the primary hydroxyl (Fig. 1). SK1 and SK2 are
distinct proteins that arise from different genes. Knockout of both
SK isoforms is embryonic lethal in mice; however, loss of only one
isoform produces no obvious defects, suggesting some level of func-
tional redundancy between these two enzymes [3–5]. Both SK1
and SK2 promote cell survival and proliferation [6, 7], although, in
some cases SK2 can exert different physiological functions. As op-
posed to SK1, SK2 can have proapoptotic effects [8–10], inducing epi-
genetic and transcriptional regulation by acting on histone deacetylases
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[11]. In a number of conditions, SK1 and SK2 appear to play distinct
roles, including in inflammatory arthritis [12], ischemia-reperfusion
injury [13], lipopolysaccharide-induced lung injury [14], in human
mast cell functions [15], and S1P distribution in blood and lymphoid
tissue [16].

The two SK enzymes share significant sequence similarity; how-
ever, they differ in size, post-translational modifications, cellular local-
ization, and expression profile [17]. In particular, SK1 and SK2 differ
in catalytic properties, a factor that can be exploited to selectively
measure activity of individual isoforms [18, 19]. Themost commonly
employed and cost-effective SK assay measures the production of
32P-labeled S1P from sphingosine and [γ32P]ATP [20, 21]. Condi-
tions in the assay can be tailored to selectively measure the activity of
SK1, SK2, or both. Previously, we and others have reported condi-
tions for the selective assay of SK1 activity using the addition of
0.25 % Triton X-100 to assays, with this detergent largely inhibiting
SK2 activity but sustaining SK1 activity when assessed with purified
recombinant SK proteins [18, 19]. Unexpectedly, however, we re-
cently found that these previously described SK1-selective assay con-
ditions were not very selective for SK1 when employed with cell
lysates. Indeed, using these conditions, cell lysates from embryonic
fibroblasts (MEFs) from SK1 knockout mice (which only have the
SK2 isoform) showed significant residual SK2 activity (Fig. 2a).High-
er concentrations of Triton X-100 also failed to improve SK2 inhibi-
tion in lysates (Fig. 2b). Therefore, we tested the ability of other
detergents to inhibit purified recombinant SK2 and found that at a
concentration of 1 % the zwitterionic detergent CHAPS effectively
eliminated SK2 activity (Fig. 3a), albeit with a substantial (3.5-fold)
increase in the activity of purified recombinant SK1. At 3 % CHAPS,
the activity of SK2 was negligible and the increase in SK1 activity was
less than twofold (Fig. 3b). Importantly, when SK2 activity was de-
termined in lysates from SK1 knockout MEFs (which only have the
SK2 isoform), the addition of 3 % CHAPS completely inhibited SK2

Fig. 1 Sphingosine kinases catalyze the phosphorylation of sphingosine to sphingosine 1-phosphate (S1P)
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activity, and modestly elevated SK1 activity (1.3-fold) in lysates from
MEFs of wild-type mice (Fig. 4a). This 1.3-fold increase in SK1
activity was consistent with SK1 activity measured in lysates from
MEFs of SK2 knockout mice treated with 3 % CHAPS versus vehicle
(data not shown). Hence, inclusion of CHAPS in the assay signifi-
cantly improves the stringency of the SK1 selectivity. Assays employ-
ing BSA-solubilized sphingosine without addition of CHAPS can be
used in parallel to measure the total SK activity (from both SK1 and
SK2) in cell lysates.

At the completion of the assay incubation, the S1P product is
isolated using a Bligh–Dyer solvent extraction, where under acidic
conditions around 75 % of the S1P partitions to the organic phase
[20]. The chloroform phase is then separated by thin layer chroma-
tography (TLC) where the radiolabeled S1P product migrates with
an Rf of 0.7 in butanol/ethanol/H2O/glacial acetic acid (8:2:1:2)
(Fig. 4b). The S1P spot can then be quantified by exposing the
TLC plate to a storage phosphor screen.

2 Materials

Prepare all solutions with analytical grade reagents using distilled
water, and store at room temperature unless otherwise indicated.

2.1 Sample

Preparation

1. Lysis buffer: 50 mM Tris/HCl buffer (pH 7.4) containing
150 mM NaCl, 10 % glycerol (w/v), 1 mM dithiothreitol,
2 mM Na3VO4, 10 mM NaF, 10 mM β-glycerophosphate, and
1 mM EDTA (see Note 1)

Fig. 2 Triton X-100 does not adequately inhibit SK2 activity in lysates. (a) Lysates from wild-type (WT) mouse
embryonic fibroblasts (MEFs) (open bars) and SK1 knockout (KO) MEFs (grey bars) were assayed using non-
selective SK assay conditions with either H2O vehicle (V), as well as 0.25 % Triton X-100 to test SK2 inhibition.
(b) Triton X-100 was tested at both 1 % (grey) and 2 % (dark grey) in WT and SK1 KO MEF lysates. Activities
are standardized to 100 % of vehicle control for the WT and SK1 KO MEFs and correspond to 618 and
158 pmol/mg/min specific activities, respectively. Data represent the mean � S.D. of four independent
experiments
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2. Protease inhibitor cocktail (Complete™; Roche) prepared as a
50� concentrated stock and stored at �20 �C

3. Bath sonicator with sufficient power to disrupt cells (e.g.,
Bioruptor™; Diagenode, NY) or 26G needle and syringe

4. Microcentrifuge

2.2 Substrate

Preparation

1. Fatty acid-free BSA

2. Sonicator

2.3 Incubation 1. Eppendorf® Safe-Lock® 1.5 mL microcentrifuge tubes (see
Note 2)

2. SK1-selective assay buffer: 100mMTris/HCl (pH7.4), 150mM
NaCl, 1 mM Na3VO4, 10 mM NaF, and 4.4 % (w/v) CHAPS

Fig. 3 Effect of other detergents on the activity of SK1 and SK2. (a) Purified recombinant human SK1 (grey
bars) and SK2 (open bars) were assayed under nonselective SK assay conditions with the addition of H2O
vehicle or 1 % (w/v, final) detergent (b) varying concentrations of CHAPS were tested against recombinant
purified SK1 (circles) and SK2 (squares). Activity of SK1 and SK2 with vehicle was used as the controls, and set
as 100 %. Data represent the mean � S.D. of three independent experiments
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3. Total SK assay buffer: 100 mM Tris/HCl (pH 7.4), 150 mM
NaCl, 1 mM Na3VO4, and 10 mM NaF

4. D-erythro-sphingosine (Biomol)

5. 20mMAdenosine-50-triphosphate (ATP) prepared in 1MTris/
HCl buffer (pH 7.4) containing 200 mM MgCl2 and stored at
�20 �C (see Note 3)

Fig. 4 3 % CHAPS inhibits SK2 activity in cell lysates. (a) Lysates from wild-type (WT) MEFs (circles) and SK1
knockout (KO) MEFs (squares) were assayed using nonselective SK assay conditions with either H2O vehicle
(V), as well as 1–3 % CHAPS to test SK2 inhibition. Activities are standardized to 100 % of vehicle control for
the WT and SK1 KO MEFs and correspond to 618 and 158 pmol/mg/min specific activities, respectively. Data
represent the mean � S.D. of four independent experiments. (b) Image of TLC plates with S1P spots from
nonselective (vehicle) and SK1 selective (3 % CHAPS) assays using lysates from WT or SK1 KO MEFs (using
25 μg of protein, 2 μCi [γ32P]ATP, and 0.5 mM adenosine-50-triphosphate (ATP)). The chloroform phase was
spotted onto the plate at the origin and using the described mobile phase S1P migrates with an (Rf) of 0.7. The
S1P can be quantified and converted to pmol S1P generated by comparison to standards made from dilution of
the assay reaction mixture 1 in 10, 1 in 100, and 1 in 1,000 to allow application of 250, 25, and 2.5 pmol of
[γ32P]ATP, respectively (for standard assay conditions with 1 μCi [γ32P]ATP outlined in Table 1, with 2 μCi
[γ32P]ATP values are 500, 50, and 5 pmol)
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6. [γ32P]ATP (Perkin Elmer, NEG502A)

7. 50mM4-deoxypyridoxine (Sigma, DO501) stock solution stored
at �20 �C (see Note 4)

8. Perspex screens for use with radionuclides

9. Geiger counter

10. Water bath or incubator set at 37 �C

11. Whatman paper (3 M)

2.4 Extraction 1. Chloroform/methanol/conc. HCl (100:200:1)

2. Chloroform

3. 5 M KCl

4. Microcentrifuge

5. Aspiration apparatus

6. Silica gel TLC plates (Sigma, Z193291, pore size 60 Å, alumi-
num backing)

2.5 Resolution

and Quantitation

of Sphingosine

1-Phosphate

1. Source of compressed air or hair dryer (on cool setting)

2. 1-Butanol/ethanol/glacial acetic acid/H2O (8:2:1:2)

3. Glass TLC developing tank

4. Plastic ziplock bags or cling wrap

5. Storage phosphor screen (GE Healthcare)

6. Phosphorimaging system (e.g., Typhoon; GE Healthcare)

7. ImageQuant™ (GE Healthcare) software or equivalent

3 Methods

Ensure all procedures using [γ32P]ATP are carried out with protec-
tive perspex shielding using standard radiation safety techniques.
Radiation should be monitored with a Geiger counter. Dispose of
all waste strictly in accordance with local radioactive waste disposal
regulations.

3.1 Sample

Preparation

1. Resuspend cell pellets in lysis buffer.

2. Lyse by sonication in a bath sonicator (e.g., 4 � 25 s pulses
with 25 s breaks in a 200 W Bioruptor™ apparatus) or by five
passages through a 26G needle.

3. Samples can be assayed as whole cell lysates, or clarified lysate
can be prepared by centrifuging the whole cell lysate at
13,000 � g for 15 min at 4 �C.

4. Assess protein concentration in the samples by standard protein
assay methods.
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3.2 Preparing the

Sphingosine Substrate

1. Weigh out the desired quantity of sphingosine to make up
2 mM sphingosine in the required volume.

2. Add 2 % fatty acid-free BSA in 50 mM Tris/HCl (pH 7.4).

3. Sonicate on ice until the solution becomes clear.

4. Aliquot and store at �20 �C (see Note 5).

3.3 Incubation 1. Add 20 μl of enzyme sample to an Eppendorf® Safe-Lock® mi-
crocentrifuge tube (see Note 6).

2. Add 80 μl of reaction mixture, the composition of which differs
depending on the SK isoform to be analyzed (see Table 1 and
Notes 7 and 8).

3. Incubate at 37 �C for 30 min.

4. For later conversion of radioactive signal to phosphate concen-
tration, perform a tenfold serial dilution of the leftover reaction
mixture intowater and spot 2 μl of the 1 in 10, 1 in 100, and 1 in
1,000 dilutions onto pre-marked Whatman paper (seeNote 9).

3.4 Extraction 1. To the 100 μl assay mixture, add 270 μl of chloroform/metha-
nol/conc. HCl (100:200:1).

2. Add 20 μl of 5 M KCl (see Note 10).

3. Add 70 μl chloroform to create a phase separation.

4. Vortex to mix well.

Table 1
Example of assay setup

Reagent

Volume per assay (μl)

SK1 SK1 and SK2

20 mM Mg-ATP 5 5

10 μCi/μl [γ32P]ATP 0.1 0.1

2 mM sphingosine in 2 % fatty acid-free BSA 5 5

50 mM 4-deoxypyridoxine 1 1

Assay buffer with 4.4 % (w/v) CHAPS 69 0

Assay buffer 0 69

Cell lysate or recombinant SK protein 20 20

Total volume 100 100

For selective detection of SK1 activity, use 3 % CHAPS to inhibit SK2. To nonselectively assay total SK activity, use BSA-

solubilized sphingosine and omit CHAPs from the assay. It is recommended to prepare a batch of reaction mixture of
sufficient volume to assay all of the required samples. To do this, we recommend multiplying each of the volumes shown

by n + 1, where n is the number of samples to be assayed
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5. Centrifuge for 5 min at 13,000 � g to fully separate the phases
(see Note 11).

6. Remove the upper aqueous/methanol phase by aspiration.

3.5 Thin Layer

Chromatography

1. Cut a 20 cm � 20 cm Silica TLC plate into half (see Note 12).

2. Measure 2 cm from the bottom of the TLC plate and draw a
line with pencil along the long edge.

3. Mark on this line with pencil where the samples will be applied
(the origin), ensuring that the spots are no closer than 1.5 cm
from the edge of the plate and no closer than 1.3 cm to each
other (see Note 13).

4. Apply 50 μl of the remaining lower chloroform phase onto the
TLC plate by slowly and repeatedly spotting a fewmicroliters of
liquid onto the plate with the pipette tip so that no more than a
5 mm diameter circle of the TLC plate is wet (see Note 14).
Between each spot, allow the liquid to absorb into the plate and
then carefully dry the spot with a stream of air.

3.6 Resolution

and Quantitation

of Sphingosine

1-Phosphate

(See Note 15)

1. Develop the TLC plate with 1-butanol/ethanol/glacial acetic
acid/H2O (8:2:1:2) in a glass TLC developing tank until the
mobile phase is within 1 cm of the top of the TLC plate
(see Note 16).

2. Remove the TLC plate from the developing tank with tweezers
and allow to air dry in a fume hood for 15 min.

3. Cover the dried TLC plate in cling wrap or a place in a ziplock
plastic bag.

4. Expose to a storage phosphor screen overnight (see Note 17).
Include the Whatman paper with the assay mixture dilutions to
allow quantification of the phosphor signal.

5. Read the storage phosphor screen on a phosphorimager.

6. Quantify the S1P spot which with the mobile phase employed
will have a relative migration (Rf) of approximately 0.7 (see
Fig. 4).

7. Using the included [γ32P]ATP standard curve, the sample
protein concentrations, and a multiplication coefficient of
4.27 to account for incomplete S1P extraction and spotting
of only part of the chloroform phase onto the TLC plate
(see Note 18), the S1P spot intensity can be converted to
amount of phosphate transferred/min/mg protein.

4 Notes

1. Since both SK1 and SK2 can be activated by phosphorylation
[22, 23], inclusion of phosphatase inhibitors NaF, Na3VO4,
and β-glycerophosphate in the lysis buffer is important.
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Activation of Na3VO4 is required prior to its use to enable
phosphatase inhibition [24].

2. The Eppendorf® Safe-Lock®microcentrifuge tubes have a better
sealing cap that contains the radioactive aerosols during centrifu-
gation steps more effectively than regular microcentrifuge tubes.
If other microcentrifuge tubes are employed, the tops of the
closed tubes should be covered with Parafilm™ to minimize
potential microcentrifuge contamination by radionuclides.

3. ATP must be in complex with Mg to be a substrate for phos-
photransferases. The ATP solution must be prepared in a buffer
to prevent the solution becoming too acidic which will result in
ATP hydrolysis.

4. 4-Deoxypyridoxine is an inhibitor of S1P lyase and is only
required for use when assaying SK activity in cell lysates to
prevent dephosphorylation of the S1P product.

5. This solution should be aliquoted but can tolerate several
freeze-thaw cycles.

6. Cell lysates: 20–50 μg of cell lysates are generally used for the
assay. SK1 selectivity with >50 μg lysate would need to be
tested empirically. Recombinant Protein: For purified recom-
binant SK proteins it is recommended to use between 0.1 and
10 ng of recombinant protein per assay. Too much enzyme will
cause the substrates to become limiting, causing a nonlinear
reaction rate. It is advisable to initially do a time course, stopping
the assay at 10, 20, and 30 min timepoints to check that the
substrates are not limiting.

7. The CHAPS concentration in the reaction mixture is 1.47� to
account for the 1.47-fold dilution by the 20 μl sample and sub-
strates/additives. It is recommended to prepare a batch of
reaction mixture of sufficient volume to assay all of the required
samples (see Table 1). The following gives the assay compo-
nents and their final concentrations in each of the assays:

SK1-selective assay: 1 mM Mg-ATP, 1 μCi [γ32P]ATP,
100 μM sphingosine in 0.1 % fatty acid-free BSA (prepared
from 2 mM sphingosine stock in 2 % fatty acid-free BSA),
0.5 mM 4-deoxypyridoxine, and assay buffer with 3 % (w/v,
final) CHAPS

Nonselective SK assay: 1 mM Mg-ATP, 1 μCi [γ32P]ATP,
100 μM sphingosine in 0.1 % fatty acid-free BSA (prepared
from 2 mM sphingosine stock in 2 % fatty acid-free BSA),
0.5 mM 4-deoxypyridoxine, and CHAPS-free assay buffer

8. If enhanced assay sensitivity is required the amount of [γ32P]
ATP added to the assay can be increased twofold, and the con-
centration of unlabeled ATP can be decreased to 0.5 mM.
Lower ATP concentrations than this should not be routinely
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used to ensure that ATP does not limit the reaction velocity
since theKMvalue for ATP of SK1 is approximately 80 μM[25].

9. Using standard assay conditions (Table 1), 2 μl of reaction
mixture diluted 10, 100, and 1,000-fold will contain 250, 25,
and 2.5 pmol of [γ32P]ATP, respectively (Fig. 4).

10. Addition of KCl enhances S1P extraction into the organic
(chloroform) phase [26].

11. In cell lysates, this step often results in the appearance of a
“skin” between the two phases that consists mostly of precipi-
tated proteins.

12. The solvent system described here effectively separates S1P from
other radiolabeled contaminants in the chloroform phase within
9 cm migration of the mobile phase from the origin. Thus, TLC
plates of 10 cm height are sufficient.

13. It is recommended that a maximum of 14 samples be spotted
per 20 cm TLC plate for optimum results. Plates can be cut
down further for smaller assays.

14. Rinse pipette tips with chloroform prior to transfer of the chlo-
roform phase to minimize dripping of the sample from the
pipette tip.

15. Solvent preparation and development of the TLC plates should
be carried out in a fume hood.

16. This mobile phase will take approximately 1.5 h tomigrate up the
TLC plate. We find this mobile phase to be the most effective at
resolving the S1P spot, but a number of other mobile phases have
also been employed in this assay. These include: 1-butanol/
glacial acetic acid/H2O (3:1:1) [26], methanol/chloroform/
glacial acetic acid/H2O (10:4:3:2:1) [27], and chloroform/
methanol/ammonium hydroxide (4:1:0.1, v/v) [20].

17. Storage phosphor screens capture images produced by ionizing
radiation, such as 32P. During reading, the phosphorimager sti-
mulates the screen using lasers to convert the latent signal to
light. This light is proportional to the amount of radioactivity in
the sample. The image can then be quantified using standard
quantification software such as ImageQuant™. The screens are
reusable and can be cleared by exposure to extra-bright light
using a light box. If a phosphorimager is not available, X-ray film
can be employed, but this can be ten- to 100-fold less sensitive
than the storage phosphor screen/phosphorimager approach.

18. Values calculated from the standard curve must be adjusted by
a factor of 4.27 to account for the incomplete extraction of
only 75 % of the generated S1P into the chloroform phase
[21], and application of only 31.5 % of the chloroform phase
onto the TLC plate.
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Methods for Analyzing Sphingosine-1-Phosphate Signaling
in Human and Mouse Primary Mast Cells

Alena P. Chumanevich, Piper A. Wedman, and Carole A. Oskeritzian

Abstract

Mast cells produce a potently bioactive sphingolipid metabolite sphingosine-1-phosphate (S1P) constitutively
and upon activation. The ligation of S1P to its type 2 receptor on mast cells triggers a novel downstream
signaling pathway that we discovered links activation of transcription factor signal transducer and activator of
transcription 3 to mast cell-derived chemokine release in both humans and mice. In this chapter, we describe
the methods used to study S1P signaling in human and mouse primary mast cells.

Keywords: Primary mast cells, Sphingosine-1-phosphate, Signaling, Protein phosphorylation, Signal
transducer and activator of transcription 3, Activation, Chemokines, Inflammation, Western blot,
Quantitative PCR

Abbreviations

BMMC Mouse bone marrow-derived mast cell
BSA Bovine serum albumin
Ct Threshold cycle
DI Deionized
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
HEPES 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic

acid
MC Mast cell
PBS Phosphate-buffered saline
p-Stat3 Phosphorylated Stat3
QPCR Real-time quantitative PCR
rhSCF Recombinant human stem cell factor
rm Recombinant murine
S1P Sphingosine-1-phosphate
S1PR S1P receptor
SkMC Human skin-derived mast cell
Stat3 or STAT3 Signal transducer and activator of transcription 3
WB Western blot
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1 Introduction

Mast cells (MC) are uniquely able to produce and release a multifunc-
tional sphingolipid metabolite, sphingosine-1-phosphate (S1P), not
only constitutively but also upon activation in the context of inflam-
mation [1–4]. Moreover, MC express two out of the five receptors for
S1P, S1PR1 conveying cell movement [2, 4] and S1PR2 which
ligation with S1P triggers MC activation accompanied with cytokine
and chemokine secretion [1, 2, 5]. Of relevance to inflammation but
also cancer, S1P may stimulate tissue-resident MC in an autocrine
and/or paracrine manner also acting onMC phenotypic plasticity and
responsiveness as well as modulate tissuemicroenvironment [6–8].We
have previously established the importance of the MC/S1P/S1PR2
axis in endowing the acutely allergic host with an early phase perivas-
cular T-cell recruitment that is dependent onMC-derived chemokines
and necessitates activation of signal transducer and activator of tran-
scription 3 (Stat3) signaling inMC [2]. We discovered a new signaling
pathway in MC, linking S1P ligation of S1PR2 to chemokine release
through Stat3 activation [2]. This was confirmed using genetic, mol-
ecular, and pharmacological approaches. Importantly, this novelmech-
anism of action of S1P is relevant to both human and mouse primary
MC [2]. Consistent with our findings, its significance to human atopic
diseasewas recently substantiated by another groupwho reported com-
promised allergic reactions and MC degranulation in patients carrying
STAT3 mutations, in human MC transduced with small hairpin RNA
against Stat3 and in a corresponding mouse model of Stat3 mutation
[9].

In this chapter, we describe in great detail the experimental con-
ditions to activate primary human and mouse pure MC with S1P
for subsequent molecular analysis of signaling by Real-time quantita-
tive PCR (QPCR) andWestern blot (WB). These highly reproducible
protocols can be adapted to monitor many signaling molecules, in
addition to transcription factors, expressed in mouse bone marrow-
derived mast cell (BMMC) and in human MC derived from skin.

2 Materials

2.1 Mast Cells 1. Human skin mast cells (SkMC) expanded ex vivo for at least
4 weeks after fresh human skin processing and up to 3–4 months
post-processing [6, 10]

2. Lonza BioWhittaker X-VIVO 15 Hematopoietic Serum-Free
Culture Medium. Recombinant human stem cell factor (rh SCF,
200 ng/ml)
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3. Mouse mast cells (BMMC) obtained from bone marrow pro-
genitors cultured for at least 3 weeks and up to 3–4 months of
culture [6]

4. Culture medium for BMMC: RPMI-1640 medium supplemen-
ted with 10 %-heat inactivated Fetal Bovine Serum (FBS), 1 mM
HEPES, 2 mM L-glutamine, 1 mM Sodium Pyruvate, 1 % Anti-
biotic Antimycotic Solution (penicillin 10,000 I.U./ml, strep-
tomycin 10,000 μg/ml, and amphotericin B 25 μg/ml),
recombinant (r) murine (m) IL-3 (2 ng/ml), rm SCF (20 ng/
ml), and 50 μM 2-mercaptoethanol

2.2 Sphingosine-1-

Phosphate

(a) Prepare S1P (Biomol) as a 1 mM stock solution in methanol
(seeNote 1), divide into aliquots of ~240 μl, and store in clean
glass bottle with screw tops wrapped with saran wrap at�20 �C
(see Note 2).

(b) Pipet the desired amount of S1P with a positive displacement
pipette equipped with appropriate size capillaries and pistons.
Transfer in siliconized 5-ml round bottom glass tube (see
Note 3). Evaporate methanol under N2 stream (see Note 4).

(c) Dissolve the S1P film in PBS supplemented with 4 mg/ml fatty
acid-free Bovine Serum Albumin (BSA) (Note 5) to yield con-
centration of 125 μM (Note 6).

(d) Cover glass tube with parafilm. To bring S1P into solution,
use a water bath sonicator (1 min) and vortex regularly during
this time.

(e) Keep tube in water bath (37 �C) for 30 min, vortexing every
5min (seeNote 7). Keep the tube containing resolubilized S1P
in a water bath maintained at 37 �C for the entire length of the
experiment (see Note 8).

2.3 Cell Lysis 1. QIAzol Lysis Reagent

2. Lysis buffer: RIPA buffer (1�) (Thermo Scientific™ Pierce) sup-
plemented with 0.2 mM sodium orthovanadate (Na3VO4) and
Protease Inhibitor Cocktail (Sigma) (at 1:500 dilution)

3. Protein Assay Dye (Bio-Rad)

2.4 Cytokine/

Chemokine Expression

by Real-Time

Quantitative PCR

1. RNeasy Mini Kit (Qiagen)

2. Nuclease-free water (Ultrapure grade)

3. Chloroform/isoamyl alcohol 24:1, for molecular biology, DNAse,
RNAse, and protease free

4. Ethanol for molecular biology, 200 proof

5. RNase-Free DNase Set (50) (Qiagen)

6. SensiFAST cDNA Synthesis Kit (Bioline)

7. SensiFAST SYBR No-ROX Kit (Bioline)

8. MicroAmpFast 96-well Reaction Plate (Applied Biosystems)
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2.5 Measurement of

Proteins

1. Mini-PROTEAN Electrophoresis System (Bio-Rad), Mini Trans-
Blot cell (Bio-Rad), and Mini-PROTEAN TGX Gels (Bio-Rad)

2. Running buffer: Tris/Glycine/SDS Buffer (Bio-Rad)

3. Transfer buffer (25mMTris base, 192 mMglycine, pH 8.3, 20 %
methanol)

4. Blocking buffer (wash buffer supplementedwith 5 %milk (Blotting-
Grade Blocker, Bio-Rad))

5. Nitrocellulose membrane (Bio-Rad)

6. Precision Plus Protein Dual Color Standards (Bio-Rad)

7. Primary antibodies: pStat3 (Santa Cruz Biotechnology, cat# sc-
81523); Stat3 (Cell Signaling, cat# 4904) and GAPDH (Cell
Signaling, cat# 2188)

8. Secondary antibodies: for p-Stat3 (Santa Cruz Biotechnology,
cat# sc-2055); for Stat3 (Cell Signaling, cat# 7074)

9. SuperSignal West Pico Chemiluminescent substrate (Thermo
Scientific) or SuperSignal West Dura Extended Duration Sub-
strate (Thermo Scientific)

3 Methods

3.1 Activation of

Human and Mouse

Mast Cells with

Sphingosine-1-

Phosphate

1. Primary human SkMC were cultured in X-VIVO 15 medium
supplemented with human SCF (see Note 9). Collect pellets
and culture medium supernatants of SkMC by centrifugation at
1,200� rpm for 10 min at RT.

2. Resuspend pellets in medium saved after centrifugation at a
concentration of 1� 106 cells/ml and 5� 106 SkMC/sample.
Transfer in 50-ml conical tubes.

3. Primary mouse BMMC were cultured in BMMC culture me-
dium. Collect pellets and culturemedium supernatant of BMMC
by centrifugation at 1,200� rpm for 10 min at RT.

4. Resuspend pellets in medium saved after centrifugation at a con-
centration of 1 � 106 cells/ml and between 5 and 10 � 106

BMMC/sample (see Note 10). Transfer in 50-ml conical tubes.

5. Add S1P to a final concentration of 100 nM to each sample.
Make an additional tube for S1P vehicle control (cells in PBS
with 4 mg/ml BSA buffer).

6. Incubate cells at 37 �C in an incubator shaker.

7. Stop the reaction by transferring tubes on ice and adding ice-
cold PBS to the cells up to 50 ml at different time points (see
Note 11). Keep your samples on ice unless otherwise indicated.
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8. Remove supernatant by centrifugation (1,200� rpm for 10min,
4 �C).

9. Resuspend cell pellets in 1 ml or less of ice-cold PBS and trans-
fer cells into Eppendorf tubes.

10. Centrifuge at 1,200� rpm for 5 min at 4 �C.

11. Discard supernatant. Pellets may be stored at�80 �C until use.

3.2 Cell Lysis Keep samples on ice at all time.

For QPCR analysis:

Add 700 μl of QIAzol Lysis Reagent to each cell pellet. Vortex or
pipet up and down several times to homogenize well. Lysed
cells can be stored in QIAzol reagent at �80 �C until RNA
extraction.

For WB analysis:

1. 5–10 � 106 cell pellets can be lysed with 120–180 μl of lysis
buffer.

2. Sonicate (Qsonica 4422 Q55 Sonicator microprobe 1/800) each
sample 3 times on ice for 10 s with 1 min interval at the am-
plitude intensity level 10.

3. Keep samples on ice for 15 min to yield a homogenous suspen-
sion (see Note 12).

4. Measure protein concentration of lysates using Bradford technique
(Bio-Rad Protein Assay Dye, VWR Cuvettes PS Semi-Micro and
Beckman Coulter DU 800 spectrophotometer). Three to four
milligrams of protein per milliliter are expected per sample.

3.3 Determination of

Gene Expression

1. Total RNA Extraction

(a) Place samples on the bench at RT for 5 min to defrost.

(b) Add 140 μl of chloroform to each tube and cap securely.
Shake each tube vigorously for 15 s.

(c) Let stand at RT for 5 min.

(d) Centrifuge for 15 min at 12,000 � g (15,000 rpm) at
4 �C (see Note 13).

(e) Use Qiagen miRNAeasy Mini Kit essentially
following manufacturer’s recommendations. Carefully
transfer the upper colorless aqueous phase to a new tube
(supplied) using a 200-μl pipette tip.

(f) Measure the exact volume of each sample and add 1.5
volumes of 100 % molecular grade ethanol accordingly.
Mix thoroughly by pipetting up and down several times.
Continue without delay with step g.
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(g) Pipet up to 700 μl of the sample into an RNeasyMini spin
column in 2-ml collection tube (supplied). Centrifuge at
8,000 � g (10,000 rpm) for 15 s at RT. Discard the flow-
through.

(h) Repeat step g using the remainder of the sample. Discard
the flow-through.

(i) Add to the sample 350 μl of RWT buffer (supplied) and
centrifuge for 15 s at 8,000 � g (10,000 rpm), RT.
Discard the flow-through.

(j) In advance, prepare DNase mix: 10 μl of DNase (Qiagen
RNase-Free DNase) per 70 μl of RDD buffer (supplied).
Add DNase mix directly onto the mesh of the RNeasy
Mini spin column. Let sit for 15 min at RT.

(k) On top of the mesh of each RNeasyMini spin column, add
350 μl of RWT buffer (supplied). Centrifuge for 15 s at
8,000 � g (10,000 rpm), RT. Discard the flow-through.

(l) Add to each RNeasy Mini spin column 500 μl of RPE
buffer (supplied). Centrifuge for 15 s min at 8,000 � g
(10,000 rpm), RT. Discard the old collection tubes with
the flow-through.

(m) Add another 500 μl of RPE buffer (supplied) to each
RNeasy Mini spin column. Centrifuge for 2 min at
8,000 � g (10,000 rpm), RT.

(n) Carefully without allowing flow-through to touch the bot-
tom of the spin column, transfer RNeasyMini spin columns
into new tubes with no lid. Centrifuge at full speed for
1 min at RT. Discard the old collection tubes with the
flow-through.

(o) Transfer RNeasy Mini spin column again into another set
of new tubes with no lid. Carefully add 50 μl of RNase-free
water (supplied) on top of the mesh. Let sit for 2 min.
Centrifuge for 1 min at 8,000 � g (10,000 rpm), RT, to
elute the RNA.

(p) Collect the first eluate of RNA and transfer on top of the
mesh again. Let sit for 2 min. Centrifuge for 1 min at
8,000 � g (10,000 rpm), RT.

(q) Transfer RNase-free Eppendorf into tubes and keep on
ice until concentration determination (see Note 14).

(r) Aliquot and store at �80 �C.

2. cDNA Synthesis

1 μg of total RNA was used to synthesize 20 μl of cDNA exactly as
indicated in the manufacturer’s instructions.

26 Alena P. Chumanevich et al.



3. QPCR

(a) Prepare individual QPCR reactions, as follows: 10 μl of
SensiFAST SYBR no-ROXmix (2�), 500 nM (final concen-
tration) of each forward and reverse primers, and 200 ng
(final concentration) of cDNA template (see Note 15).
Bring to a final volume of 20 μl with nuclease-free water
(see Note 16).

(b) Seal the plate, centrifuge at 1,500 rpm for 5 min at RT to get
rid of air bubbles. Transfer the plate to a real-time PCR
cycler machine (Bio-Rad CFX Connect) and perform the
following reactions: 95 �C for 10 min (polymerase activa-
tion), followed by 40 cycles of: (a) 95 �C for 10 s (denatur-
ation), (b) 55 �C (for BMMC) and 59 �C (SkMC) for 20 s
(annealing), and (c) 72 �C for 15 s (extension).

(c) The relative fold expression of genes of interest was calcu-
lated [5] (see Note 17).

3.4 Western Blot

Analysis

1. For detection of p-Stat3, Stat3 in whole cell lysate, load
9–12 μg of protein per sample per well. For one gel, perform
electrophoresis starting at 60 V for the first 20 min then
increase to 100 V.

2. Transfer proteins at 100 V, 1 h, on ice onto nitrocellulose
membrane.

3. Block the membrane in blocking buffer for 40 min to 1 h on a
rocking shaker at RT.

4. Wash the membrane 3 � 10 min with wash buffer, rocking.

5. Cut the membrane at the appropriate molecular weight based
on the migration of protein markers and incubate membranes at
4 �C overnight gently shaking with the following primary anti-
bodies: pStat3 diluted 1:200, Stat3 diluted 1:500, and GAPDH
diluted 1:3,000.

6. The next day, wash the membrane with wash buffer 3� 10min.
Incubate the membrane with secondary antibodies: for p-Stat3,
use Santa Cruz Biotechnology, cat# sc-2055, diluted 1:2,000,
and for Stat3, use Cell Signaling, cat# 7074, diluted 1:2,000.

7. Wash the membrane 3 � 10 min with wash buffer, then rinse
with deionized (DI) water 3 times.

8. Soak themembrane for 2–3min in SuperSignalWest PicoChemi-
luminescent substrate or SuperSignal West Dura Extended Dura-
tion substrate.

9. Expose membrane to film using the automated X-Ray Film
Processor.
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10. Band quantitation can be carried out using ImageJ (National
Institutes of Health). Integrated density numbers (in pixels) of
p-Stat3 were normalized to total Stat3 [3].

4 Notes

1. It is recommended to heat the methanol at 65 �C, vortex and
sonicate to solubilize S1P.

2. Clean glassware by placing it in hot soapy water (use a non-
phosphate detergent); rinse with tap water then with DI water
and finally with methanol at least twice to remove excess water
and cover.

3. Clean glass tubes as indicated in Note 2 and dry. Sigmacote®

reagent is used to siliconize the glass tubes and prevent surface
adsorption of S1P. One milliliter of Sigmacote is transferred
from tube to tube as the reaction is instantaneous. Allow the
treated glass surface to air dry in a hood. Rinse the siliconized
tubes with DI water and reverse tubes to remove excess water.
Store siliconized tubes covered.

4. S1P lipid is deposited as a film in the bottom of the siliconized
tube.

5. The molar ratio of S1P to its carrier BSA matters. The recom-
mended range is S1P:BSA 2:1 M ratio, therefore 125 μM S1P
in 4 mg/ml BSA. However, a concentration of 100 μM will
also work if convenient for subsequent dilutions.

6. S1P is not water soluble as it is a lipid. Instead, S1P binds to
BSA that acts as a carrier allowing S1P solubilize in aqueous
solutions.

7. Sonication and incubation at 37 �C maximize S1P-BSA com-
plex formation, with sonication helping disperse S1P lipid into
solution.

8. Never keep S1P solution on ice! This will prevent S1P to stay in
solution.

9. Use cells at least 48 h after last medium change.

10. 10 � 106 BMMCs/sample recommended.

11. Recommended time points: 0, 1, 3, 6, and 16 h.

12. For better results, after step 3, perform one to two freeze-and-
thaw cycles at �80 �C.

13. After centrifugation, the sample separates into three phases: an
upper, colorless, aqueous phase containing RNA; a white inter-
phase; and a lower, red, organic phase.
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14. Quantify final RNA concentration and assess for impurities by
determining the ratio of absorbance at 260 versus 230 and
280 nm (NanoDrop). Expect 5–15 μg RNA per sample.

15. Prepare a master mix in a separate RNase-free tube (in the
dark) by adding nuclease-free water first, then add primers
(the total volume of that mixture is 6 μl per sample). Then
add SensiFAST SYBR no-ROX mix (2�) (10 μl per sample).
Transfer 16 μl of master mix to each well of the PCR plate. Add
4 μl of cDNA to each well. Avoid generating air bubbles.

16. Primers were synthesized and purchased from Thermo Fisher
Scientific, Inc., with melting temperatures ranging from 59.9
to 64.5 �C [5].

17. The threshold cycle (Ct) value is determined by using CFXMan-
ager software (Bio-Rad). The difference in Ct between target and
housekeeping gene (GAPDH or beta-actin) (for both unstimu-
lated and S1P-stimulated cells) is found (ΔCt). The ΔCt from
unstimulated cells is subtracted from the ΔCt of S1P stimulated
cells Ct (ΔΔCt). Due to the logarithmic nature of these calcula-
tions, fold change is obtained using 2^-ΔΔCt.
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Measurement of Lysophosphatidic Acid and Sphingosine-
1-Phosphate by Liquid Chromatography-Coupled
Electrospray Ionization Tandem Mass Spectrometry
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and Andrew J. Morris

Abstract

Lysophosphatidic acids and sphingosine-1-phosphate are bioactive lipids that regulate diverse cellular and
physiological processes through actions that are largely mediated by cell surface receptors. The roles played
by these lipids in multiple disease processes make the enzymes and receptors involved in their synthesis,
inactivation, and signaling attractive targets for pharmacological therapies. In this chapter we describe
methods for sensitive accurate quantitation of LPA and S1P levels in biological fluids using liquid
chromatography-coupled electrospray ionization tandem mass spectrometry.

Keywords: Liquid chromatography, Lysophospholipids, Mass spectrometry

1 Introduction

LPA and S1P are bioactive lipid mediators that exert largely or
wholly cell surface receptor mediated effects on a wide variety of
cells. Studies using genetic and pharmacological approaches in
animal models implicate LPA and S1P in a broad range of physio-
logical and pathophysiological processes including inflammation,
cancer, cardiovascular disease, pain, and neurological injury [1–8].
While both of these lipids can be generated intracellularly as inter-
mediates in pathways of lipid synthesis and degradation they are
also both present in extracellular biological fluids including cere-
brospinal fluid, lymph, and blood plasma [9]. Although other
mechanisms are possible, the most parsimonious theory holds
that these extracellular pools of LPA and S1P are the source of
biologically active “signaling” lipids. LPA can be generated extra-
cellularly by the secreted lysophospholipase D autotaxin and possi-
bly also by pathways that involve A-type phospholipases [10, 11].
S1P has to be formed intracellularly by ATP dependent kinases and
mechanisms for secretion of intracellular S1P involving various
plasma membrane transporters have been reported [7]. Because
LPA and S1P are not water soluble they are necessarily bound to
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“chaperone” molecules in biological fluids. This has been best
studied in plasma where both lipids show associations with serum
albumin and with circulating lipoproteins. In the case of S1P a
specific association with apolipoprotein M mediates association
with high density lipoprotein. There is evidence that HDL/apoM
associated S1P has distinct signaling functions from albumin bound
S1P and indeed the concept that binding of these lipids to plasma
proteins and protein lipid complexes protects them from degrada-
tion and may influence their signaling properties is particularly
interesting [12]. LPA and S1P are involved in multiple pathological
processes including tumor growth and metastasis, fibrosis, vascular
inflammation and atherosclerosis, neuropathic pain and brain
injury and immune system function. Consequently the enzymes
and receptors involved in synthesis and signaling by these bioactive
lipids are attractive targets for development of small molecule and
perhaps also antibody therapeutics [13]. Studies of LPA and S1P
metabolism and signaling in preclinical and clinical models are
critically dependent on the availability of analytical methods to
enable their precise detection and quantitation at low (sub pmol)
levels in complex matrices that often contain other lipids at far
higher (micro to millimolar) levels. Mass spectrometry methods
primarily using reverse phase HPLC coupled with electrospray
ionization and selected ion monitoring approaches using triple
quadrupole instruments have been widely used to measure LPA
and S1P [14–24]. Literature methods for measurement of these
lipids are largely very similar and primarily differ in the choice of
column and associated solvent system. We have used these
approaches to measure the activity of LPA and S1P generating
and degrading enzymes, to study LPA and S1P metabolism in
isolated cells and to examine the impact of genetic and pharmaco-
logical approaches targeting LPA and S1P metabolism and signal-
ing in preclinical models and clinical settings. Although the basic
approach used in our laboratory for these assays has been consistent
we have continued to improve these methods to address a number
of issues that have arisen in the literature that have been suggested
to confound these measurements. This includes suggestions that
LPA can be formed by hydrolysis of phospholipids during acidic
extractions [25], that LPA can be formed by ion source fragmenta-
tion of anionic lysophospholipids during electrospray ionization
[26]. The most persistent limitation of these measurements
remains sample to sample carry over which can be significant for
these lipids and has a major impact on assay precision and robust-
ness. In this brief chapter we discuss our approaches to these
measurements and present standard approaches currently used in
our laboratory.
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2 Materials

2.1 Mass

Spectrometry

Instrumentation

We have used ABSciex hybrid triple quadrupole linear ion trap
instruments coupled with Shimadzu chromatography equipment
for these measurements. Specifically the methods described below
have been developed and validated using ABSciex 4000 Q-Trap
instruments with an ABSciex Turbo V ion source and a Shimadzu
Prominence binary HPLC system with an autosampler and column
oven and an ABSciex 6500 plus Q-Trap instrument with an ion
drive ion Turbo V ion source and a Shimadzu Nexera X2 UPLC
system with a rack changing autosampler and column oven. The
4000 series instruments are configured with a switching valve
between the column and ion source that enables diversion of the
column flow to waste. The 6500 series instrument has an integral
switching valve. Use of the switching valve during sample loading
and equilibration reduces contamination of the ion source improv-
ing assay sensitivity and robustness. Instruments of this type are
expensive to acquire, maintain, and operate so it is likely that
investigators seeking to use these methods may not have access to
identical instrumentation and may have to work with shared or
facility core owned and operated instrumentation. All of the meth-
ods described below could be set up on HPLC coupled triple
quadrupole mass spectrometer systems with electrospray ionization
capabilities. As explained below the accuracy and sensitivity of these
measurements depend on the speed and sensitivity of the instru-
mentation, particularly the rate at which data can be collected in
selected ion monitoring mode which is the primary determinant of
the accuracy of peak integration. Accordingly assay performance
(i.e., limits of detection, quantitation, and accuracy) on other ana-
lytical platforms would have to be evaluated on an instrument
specific basis.

2.2 Solvents, Tubes,

Internal Standards

Extractions are performed in 8 ml borosilicate glass tubes with
Teflon lined caps which are available from multiple commercial
sources. Solvents and other reagents are HPLC grade and again
available from many suppliers. Internal standards can be purchased
from Avanti Polar Lipids, Alabaster, AL.

2.3 Other Equipment Thorough mixing of the samples before and after phase separation
is important. We use a Tallboys Multi Tube Vortexer, Troemner
Inc., Thorofare, NJ, USA for efficient mixing of batches of tubes.
Any low speed centrifuge with a swinging bucket rotor and adapters
for the extraction tubes is suitable for centrifugation of the extrac-
tion tubes. For evaporation of solvents we use a Zymark/Biotage
Turbo Vap concentrator (Biotage ABCharlotte, NC, USA) that has
been adapted for use with 4 ml vials although an N-evap (Organo-
mation Inc., Berlin, MA) with Pasteur pipettes is an effective
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substitute. We use a Parker/Balston NitroVap membrane nitrogen
generator connected to an air compressor to generate nitrogen gas
for these evaporators but these methods would also work with
tanked/compressed nitrogen gas. Dispensing of samples, internal
standards, and resuspension of extracted material for analysis
requires calibrated air displacement pipettes.

3 Methods

3.1 Lipid Extraction

from Biological Fluids-

Blood, Plasma, Cell

Culture Media

1. Label 8 ml borosilicate glass tubes with Teflon lined cap.

2. Add 2 ml MeOH, 1 ml CHCl3 to each tube.

3. Add internal standard to tube (generally 50 pmol C17 LPA or
C17 S1P, i.e., 50 μl of a 1 μM solution in MeOH).

4. Add the sample to the tube (for blood or plasma we extract
50 μl, for other biological fluids the volume can be larger up to
the total aqueous volume limit of 0.5 ml).

5. Add 0.1 M HCl so the total aqueous volume is 0.5 ml (i.e., for
50 μl blood add 0.45 ml 0.1 M HCl).

6. Vortex for 5 min. This will generate a single phase.

7. Add 1 ml CHCl3 and 1.3 ml 0.1 M HCl to separate phases.

8. Vortex for 5 min.

9. Centrifuge at >3000 � g for 10 min. This will generate two
phases with a “cake” of denatured protein and other insoluble
materials at the interface.

10. Transfer lower phase to 4 ml screw cap vial using a Pasteur
pipette changing the pipette between samples. Take care to
avoid the protein interface and upper phase. Leave behind
~50 μl (don’t worry about being more accurate than this
because there is an internal standard to correct for recovery).
It is important not to transfer the protein cake material at the
interface into the vial because this impedes effective reconsti-
tution of the sample and can result in insoluble material being
introduced into the chromatography system.

11. Evaporate to dryness under N2.

12. Resuspend/dissolve dried material in 0.1 ml MeOH, vortex
and allow to stand for ~10 min.

13. Transfer to autosampler vial for LC MS analysis. We use 8 mm
100 μl polypropylene vials with Teflon septa. The choice of vial
needs to be consistent with the LC system autosampler.
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3.2 Measurement of

S1P

3.2.1 HPLC Method

Column: Agilent Zorbax Eclipse XDB C8 column, 5 μm,
4.6 � 150 mm.

Solvent A: 75/25 of methanol/water with formic acid (0.5%)
and 5 mM ammonium formate (0.1%).

Solvent B: 99/1of methanol/water with formic acid (0.5%)
and 5 mM ammonium formate (0.1%).

Flow rate: 0.5 ml/min; Injection volume: 10 μl; Oven temper-
ature: 30 �C.

3.2.2 MS Parameters:

Positive Mode Electrospray

Ionization, AB Sciex 4000

Q-Trap

Instrument Settings

Declustering potential (DP): 61.0 V.
Collision Energy (CE): 23.0 V.
Collision Cell Exit Potential (CXP): 16.0 V.
Ion spray voltage: 5500 V; Curtain gas: 20 Psi; CAD: Medium.
Temperature: 550.0 �C; Gas 1: 40.0 psi; Gas 2: 40.0 psi.

1. Analysis of S1P is conducted using a Shimadzu UFLC coupled
with an ABI 4000-Qtrap hybrid linear ion trap triple quadrupole
mass spectrometer in multiple reaction monitoring (MRM)
mode.

2. C17 S1P is used as an internal standard.

3. Samples are analyzed using an Agilent Zorbax Eclipse XDB C8
column, 5 μm, 4.6 � 150 mm column. The mobile phase
consists of 75/25 of methanol/water with formic acid (0.5%)
and 5 mM ammonium formate (0.1%) as solvent A and 99/1of
methanol/water with formic acid (0.5%) and 5 mM ammonium
formate (0.1%) as solvent B. For the analysis of S1P and DH-
S1P the separation is achieved using a gradient of 0% B for
1 min, 0% B to 100% B in the next minute, maintained at
100% B for the next 10 min, and equilibrated to the starting
conditions in 3 min (Table 1).

4. The flow rate is 0.5 ml/min and the column temperature is
30 �C.

5. The sample injection volume is 10 μl.
6. The mass spectrometer is operated in the positive electrospray

ionization mode with optimal ion source settings determined by
synthetic standards of S1P, DH-S1P, and C17 S1P with a declus-
tering potential of 61 V, entrance potential of 10 V, collision
energy of 23 V, collision cell exit potential of 16 V, curtain gas of
20 psi, ion spray voltage of 5500 V, ion source gas1/gas2 of
40 psi, and temperature of 550 �C. MRM transitions are shown
in Table 2.

7. Quantitation of the indicated S1P species is achieved by normal-
ization to the internal standard and reference to external calibra-
tion curves generated using authentic standards.
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3.3 Measurement

of LPA

3.3.1 HPLC Method

Column: Machery-Nagel Nucleodur C8 Gravity column; particle
size: 5 μm; length: 125 mm; internal diameter: 2.0 mm.

Solvent A: 75/25 of methanol/water with 0.5% formic acid
and 0.1% 5 mM ammonium formate.

Solvent B: 80% (99/1of methanol/water with 0.5% formic acid
and 0.1% 5 mM ammonium formate) + 20% (Chloroform).

Flow rate: 0.5 ml/min; Injection volume: 10 μl.
Oven temperature: 30 �C.

3.3.2 Instrument Settings Declustering potential (DP): �90.0 V.
Collision Energy (CE): �26.0 V.
Collision Cell Exit Potential (CXP): �11.0 V.
Curtain gas: 20 psi.
Collision Gas: Medium.
Ion spray voltage: �4500 V.
Temperature: 550.0 �C.
Gas 1: 40.0 psi; Gas 2: 40.0 psi.

Table 1
Gradient elution for S1P measurements

Time (min) %B

0 0

1 0

2 100

11 100

12 0

Table 2
Precursor product ion pairs for S1P measurements

Q1 m/z Q3 m/z

C17-S1P 366.1 250.2
366.1 82.0
366.1 79.0

DH-S1P 382.1 284.2
382.1 266.1
382.1 95.0

S1P 380.1 264.1
380.1 82.1
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1. Analysis of LPA is conducted using a Shimadzu UFLC coupled
with an ABI 4000-Qtrap hybrid linear ion trap triple quadrupole
mass spectrometer in multiple reaction monitoring (MRM)
mode.

2. C17 LPA is used as an internal standard.

3. Samples are analyzed using a Machery-Nagel Nucleodur C8
Gravity column; particle size: 5 μm; length: 125 mm; internal
diameter: 2.0 mm. The mobile phase consists of 75/25 of
methanol/ water with formic acid (0.5%) and 5 mM ammonium
formate (0.1%) as solvent A and 80% (99/1of methanol/water
with 0.5% formic acid and 0.1% 5 mM ammonium for-
mate) + 20% (Chloroform) as solvent B.

4. The separation is achieved using a gradient of 0% B for 1 min, 0%
B to 100% B in the next minute, maintained at 100% B for the
next 6 min, and equilibrated to the starting conditions in 3 min
(Table 3).

5. The flow rate is 0.5 ml/min and the column temperature is
30 �C.

The sample injection volume is 10 μl.
6. The mass spectrometer is operated in the negative electrospray

ionization mode with optimal ion source settings determined by
tuning with synthetic standards of LPA species with a decluster-
ing potential of �90 V, entrance potential of �10 V, collision
energy of �26 V, collision cell exit potential of �11 V, curtain
gas of 20 psi, ion spray voltage of �4500 V, ion source gas1/
gas2 of 40 psi, and temperature of 550 �C. LPA species specific
instrument settings can be refined by tuning with authentic
synthetic standards. LPA species specific MRM transitions are
shown in Table 4.

7. Quantitation of LPA species is achieved by using the internal
standard and reference to calibration curves generated using
authentic standards.

Table 3
Gradient elution for LPA measurements

Time (min) %B

0 0

1 0

2 100

6.0 100

7.0 0
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3.4 Concluding

Comments

Standard operating procedures (SOPs) are critical to quality man-
agement in any analytical laboratory. The information described in
this chapter can be used to develop SOPs that are specific to the
laboratory adopting the methods. The SOP needs to separate
process based quality assurance components, for example, valida-
tion of instrument/equipment performance (i.e., instrument tun-
ing and calibration) from assay specific quality control (e.g., use of
internal standards). The major complication with these methods is
carry over between samples. This can be minimized by washing the
autosampler needle and port and monitored by inclusion of solvent
blanks in the sample batches. We have observed batch to batch
variation in carry over between HPLC columns which may relate to
differences in end capping of the silica column matrix. In ongoing
work we have found that this carry over issue is further mitigated by

Table 4
Precursor product ion pairs for LPA measurements

Q1 m/z Q3 m/z

LPA 12:0 353.2 153.0

LPA 14:0 381.2 153.0

LPA 16:0 409.2 153.0

LPA 16:1 407.2 153.0

LPA 17:0 423.3 153.0

LPA 18:0 437.3 153.0

LPA 18:1 435.3 153.0

LPA 18:2 433.2 153.0

LPA 18:3 431.2 153.0

LPA 19:0 451.3 153.0

LPA 20:0 465.3 153.0

LPA 20:2 461.3 153.0

LPA 20:3 459.3 153.0

LPA 20:4 457.2 153.0

LPA 20:5 455.2 153.0

LPA 22:0 493.3 153.0

LPA 22:2 489.3 153.0

LPA 22:4 485.3 153.0

LPA 22:5 483.3 153.0

LPA 22:6 481.2 153.0
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use of columns with a polymeric silica matrix, for example, Waters
bridged ethylene silica columns. We hope to publish revised meth-
ods using this type of column and a UPLC system that provide
greater sensitivity that the methods reported here in the coming
year. Finally, the sample preparation method described here is
robust and efficient but cannot be simply adapted for automated
sample processing because of the phase separation step and the
need to recover the lower phase. In our hands, supported liquid
extraction methods that absorb the aqueous and insoluble materials
using diatom based supports do not result in efficient recovery of
lipids although as newer reagents of this type become available this
approach is certainly worth considering. Alternate sample prepara-
tion methods using methanol or butanol based extractions in which
the lipids partition into the upper phase of the system offer a
strategy to automate the sample preparation using standard liquid
handling approaches with adaptation of these methods to use
microplate formats an obvious strategy to increase sample through-
put [27, 28].

4 Notes

1. Phospholipids are sensitive to acid hydrolysis and there have
been literature reports that LPA can be generated by acid
hydrolysis of lysophospholipids during extraction methods
using acidified organic solvents. In our experience, this is only
seen with much higher concentrations of HCl in the extraction
solvent system than the 0.1 M concentration used in our
method. To investigate this issue we have added a series of
odd carbon chain phospholipids to plasma and attempted to
detect the corresponding odd carbon chain LPA species using
the LCMSmethods described below with triple quadrupole or
multistage high resolution instruments. In these studies levels
of these LPA species were consistently below the detection
limit of the instrument.

2. The assay procedure described above is optimized for analysis
of biological fluids. It can be modified for extraction of lipids
from small quantities (up to 100 mg) of tissue by homogeniz-
ing the tissue in 0.5 ml of 0.1 M HCl and then following the
procedure from 2 omitting steps 4 and 5. We use a Tekmar
tissumizer homogenizer for this purpose with a disposable
micro tip.

3. In general measurements of these lipids in biological fluids are
normalized to the starting volume of the sample. For measure-
ments in tissues lipid levels can be normalized to lipid phos-
phorous measured after wet digestion in perchloric acid or by
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measuring levels of more abundant lipids, for example, phos-
phatidylcholines [27, 28].

4. Because the mass spectrometry method for S1P measurement
is monitoring no more than eight separate MRM transitions a
150 ms dwell time results in at least nine data points across each
peak which provides accurate and sensitive quantitation. On
the 4000 Q-Trap instrument the limit of quantitation of this
assay is ~10 fmol of S1P on the column. The limit of detection
is ~1 fmol of S1P. The assay is linear up to ~10 pmol of S1P on
the column. These assay parameters would have to be deter-
mined empirically on the particular instrument system.

5. Avanti Polar Lipids sell a deuterated S1P standard that can be
substituted for C17 S1P in the above method and used for
quantitation of S1P using standard stable isotope dilution
methods.

6. We have validated these methods for use with human and
mouse plasma and some tissues and other biological fluids. As
with all LC MS methods validation using different matrices
would be needed before the methods could be used with
confidence to analyze other samples.

7. Our standard LPA method on the 4000 Q-Trap uses 100 ms
dwell times which results in at least seven data points across a
chromatographic peak even when measuring 15 different LPA
species. The limit of quantitation for C17 LPA is ~10 fmol LPA
on the column with a limit of detection of ~1 fmol. The
method is linear up to 10 pmol LPA on the column.

8. The sensitivity of this method for different LPA species is highly
dependent on the chain length and degree of saturation, pre-
sumably because of the differential efficiency with which these
species are ionized, are stable during ionization and transmis-
sion through the instrument. Specifically, the instrument
response to short chain saturated LPA species can be two- to
threefold higher than to longer chain saturated species. Gener-
ation of LPA species specific calibration curves is therefore
important if absolute quantitation of LPA species is desired.

9. These methods have been validated for measurement of LPA in
mouse and human plasma and would need to be independently
validated if used with other samples and matrices.

10. It has been suggested that LPA can be formed by source
fragmentation of some anionic lysophospholipids, predomi-
nantly lysophosphatidylserine and lysophosphatidylinositol
and that this phenomenon would lead to overestimation of
the true levels of LPA in the sample. Using the instrument
settings described in this method with a modified chro-
matographic method that separates different classes of lyso-
phospholipids we found that ~1% of lysophosphatidylinositol
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and up to 5% of lysophosphatidylserine are fragmented to
generate LPA consequently in our hands because plasma levels
of these other lysophospholipids are lower than levels of LPA
we do not consider this to be a significant issue. Separation of
these different lysophospholipid classes can be achieved by
modifying the chromatographic method to employ a 10 min
linear gradient from solvent A to solvent B. This would be
important if analyzing samples that contain higher levels of
other anionic lysophospholipids.

11. It is well established that lysophosphatidic acid can be formed
in biological fluids ex vivo through the actions of autotaxin on
lysophospholipids which are abundant in these systems [11].
Although not directly relevant to the analytical methods dis-
cussed here rapid extraction of plasma or storage on ice before
extraction is important to minimize this process.
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Abstract

Sphingosine-1-phosphate (S1P) and the enzyme primarily responsible for its production, sphingosine kinase-1
(SphK-1), are dysregulated in multiple human diseases including cancer, multiple sclerosis (MS), diabetes, neu-
rological diseases, fibrosis, and certain pathologies associated with impaired angiogenesis such as age-related
macular degeneration (AMD). Antibody-based techniques to identify and localize S1P and SphK-1 within cells
and tissue specimens represent a powerful tool, not only to understand biological role of these molecules but
also to validate these unique in-class targets in multiple state diseases. Consequently, the potential applications
of these molecules for therapy and diagnostic purposes are currently under investigation. Here, we describe a
new improved technique, Agitated Low Temperature Epitope Retrieval (ALTER) for staining procedures, to
identify expression of S1P and SphK-1 in human frozen tissue samples. The challenges encountered in the
process of localization in tissue samples of lipid molecules such as S1P are discussed.

Keywords: Bioactive lipids, S1P, SPHK1, Anti-S1P antibody, LT002, ALTER technique, Immuno-
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1 Introduction

Sphingolipids are primary structural components of cell membranes
that also serve as cellular signaling and regulatory molecules [1, 2]. The
sphingolipid signaling cascade includes the bioactive lipid mediators,
ceramide (CER), sphingosine (SPH), and sphingosine-1-phosphate
(S1P). These mediators are derived from sphingomyelin which is
present in the plasma membranes of all mammalian cells. The bioac-
tive lipid, S1P, is now appreciated for its roles in cardiovascular dis-
eases, neurological diseases, inflammation, angiogenesis, and tumor
biology [3].

S1P is produced from SPH through the action of sphingosine
kinase (SphK). Two isoforms of the kinase have been identified,
SphK-1 and SphK-2 [4, 5]. While CER and SPH are commonly
associated with apoptosis, S1P is typically viewed as a mediator of
cell proliferation and activation of survival pathways and SphK-1 is
thought to control this sphingolipid rheostat [6]. S1P has recently
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been identified as an extracellular mediator that can act as a ligand
for a set of G-Protein Coupled Receptors (GPCRs) belonging to
the S1P receptor family, formerly known as Edg receptors [7];
however, intracellular actions of S1P have also been described [8].

Even though S1P is involved as a bioactive lipid signaling me-
diator in several pathophysiological processes, the most recognized
role for S1P is in cancer biology [9–11]. It has been proposed that
S1P is upregulated and thereby, responsible for promoting tumor
growth [12, 13]. It has been suggested that SphK-1 may be the
product of an oncogene [12, 13], a concept supported by the find-
ing that RNA for SphK-1 was overexpressed in many solid tumors,
such as those of the breast, colon, lung, ovary, stomach, uterus,
kidney, and rectum [14–17]. Increased expression of the SphK-1 in
tumor samples has been correlated with significant decreases in sur-
vival rate in patients with several types of cancer [18–23]. Impor-
tantly, SphK-1 enzymatic activity has been correlated with enhanced
SphK-1 immunohistochemical (IHC) staining in tumor specimens
obtained from, for example, prostate cancer patients [24]. SphK-1
specific inhibitor reduced tumor growth in several animal models of
human cancers [25–27].

Recently, the literature has suggested that S1P is released from
tumor cells, and that S1P may be a novel biomarker for early stage
cancer detection [28–32]. For example, Sutphen et al. have shown
that serum S1P levels are elevated in early stage ovarian cancer pa-
tients [29]. Beyond thinking of S1P as a cancer biomarker, S1P
levels have been shown to be increased in the bronchiolar lavage of
human asthma patients [33], in CSF fluid of multiple sclerosis
patients [34] and in serum of patients with coronary artery
disease [35].

As a result, academic scientists and industry need simple and
accurate means to make measurements of S1P in biological sam-
ples, including blood, animal tissues, and biopsy material, in order
to validate the putative role of S1P in a particular physiological or
pathological process. IHC localization of S1P and SphK-1 may be
useful in that regard. In the first edition, we reported an IHC tech-
nique that for the first time allowed the demonstration of S1P in
tissue sections. Here, we describe an improved methodology, appli-
cable to both S1P and SphK-1 staining.

Since the early 1990s, heat induced epitope retrieval (HIER)
techniques have been employed for the reversal of formalin fixation
effects and subsequent IHC staining of tissue antigens [36]. Some
antigens and tissue constituents however can still not be demon-
strated, possibly due to loss during tissue fixation and/or proces-
sing or, subsequent loss or denaturation with the high temperatures
utilized in subsequent HIER techniques [37]. In 2002, Reynolds
published his novel technique, agitated low temperature epitope re-
trieval, ALTER to address the problems associated with HIER [38].
Using a lower temperature over an extended period, with agitation to
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enhance the formalin fixation reversal effects on antigens ensured
that many more epitopes could be visualized. We demonstrate the
application of the technique here, for the detection of S1P in tissues
and improved IHC for SphK-1, providing a simple single
methodology.

2 Materials

2.1 Basic Equipment 1. Hotplate stirrer with temperature probe for the ALTER
technique

2. Moisture chamber for antibody incubation steps or an auto-
mated immunostainer

3. A hydrophobic barrier pen to circle tissue samples, providing a
water repellent barrier, which keeps reagents such as antibody
solutions localized on the tissue sections

4. Microscope equipment with camera for image acquisition

2.2 Human Frozen

Tissue Samples

In the method described below, S1P is localized in human frozen
tissue samples. The choice of frozen material is mandatory for S1P
staining (see Notes 1 and 3). Frozen tissue samples were also uti-
lized for the localization of SphK-1; however, staining can be also
performed on formalin-fixed and paraffin embedded (FFPE) sec-
tions with few modifications for this antibody (see Note 4). Liver
cancer samples stained for S1P and SphK-1 were from The Centre
for Liver Research (University of Birmingham, UK). Where possi-
ble, cancer patient cases were compared to age-matched healthy con-
trol liver samples and distal “normal” (data not shown).

2.3 Primary

Antibodies

The S1P staining was performed using the murine monoclonal anti-
S1P antibody, or LT1002, generated by Lpath, Incorporated [39].
This antibody represents a high affinity monoclonal IgG1κ that recog-
nizes S1P with a high degree of specificity. A commercially available
isotype-matched antibody control (NS IgG1κ) obtained from South-
ern Research (cat#0102-01) was used as an isotype-matched control
mAb for these experiments (see Note 6).

The SphK-1 staining as described was with the commercially
available rabbit polyclonal antibody raised against human SphK-1
(ABCAM; cat#ab16491). To demonstrate specificity of the anti-
SphK-1 Ab, a synthetic peptide derived from within residue 350 to
the C-terminus of human SphK-1 enzyme was also purchased from
ABCAM (cat#ab16634). This peptide was the immunogen used to
obtain the primary antibody. The peptide can be utilized to saturate
the antibody binding sites when premixed with the antibody and
then added to the tissue (see Note 6).
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2.4 Buffers

and Solutions

1. 10 % neutral-buffered formalin (NBF) solution to use as a
fixative

2. 1 mMEDTA pH 8with Tween-20 (or similar high pH retrieval
solution)

3. Tris-based wash solution pH 7.6 with Tween-20

4. Endogenous peroxidase blocking solution (H2O2)

5. 2 % Casein solution for nonspecific binding site blocking

3 Methods

3.1 Pretreatment

of Tissue Samples for

Immunohistochemical

Staining Using

Agitated Low

Temperature

Epitope Retrieval

(Figs. 1 and 2)

1. Frozen liver tissues (seeNote 1) cryo-sectioned at 4 μmthick are
placed onto charged microscope slides (seeNote 2) and fixed in
NBF (CellPath) prior to staining procedure (seeNote 3).

2. Briefly wash sections in tap water.

3. Slides are placed into a metal rack and then incubated in 1 L of
preheated EDTA buffer solution (Binding Site Ltd) in a 2 L
beaker, on a hotplate stirrer (Fig. 1) overnight (16 h). Agitation
is achieved using a 30� 5 mmmagnetic bar, with the stirrer set
to 500 rpm (see Note 4).

4. Removing the beaker from the hotplate, tap water is run into
the beaker of buffer until room temperature (RT) is reached.

3.2 Staining of

Spingosine-1-

Phosphate and

Spingosine Kinase-1 in

Liver Tissue Samples

and Cell Lines (Figs. 3

and 4)

1. Remove the slides from the beaker and rack, drain off excess water,
wipe carefully around the tissue section, andwith the hydrophobic
barrier pen (Vector Labs) circle around each section. This step is
not required if an automated immunostainer is being used.

2. Place slides into the incubating chamber (or onto the automated
immunostaining machine).

3. Slides are washed in TBS wash buffer solution (Dako) for 5 min.

4. Excess buffer is drained off the sections and the endogenous
peroxidase blocking step is performed (Dako) for 10 min.

5. Tipping off the hydrogen solution, wash the slides in TBS wash
buffer solution for 5 min (twice within this period).

6. Drain off excess buffer and apply the nonspecific binding site
blocking, by incubating the slides in a 2� casein solution
(Vector) for 10 min (see Note 5).

7. Prepare the primary antibodies solutions: anti-S1P antibody
(45 μg/mL) and/or anti-human SphK-1 antibody
(0.5 μg/mL) in TBS wash buffer solution. Appropriate nega-
tive controls should also be run (seeNote 6). After draining off
the blocking solution from each slide, replace with the
primary antibody solutions, incubating the slides for 1 h at RT.
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8. Draining off the primary antibody, wash the slides in TBS wash
buffer solution for 5 min (twice within this period).

9. Incubate sections in the secondary ImmPRESS universal HRP
reagent solution (Vector Labs) for 30 min at RT.

10. Draining off the secondary antibody, wash the slides in TBS
wash buffer solution for 10 min (four times within this period).

11. To develop the antibody-labeled sections, the ImmPACTNova-
RED peroxidase substrate (Vector Labs) solution is prepared as
per manufacturers instructions. Incubate the tissue samples with
the substrate solution for 5 min. Other substrates for HRP
detection (e.g., DAB solution) can alternatively be used.

12. Wash with tap water.

13. Counterstain with Mayers Hematoxylin (pfm Medical) 30 s.

Fig. 1 Hotplate Stirrer with temperature probe used for the Agitated Low
Temperature Epitope Retrieval (ALTER) technique. Essential equipment
required for the ALTER technique. (a) The temperature probe to ensure
minimal fluctuation in temperature. (b) Tin foil placed over the beaker to
prevent evaporation of fluid overnight. (c) A metal rack for the slides. (d) An
inverted metal rack or similar platform in the bottom of the beaker to raise the
slide rack with slides above the magnetic bar used in the agitation
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14. Wash in tap water again.

15. Dehydrate slides rapidly in two changes of absolute alcohol,
1 min each.

16. Place the slides in Clearene or similar xylene substitute solvent and
mount using Expert XTF medium (CellPath) or similar xylene
free mountant.

Fig. 2 Sphingosine-1-phosphate (S1P) staining is only achievable with standard
fixation procedures in neutral-buffered formalin if the ALTER technique is
employed. Using standard heat induced epitope retrieval (HIER) techniques
such as microwaving removes the bioactive lipid from tissues or cells. HepG2
cell lines stained for LT1002 (a) after HIER showing the absence of S1P and (b)
using the ALTER technique, with positive cytoplasmic staining for S1P in red
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3.3 Microscopy

(Fig. 5)

After the staining procedures, let the slides dry in a chemical hood.
Slides can then be observed using a conventional light microscope.
A digital camera is useful to acquire tissue sample images in tiff or
jpg format.

4 Notes

1. While FFPE is generally used and preferred for clinical evaluation
of biopsy specimens due to superior morphological preservation,
some tissue constituents are lost during tissue processing. With
the evolution of epitope retrieval techniques, most proteins can

Fig. 3 Frozen tissue sections of hepatocellular carcinoma (HCC) obtained from
The Centre for Liver Research (University of Birmingham). Using serial sections,
the same tumor cells can be seen to express both (a) S1P, using the LT1002
antibody and (b) sphingosine kinase-1 (SPHK1), positive staining in red
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now be demonstrated in FFPE tissues, but some are still not
detectable, for example, due to becoming denatured in
subsequent retrieval techniques due to the high temperatures
used (refer toNote 4). Bioactive lipids such as S1P are an example
of cellular products that are not fixed and can be lost in the FFPE
process, therefore frozen tissue is the only method of choice at
present.

2. Highly adhesive glass slides help to reduce the risk of tissue loss
and architectural damage during staining procedure. Highly
adhesive slides which are slightly positive charges are
commercially available. Other adhesive slides can be prepared by

Fig. 4 Serial frozen tissue sections, from The Centre for Liver Research
(University of Birmingham), stained for (a) S1P and (b) SPHK1, in metastatic
renal cell carcinoma
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pretreating with chemically agents (i.e., Vectabond from Vector
Laboratories) or coating with poly-L lysine (note that increased
background may be experienced using poly-L lysine coated
slides).

3. Setting up an IHC protocol for lipid staining is a challenging
task mostly because the effect of fixation on lipids remains
largely unknown. Hydrophobic long chain lipids are removed
by acetone in most of the tissue and polar lipids can be lost in
aqueous formalin solutions. Hydrophobic lipids can be retained
by osmium tetroxide and potassium dichromate but these agents
obviously cause coloration (e.g., osmium tetroxide stains lipid in
black) which interferes with immunostaining interpretation.
Baker’s fixative (a solution of formalin with the addition of
CaCl2) may be recommended for some types of lipids. S1P is a
molecule which possesses both hydrophilic and hydrophobic
properties (i.e., amphipathic). S1P is soluble in organic solvents
such as methanol, ethanol, and xylenes and is generally insoluble
in aqueous solutions unless bound with carrier proteins such as
fatty acid free BSA. Due to its lipid nature, a 10 % neutral-buffered
formalin solution was determined experimentally as the optimal
fixative for preservation of S1P. Be aware that formalin contains
methanol (~10 %), added by the manufactured because it slows
down the polymerization process leading to the precipitation of
paraformaldehyde. Furthermore, unbuffered formalin contains a
small amount of formate ions derived from the reaction of two
formaldehyde molecules, one of which can be reduced to

Fig. 5 SPHK1 can also be demonstrated in formalin-fixed paraffin embedded
(FFPE) tissue sections. From The Centre for Liver Research (University of
Birmingham), an FFPE case of hepatocellular carcinoma (HCC), with tumor
cells demonstrating upregulation of SPHK1 (red)
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methanol and the other oxidized to formic acid (Cannizzaro’s
reaction). Because this is a slow reaction, the concentrations of
methanol and formate in any formaldehyde solution can increase
slowly with prolonged storage. Thus, we recommend the use of
fresh solutions and to avoid the build of formic acid and methanol
with long storages of the fixative.

4. In the first edition of these methodologies, the time of fixation
for S1P was experimentally determined to be shorter (30 s for
cells and 2 min for tissue samples) than that normally used for
the localization of antigens (e.g., 10 min for SphK-1). A
brief fixation of the tissue is designed to retain all the tissue
constituents, but not long enough to cause exaggerated cross-
linking events which ultimately may make S1P undetectable. In
addition, sections should not be left in prolonged water washings
to avoid reversing the cross linking of antigens and consequent
loss of them during subsequent immunostaining procedures. In
this second edition, we demonstrate how time in fixative is now
an irrelevance providing that the ALTER technique is applied for
antigen retrieval. Reynolds first described this novel method in
2002 (37) whereby he was able to demonstrate IL-6 in tissue
sections by IHC (previously only detectable by in situ hybridiza-
tion). The theory revolves around the fact that some antigens are
less well preserved through fixation than others and thereby,
with only minimal reversal of fixation, they become exposed
and then denatured or lost by the traditional high temperatures
employed. Using a lower temperature over a longer time period,
with agitation to enhance the chemical reversal means that loss
or denaturation does not occur as demonstrated in Fig. 2.

5. In the S1P staining protocol, a 2� casein solution was utilized
for the blocking step instead of serum. Serum is known to
contain micromolar concentrations of this bioactive lipid.

6. Controls: The use of controls is crucial in performing any immu-
nochemical procedure. Negative, positive, and experimental
controls are essential to guarantee quality of both staining pro-
cedures and antibodies used. Negative controls are generally
used to assess specificity of the staining. For monoclonal primary
antibodies, the negative controls include nonspecific antibodies
which are preferably isotype-matched. For example, in the S1P
staining, a nonspecific IgG1κ was used as negative control for
LT1002 which is also IgG1κ. For polyclonal antibodies such as
the rabbit anti-SphK-1 antibody used here, pre-immune serum
from the animal the antibody was raised in can be used if
available. In the case of cells, siRNA techniques may be utilized
to knockdown the gene of interest and hence the protein. Alter-
natively experimental controls are obtained by pre-absorbing the
primary antibody with the specific antigen used during its gener-
ation as described in the Sphk-1 staining. As result of this
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preincubation performed for a time (generally half an hour) prior
the addition of the primary solutions to the slides, the signal
obtained with the primary antibody is totally quenched. For the
majority of antibodies raised against peptides, the antigen used for
the antibody generation may be commercially available. The
SphK-1 peptide is premixed with its rabbit polyclonal anti-SphK-
1 antibody for 30 min at RT under agitation, prior the primary
antibody incubation step. The concentration of SphK-1 peptide
utilized to quench the reactivity of the anti-SphK-1 antibody was
determined experimentally. Primary antibody was premixed with
increasing concentrations of antigen/peptide (1:1, 1:2, 1:10
and 1:100, antibody:peptide ratio). Then normal protocol
was followed. In presence of an opportune amount of SphK-1
peptide (in this case 2 μg/mL), the SphK-1 staining is totally
quenched as observed. The use of an experimental control with
antibodies generated against lipids such as the anti-S1P antibody
is more challenging. This is mainly due to nature of the antigen, a
lipid, which has evident solubility issues. S1P is a “sphingolipid”
characterized by a hydrophilic head (phosphate group) and a
long hydrophobic tail. S1P is in general a sticky molecule which
binds nonspecifically to plastic surfaces if not properly conju-
gated with a carrier protein. Fatty acid free BSA can be used to
solubilize S1P and deliver S1P in cells and tissues. Unfortunately
S1P conjugated BSA cannot be used to deliver S1P to the anti-
S1P antibody and pre-absorb the antibody binding sites. The use
of excess of S1P/BSA conjugate can cause an increase of non-
specific binding within the tissue and even the glass slide. This is
expected considering that BSA is sometime preferred to serum as
blocking agent in IHC and also other types of assay (e.g.,
ELISA). To avoid any nonspecific binding, we tested a commer-
cially available omega (ω)-biotinyl-S1P conjugate (Avanti Polar,
cat#860552) as antigen to pre-absorb to LT1002. We premixed
an excess of biotinyl-S1P conjugate with LT1002 (e.g., 1:1; 2:1,
10:1, 100:1, 200:1, ω-biotinyl-S1P:LT1002, moles ratio),
30 min prior primary antibody incubation step and then we
incubate the tissue samples with either the biotinyl-S1P/
LT1002 complex or LT1002 solution. We obtained a gradual
reduction of signal in tissue sections incubated with increasing
concentration of the biotinyl-S1P/LT1002 complex compared
to the ones incubated with LT1002 alone. As negative control,
the 12:0 biotinyl-LPA (Avanti Polar Lipids, cat# 860552) was
premixed with LT1002 as the same ratio than the ω-biotinyl-
S1P. No reduction of signal was observed in the case of
biotinyl-LPA/LT1002 complex. The ability of the biotinyl-
S1P (but not of the 12:0 biotinyl-LPA) to bind specifically to
LT1002 was also confirmed in a competition antibody-based
ELISA assay using LT1002 (data not shown). Specificity of the
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secondary antibodies can be evaluated by simply omitting the
primary antibody; as a consequence, no staining should be visible.

7. LT1002 is prepared and delivered to the tissue in a 5 μMCaCl2
solution. The addition of micromolar concentrations of cal-
cium guarantees a favorable environment for the binding of
LT1002 to S1P. As reported by Wojciak et al. [40] on studying
the crystal structure of the humanized variant generated from
LT1002, two metal ions (Ca2+) form bridges in complementary
regions from the antibody light chain and S1P. The addition of
metal chelators or the introduction of mutations in key positions
of the antibody amino acid sequence in the light chain which
coordinate the metal atoms interactions decreases S1P binding
to LT1002.

8. In this chapter, we reported a protocol to how detect SphK-1 in
human frozen tissue samples. Although we preferred to set up
and optimize our IHC protocols for frozen tissue in order to
localize both S1P and SphK-1 in sequential tissue sections,
SphK-1 detection may be achieved in FFPE samples (Fig. 5).
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Abstract

Cleanup technology and mass spectrometric determination of sphingosine-1-phosphate (S1P) using
a phosphate capture molecule are shown. The protocol is rapid, requires neither thin-layer chromatography
nor liquid chromatography, and is applicable to both blood and solid tissue samples. The mass spectromet-
ric method is also applicable to ceramide-1-phosphate.
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1 Introduction

Mass spectrometric analysis is a frequently used method for
detection of sphingosine-1-phosphate (S1P). Since S1P is a minor
component in the lipids of serum or tissues, separation of S1P from
other phospholipids is indispensable when matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) is applied for the detection. Liquid chroma-
tography/electrospray ionization mass spectrometry (LC/ESIMS)
is another mass spectrometric device used for the detection of
S1P [1, 2]. Although this device is equipped with a separation
system, carry-over contamination becomes a problem when
crude lipid extracts of serum or tissues are successively injected.
Here, we show a cleanup technology for S1P using 1,3-bis[bis
(pyridin-2-ylmethyl)amino]propan-2-olato dizinc(II) complex,
Phos-tag (Fig. 1) [3]. Phos-tag is a dinuclear zinc(II) complex
acting as a phosphate capture molecule [4]. Not only phosphory-
lated peptide but also phospholipids such as S1P, lysophosphatidic
acid (LPA), phosphatidic acid, and ceramide-1-phosphate (C1P)
can be bound to Phos-tag in the ratio of 1:1 [5–9]. Using this
property, we developed a method for S1P enrichment from
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biological samples by two-step partition without use of LC or TLC.
The resulting S1P/Phos-tag complex is detectable by MALDI-
TOF MS. By using internal standard, such as C17 analogue of
S1P, S1P in biological samples is quantifiable. Here, we show an
analytical method for S1P in tissues or assay mixture of sphingosine
kinase (SphK). We also showed application of this method to C1P.

2 Materials

68Zn-Phos-tag can be obtained from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan) (see Ref. [10]). 1,3-Dihydroxy-2-
amino-4-octadecene-1-phosphate (C18 S1P) is from Biomol
(Hamburg, Germany). 1,3-Dihydroxy-2-amino-4-heptadecene-1-
phosphate (C17 S1P) and D-erythro-sphingosine from porcine
brain are from Avanti Polar Lipids (Birmingham, AL, USA).

2,4,6-Trihydroxyacetophenone (THAP) and 28 % aqueous
ammonia are from Aldrich Chemical Co. (Milwaukee, WI, USA)
and Nacalai Tesque (Kyoto, Japan), respectively. 4-Deoxypyridoxine
hydrochloride and adenosine 50 triphosphate (ATP) are from Sigma-
AldrichChemical, CO (St. Louis,MO,USA), respectively. Prepare all
solutions using analytical grade reagents. Prepare and store all
reagents at room temperature (unless indicated otherwise).

Hydroxy ceramide 1-phosphate (hC1P)

hC1P/Phos-tag complex
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Fig. 1 Structures of S1P, hC1P, Phos-tag, S1P/Phos-tag complex, and hC1P/Phos-tag complex
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2.1 Lipid Extraction

and Partition

1. Standard S1P solution: Weigh 1mgC17 S1P (or C18 S1P) and
dissolve it in chloroform/methanol (2:1, v/v) mixture, and
then add small volume of water (0.1–0.2 mL) to a volume of
5 mL (see Note 1). Store at �20 �C.

2. One-phase solvent: Mix 1 volume of chloroform, 2 volume of
methanol, and 0.8 volume of water (chloroform/methanol/
water ¼ 1:2:0.8, v/v).

3. EDTA solution (200 mM): Dissolve 74.4 mg EDTA (2 Na) in
1 mL of 0.24 N NaOH. Store at 4 �C.

4. Homogenizing solution: 100 mM o-vanadate and 1 mM
EDTA in 0.9 % NaCl. Dissolve 36.8 mg o-vanadate in
1.99 mL of 0.9 % NaCl. Add 0.01 mL of 200 mM EDTA.
Store at 4 �C.

5. Standard C1P solution: Weigh 1 mg d18:1/12:0, d18:1/16:0,
or d18:1/24:0 C1P, and dissolve it in 5 mL chloroform/
methanol (2:1, v/v) mixture. Store at �20 �C.

2.2 SphK Assay 1. SphK lysis buffer: 20 mM Tris-HCl (pH 7.4), 1 mM EDTA,
15 mM NaF, 0.5 mM deoxypyridoxine, 20 % glycerol, 40 mM
β-glycerophosphate, and 1 mM o-vanadate. Store at 4 �C.

2. 20 mM ATP: Weigh 1.1 mg ATP, and dissolve in 0.1 mL of
200 mM MgCl2.

3. 1 mM sphingosine: Dissolve 5 mg D-erythro sphingosine in
5 mL of chloroform/methanol (2:1, v/v) mixture (store at
�20 �C). Take 50 nmol of D-erythro sphingosine in 1.5 mL
Eppendorf tube, and evaporate the solvent under the stream of
nitrogen. Dissolve in 0.05 mL of ethanol, vortex, and then add
0.45 mL of 100 mM Tris-HCl (pH 7.4) (seeNote 2). Sonicate
for 5 min in bath-type sonicator.

2.3 MALDI-TOF MS 1. 0.1 % ammonia in methanol: Mix 0.02 mL of 28 % aqueous
ammonia with 0.08 mL water (5.6 % aqueous ammonia). Add
0.089 mL of 5.6 % aqueous ammonia and 4.91 mL of metha-
nol (0.1 % ammonia in methanol).

2. 68Zn-Phos-tag solution (0.1 mM) (see Note 3): Dissolve
0.86 mg 68Zn-Phos-tag (diperchloric acid, monohydrate, for-
mula weight 865.4) in 1 mL water (1 mM 68Zn-Phos-tag
solution). Dilute 0.1 mL of 1 mM 68Zn-Phos-tag solution to
1 mL with water. Store at 4 �C.

3. THAP solution: Dissolve 10 mg THAP in 1 mL acetonitrile
(see Note 4). Store it with protection from light.

4. Silica suspension (see Note 5): Suspend 100 mg silica gel in
1 mL methanol.
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3 Methods

Carry out all procedures at room temperature.

3.1 Lipid Extraction

from Liquid Sample

1. Mix 0.4 mL of serum with equal volume of 5 % KCl in a glass
tube (see Note 6).

2. Add 3 mL of chloroform/methanol (1:2, v/v) mixture
containing 0.32 nmol of C17 S1P.

3. Vortex for 15 s.

4. Sonicate for 30 s in a bath-type sonicator and leave for 20 min
on ice.

5. Add 1 mL of chloroform, 1 mL of water, and 0.005 mL of 28 %
aqueous ammonia. Vortex for 15 s, and stand for 1 min for
phase separation. Adjust pH of the upper phase to 9–10 with
28 % aqueous ammonia (see Note 7).

6. Centrifuge at 1300 � g for 10 min at 4 �C, and remove the
lower chloroform phase by a Pasteur pipet (see Note 8).

7. Add 2 mL of chloroform/methanol (17:3, v/v) mixture to the
remaining upper water/methanol phase (see Note 9). Vortex
15 s, centrifuge at 1300� g for 10 min at 4 �C, and remove the
lower phase with a Pasteur pipet.

8. Repeat the step 7.

9. Add 2 mL of chloroform/methanol (17:3, v/v) mixture and
0.005 mL of 1 mM 68Zn-Phos-tag to the remaining upper
water/methanol phase.

10. Vortex for 15 s, centrifuge at 1300 � g for 10 min at 4 �C, and
collect the lower phase in another new glass tube with new a
Pasteur pipet (see Note 10).

11. Evaporation of the solvent under stream of nitrogen gas in a
water bath at 37 �C. Dissolve the residue in 1 mL of chloro-
form/methanol (2:1, v/v) mixture. Store at �20 �C until use.
Scheme of these procedures is shown in Fig. 2.

3.2 Lipid Extraction

from Solid Sample

1. Put 0.1 g (wet weight) of fresh animal tissue in a glass tube, and
add 1 mL of ice-cold homogenizing solution (see Note 11).

2. Homogenize the animal tissue with a Polytron or Potter-
Elvehjem homogenizer on ice (see Note 12).

3. Add 5 mL of ice-cold acetone and 0.65 nmol of C17 S1P
(see Note 13).

4. Vortex 30 s and leave 20 min on ice. Centrifuge at 1300� g for
5 min at 4 �C, and remove supernatant with a Pasteur pipet.

5. Add 2.5 mL of ice-cold acetone, and vortex 30 s. Centrifuge at
1300 � g for 5 min at 4 �C, remove supernatant, and add fresh
ice-cold acetone.
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6. Repeat step 4.

7. Dry the pellet under stream of nitrogen gas in a water bath at
37 �C.

8. Crush the dried pellet by spatula (see Note 14).

Fig. 2 Schematic presentation of the two-step partition using Phos-tag for the enrichment of S1P
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9. Add 1.9 mL of one-phase solvent, and vortex for 15 s. Sonicate
for 30 s in a bath-type sonicator and leave for 20 min on ice.

10. Centrifuge at 1300 � g for 10 min at 4 �C, and collect super-
natant in a new glass tube with a Pasteur pipet.

11. Add 1.9 mL of one-phase solvent to the remaining pellet, and
vortex for 15 s. Centrifuge at 1300 � g for 10 min at 4 �C.

12. Combine the supernatant with the former supernatant.

13. Add 1 mL of chloroform, 1 mL of 5 % KCl, and 0.005 mL of
28 % aqueous ammonia to the combined supernatant.

14. Vortex for 15 s, and adjust pH of the upper water/methanol
phase to 9–10 with 28 % aqueous ammonia (see Note 7).

15. Centrifuge at 1300 � g for 10 min at 4 �C, and remove the
lower phase with a Pasteur pipet (see Note 8).

16. Add 2 mL of chloroform/methanol (17:3, v/v) mixture.
Vortex 15 s, centrifuge at 1300 � g for 10 min at 4 �C, and
remove the lower phase with a Pasteur pipet.

17. Repeat step 16 three more times (see Note 15).

18. Add 2 mL of chloroform/methanol (17:3, v/v) mixture and
0.02 mL of 1 mM 68Zn-Phos-tag solution to the remaining
upper phase.

19. Vortex for 15 s, centrifuge at 1300 � g for 10 min at 4 �C, and
collect the lower phase in another new glass tube with a Pasteur
pipet (see Note 10).

20. Evaporate the solvent under stream of nitrogen gas in a water
bath at 37 �C. Dissolve the residue in 1 mL of chloroform/
methanol (2:1, v/v) mixture. Store at �20 �C until use.
Outline of these procedures is shown in Fig. 2.

3.3 MALDI-TOF MS

for S1P

1. Evaporate the organic solvent of S1P/Phos-tag fraction under
stream of nitrogen gas. Dissolve the residue in 0.1 mL of 0.1 %
ammonia in methanol.

2. Transfer 10 μL of the solution into a 0.5 mL microtube. Add
5 μL of water and 2 μL of silica suspension.

3. Vortex for 10 s. Spot 0.5 μL of the sample suspension on a
sample plate for MALDI-TOF MS (see Note 16).

4. Immediately layer 0.5 μL of THAP solution over the sample
suspension on the plate (see Note 17).

5. Air-dry at room temperature, and subject to MALDI-TOFMS
(see Note 18, Figs. 3, 4, 5).
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3.4 MALDI-TOF MS

for C1P

1. Add standard C1P or TLC-purified C1P in a glass tube, and
evaporate the solvent under a stream of nitrogen in a water bath
(see Note 20).

2. Dissolve the residue in 100 μL of 0.3 % ammonia in methanol.

3. Transfer 10 μL of the C1P solution into a 0.5 mL microtube.

4. Add 5 μL of 0.1 mM 68Zn-Phos-tag solution.

5. Vortex for 10 s. Spot 0.5 μL of the sample suspension on a plate
for MALDI-TOF MS. Immediately layer 0.5 μL of THAP
solution on the sample suspension on the plate.

6. Air-dry at room temperature, and subject to MALDI-TOFMS
(Fig. 6).

Fig. 3 MALDI-TOF mass spectra of Phos-tag complexes of C18 S1P in the absence (a) or presence (b) of silica
gel. C18 S1P (0.32 nmol) was subjected to MALDI-TOF MS as shown in Section 3.4. Asterisks indicate
unidentified adducts of 68Zn-Phos-tag. Stains of analyte/matrix on targeting plates are shown in insets
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Fig. 4 MALDI-TOF mass spectra of Phos-tag complexes of S1P homologues obtained from calf serum (a) and
rat lung (b). Calf serum (0.4 mL) and rat lung (0.1 g) were mixed with 0.32 and 0.65 nmol of C17 S1P,
respectively, as internal standard. S1P-enriched fractions were prepared through the two-step partition using
68Zn-Phos-tag as shown in Sections 3.2 and 3.3 and subjected to MALDI-TOF MS

Co
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Fig. 5 SphK assay. (a) MALDI-TOF mass spectra of Phos-tag complexes of S1P homologues obtained from
SphK assay. After incubation, 0.32 nmol of C17 S1P was added into assay mixture. S1P-enriched fractions
were prepared as shown in Section 3.8, and subjected to MALDI-TOF MS. (b) Conversion rate of S1P form
sphingosine during incubation
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3.5 MALDI-TOF MS

for Calibration Curve

for S1P

1. Mix 0.32 nmol of C17 S1P and various amounts of C18 S1P in
a glass tube.

2. Evaporate the solvent under a stream of nitrogen in a water
bath at 37 �C.

3. Dissolve the residue in 100 μL of 0.1 % ammonia in methanol.

4. Transfer 10 μL of the mixed S1P solution into a 0.5 mL
microtube.

5. Add 5 μL of 0.1 mM 68Zn-Phos-tag solution.

6. Add 2 μL of silica suspension.

7. Vortex for 10 s. Spot 0.5 μL of the sample suspension on a plate
for MALDI-TOF MS. Immediately layer 0.5 μL of THAP
solution on the sample suspension on the plate.

8. Air-dry at room temperature, and subject to MALDI-TOFMS
(see Note 19).

3.6 MALDI-TOF MS

for Calibration Curve

for C1P

1. Mix 1 nmol of d18:1/12:0 C1P and various amounts of
d18:1/16:0 or d18:1/24:0 C1P in a glass tube.

2. Evaporate the solvent under a stream of nitrogen in a water
bath.

3. Dissolve the residue in 100 μL of 0.3 % ammonia in methanol.

4. Transfer 10 μL of the mixed C1P solution into a 0.5 mL
microtube.

5. Add 5 μL of 0.1 mM 68Zn-Phos-tag solution.

Fig. 6 MALDI-TOF mass spectrum of Phos-tag complexes of C1P prepared from mouse skin. TLC-purified C1P
fraction was subjected to MALDI-TOF MS as shown in Section 3.4
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6. Vortex for 10 s. Spot 0.5 μL of the sample suspension on a plate
for MALDI-TOF MS. Immediately layer 0.5 μL of THAP
solution on the sample suspension on the plate.

7. Air-dry at room temperature, and subject to MALDI-TOFMS
(see Note 21).

3.7 Preparation

of Cytosol for SphK

Assay

1. Let the Cos-7 cells (vector control cells and SphK-
overexpressing cells) grow until confluent.

2. Aspirate media and wash the cells with PBS.

3. Collect and precipitate the cells by centrifugation at 180� g for
5 min.

4. Remove the supernatant, add 1 mL of SphK lysis buffer to the
cell pellet, and make cell suspension.

5. Disrupt the suspended cells completely with probe-type soni-
cator for 1 min, and centrifuge at 14,000 � g for 20 min at
4 �C.

6. Withdraw the supernatant as a cytosol fraction to a new plastic
tube. Keep it on ice.

7. Determine protein concentration of the cytosol fraction by
standard protein assay methods.

8. Stored it at �80 �C until use.

3.8 SphK Activity

Assay

1. Add 25 μg protein of the cytosol fraction, 0.01 mL of 1 mM
C18 sphingosine, and SphK lysis buffer to make up volume to
0.18 mL in conical glass tube.

2. Start SphK reaction by adding 0.01 mL of 20 mM ATP to the
conical tube and vortex the tubes.

3. Incubate for 30 and 60 min at 37 �C.

4. Add 1.5 mL of chloroform/methanol (1:2, v/v) mixture con-
taining 0.32 nmol of C17 S1P to stop the enzyme reaction, and
add 0.2 mL of saline.

5. Vortex for 15 s.

6. Sonicate the reaction mixture for 30 s in a bath-type sonicator,
and leave it for 20 min on ice.

7. Add 0.5 mL each of chloroform and saline to the reaction
mixture. Vortex for 15 s and stand it for 1 min for phase
separation. Adjust pH of the upper phase to 2–3 with 6 N
HCl (see Note 22).

8. Centrifuge at 1300 � g for 10 min at 4 �C, and collect the
lower chloroform phase in new glass tube with a Pasteur pipet.

9. Evaporate the solvent under stream of nitrogen gas in a water
bath at 37 �C.
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10. Dissolve the residue in 2 mL of chloroform/methanol (1:1, v/
v) mixture. Then, add 0.9 mL of saline for phase separation.

11. Vortex for 15 s, and adjust pH of the upper water/methanol
phase to 9–10 with 28 % aqueous ammonia.

12. Centrifuge at 1300 � g for 10 min at 4 �C, and remove the
lower phase with a Pasteur pipet.

13. Add 2 mL of chloroform/methanol (17:3, v/v) mixture and
0.01 mL of 1 mM 68Zn-Phos-tag to the remaining upper
water/methanol phase.

14. Vortex for 15 s, centrifuge at 1300 � g for 10 min at 4 �C, and
collect the lower phase in a new glass tube with a Pasteur pipet.

15. Evaporate the solvent under stream of nitrogen gas in a water
bath at 37 �C.

16. Dissolve the residue in 1mLof chloroform/methanol (2:1, v/v)
mixture. Store at�20 �C until use.

4 Notes

1. A small volume of water is required for complete solubilization.
Exact weighing of lipid powder is difficult. So, concentration of
the standard S1P solution should be determined by specific
methods. Bartlett method (see Ref. [11]) and Chalvardjian-
Rudnicki method (see Ref. [12]) are frequently used methods
that are based on a measurement of inorganic phosphorus.
Alternatively, add premixed solvent directly to a reagent bottle.
Then, vortex and sonicate for complete solubilization.

2. Triton X-100 is commonly employed to solubilize sphingosine
for SphK1 assay, because Triton X-100 activates SphK1, but
not SphK2 (see Ref. [13]). However, Triton X-100 should not
be used here, because that it cannot be removed in our protocol
and that it interferes ionization of objective molecules in
MALDI-TOF MS.

3. Zinc is composed of five stable isotopes. Thus, multiple peaks
due to zinc isotopes are detected when natural zinc-containing
Phos-tag is used. Use monoisotopic zinc-containing Phos-tag
(64Zn- or 68Zn-Phos-tag) for mass spectrometry.

4. THAP gave the best result among matrices tested (THAP, 3,5-
dihydroxybenzoic acid, a-cyano-4-hydroxycinnamic acid,
sinapinic acid, and harmane) in our analytical condition.

5. We use silica gel scraped off from the TLC plate (Merck 5721,
Darmstadt, Germany). The peak intensity of S1P/Phos-tag
complex is increased when a small amount of silica gel is
mixed at the step of matrix/analyte cocrystallization (see
Fig. 3). Although the exact reason of the increment of
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detection efficiency is unknown, silica gel might condense
analyte/matrix on its surface (see Ref. [3]). At present, detec-
tion limit of C18 S1P on a sample plate is 0.1 pmol under our
analytical condition.

6. When protein-rich samples are used, a phase of fluffy material
appeared between the water/methanol phase and the chloro-
form phase. The KCl was added to diminish the fluffy phase.
When protein content in a sample is relatively low, such as
aqueous humor and saliva, the addition of KCl is not necessary.

7. A sheet of pH test paper can be used for adjustment. Majority
of lipids are partitioned into the chloroform phase in the two-
phase system of the Bligh and Dyer (see Ref. [14]), while S1P
goes to the water/methanol phase in a weak alkali condition.
The water/methanol phase contains acidic lysophospholipids
such as LPA, lysophosphatidylserine, and lysophosphatidylino-
sitol in addition to S1P.

8. Do not remove the upper phase and interfacial fluffy phase.

9. To keep the original solvent composition of chloroform/meth-
anol/water in two-phase system of the Bligh and Dyer method,
premixed solvent (chloroform/methanol ¼ 17:3, v/v) should
be added. If one uses chloroform instead of premixed solvent
for the second separation, S1P might be lost.

10. S1P exists in this chloroform phase as a Phos-tag complex (see
Fig. 7). LPA, another lysophospholipid having a phosphate
group, also exists as a Phos-tag complex in this fraction.
These complexes in this fraction can be detected by MALDI-
TOF MS (see Fig. 4).

11. o-Vanadate (a general inhibitor of phosphatase) and EDTA are
used to avoid production and/or degradation of S1P by
endogenous enzymes in the process of homogenization.

12. When a cultured cell is used as a sample, probe-type and bath-
type sonicators can be used for homogenization.

13. Phospholipids including S1P sediment in the presence of ace-
tone. Compounds binding to Phos-tag other than S1P, which
is used in the homogenization, are removed in this step. When
the ratio of water increases over 20 %, S1P is excluded from
tissue pellet together with neutral lipids.

14. To increase the recovery, the dried pellet that contains phos-
pholipids should be crushed into small pieces.

15. Exclusion of phosphatidylcholine, which is the most abundant
phospholipid in blood and animal tissues, is necessary for
successful detection of a S1P/Phos-tag complex in MALDI-
TOFMS. Washing with premixed solvent should be repeatedly
done to avoid the matrix effect due to phosphatidylcholine.
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16. Silica gel in the sample suspension precipitates easily. Withdraw
the suspension immediately after vortex.

17. Premix method is better than post-mix method (see
Section 3.3) in the process of analyte/matrix mixing. We
found that intensity of ion of S1P/Phos-tag complex is higher
in the sample prepared by the post-mixed method.

18. Typical conditions used in our laboratory are the following:
MALDI-TOF mass spectrum is acquired on a Voyager-DE
STR (Applied Biosystems, Framingham, MA) in the positive
mode. The wavelength of the nitrogen-emitting laser, the
pressure in the ion chamber, and the accelerating voltage are
337 nm, 3.7� 107 Torr, and 20 kV, respectively. The detection
is conducted in the reflector mode. The low mass gate is set at
400 Da. To enhance the reproducibility, 256 single shots from
the laser are averaged for each mass spectrum. The actual
intensity of an objective ion is calculated by subtracting the
intensity of an average noise level. Based on the calibration
curve of C18 S1P described in Note 19 and the intensity
ratio of [C18 S1P/Phos-tag]+ against [C17 S1P/Phos-tag]+,
the amount of C18 S1P is determined.

19. A calibration curve is constructed by plotting the intensity ratio
of [C18 S1P/Phos-tag]+ against [C17 S1P/Phos-tag]+ on
y-axis versus the molar ratio of [C18 S1P/Phos-tag]+ against
[C17 S1P/Phos-tag]+ on x-axis.

Fig. 7 A model experiment for the enrichment of S1P from calf serum. A serum lipid extract was mixed with
16.1 nmol of C18 S1P. The mixed lipids were subjected to the two-step partition using Phos-tag as shown in
Section 3.2. Aliquot of the serum lipid extract (a) and resulting S1P-enriched fraction (b) are subjected to two-
dimensional TLC. First and second solvents are chloroform/methanol/28 % aqueous ammonia (60:35:8, v/v)
and chloroform/acetone/methanol/acetic acid/water (50:20:10:13:5, v/v), respectively. PC phosphatidylcho-
line, PE phosphatidylethanolamine, PI phosphatidylinositol, SM sphingomyelin, LPC lysophosphatidylcholine,
FFA free fatty acid
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20. C1P cannot be extracted by the above-described method.

21. A calibration curve for C1Ps is constructed by plotting the
intensity ratio of [d18:1/16:0 C1P/Phos-tag]+, [d18:1/24:0
C1P/Phos-tag]+, and [d18:1/h16:0 C1P/Phos-tag]+ against
[d18:1/12:0 C1P/Phos-tag]+ on y-axis versus the molar ratio
of [d18:1/16:0 C1P/Phos-tag]+, [d18:1/24:0 C1P/Phos-
tag]+, and [d18:1/h16:0 C1P/Phos-tag]+ against [d18:1/
12:0 C1P/Phos-tag]+ on x-axis. Quantification is done using
d18:1/12:0 C1P as internal standard (see Ref. [15]).

22. To avoid removal of zinc in Phos-tag by EDTA contained in
SphK lysis buffer, lipids are extracted under acidic condition.
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A Rapid Fluorescence Assay for Measuring Sphingosine-
1-Phosphate Transporter Activity in Erythrocytes

Naoki Kobayashi and Tsuyoshi Nishi

Abstract

Sphingosine-1-phosphate (S1P) is an intercellular signaling molecule that is present in the plasma and plays
an important role in recruiting lymphocytes from the thymus and secondary lymphoid organs. Erythrocytes
are the most abundant cells in the blood and substantially contribute to the S1P supply in the plasma by
releasing intracellularly synthesized S1P via an S1P transporter. Thus, the S1P transporter in erythrocytes is
a potential target for immuno-suppressing drugs.
In this chapter, we describe a rapid method for measuring the activity of the erythrocyte S1P transporter

by using the fluorescent S1P analog, 7-nitro-2-1,3-benzoxadiazol-4-yl (NBD)-labeled S1P. This method
does not require chromatography performed with high-performance liquid chromatography, liquid
chromatography-tandem mass spectrometry, or thin-layer chromatography methods. Furthermore, S1P
transporter activity can be detected by measuring the increase in fluorescence intensity in the extracellular
buffer without performing lipid extraction.

Keywords: Sphingosine-1-phosphate, Transporter, Erythrocyte, NBD, Fluorescence, 96-Well plate
reader

1 Introduction

Sphingosine-1-phosphate (S1P) is a crucial signal transmitter in the
immune system that recruits lymphocytes from the thymus and
secondary lymphoid organs. Blood plasma contains higher concen-
trations (~1 μM) of S1P than are found in marginal areas of the
thymus and secondary lymphoid organs, thus resulting in an S1P
concentration gradient. Lymphocytes sense S1P with a receptor
expressed on the cell surface and move toward higher concentra-
tions of S1P. Plasma S1P is essential for lymphocyte migration,
because depletion of plasma S1P markedly decreases the number
of lymphocytes present in the blood. Erythrocytes supply the
majority of plasma S1P. Erythrocytes constitutively synthesize and
release S1P into the blood. We have previously shown that S1P
release from erythrocytes is mediated by an S1P transporter [1], but
the specific gene has not been identified to date. The S1P trans-
porter in erythrocytes may be a favorable drug target for immuno-
suppression. To screen agents that might inhibit S1P transporter
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activity, a rapid and high-throughput method for measuring activity
of the S1P transporter is needed. To date, established methods to
measure S1P transport activity require thin-layer chromatography
(TLC), high-performance liquid chromatography (HPLC), or liq-
uid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis. These methods are highly sensitive for detecting S1P but
also are time consuming because separation of lipids by chromatog-
raphy is required. Thus, we established a rapid method for measur-
ing S1P transporter activity by using a fluorescently labeled S1P
analog, 7-nitro-2-1,3-benzoxadiazol-4-yl (NBD)-labeled S1P [2].

In erythrocytes, S1P is intracellularly synthesized from inter-
nalized extracellular sphingosine by sphingosine kinase 1 and is
released from cells via the S1P transporter (Fig. 1). Similarly to
sphingosine, NBD-labeled sphingosine is internalized into erythro-
cytes and is phosphorylated to form NBD-S1P (Fig. 1) [2]. The
synthesized intracellular NBD-S1P, similarly to S1P, is released
from erythrocytes in a time-dependent manner (Fig. 1) [2]. Release
of both S1P and NBD-S1P from erythrocytes is inhibited by gly-
buride. Furthermore, S1P and NBD-S1P release from erythrocytes
is competitively inhibited by intracellular NBD-S1P and S1P,
respectively. Thus, NBD-S1P is transported via the S1P transporter
in erythrocytes [2]. An important characteristic of S1P metabolism
in erythrocytes is that internalized sphingosines are metabolized
only to S1P. NBD-sphingosine, similarly to sphingosine, is meta-
bolized only to NBD-S1P in erythrocytes. Thus, changes in NBD-
S1P fluorescence in either extracellular buffer or cells are attributed
to changes in the activities of sphingosine kinase 1 and/or the S1P
transporter.

Fig. 1 Schematic illustration of S1P and NBD-S1P synthesis and release in
erythrocytes. Erythrocytes incorporate extracellular sphingosine (Sph) and
NBD-sphingosine (NBD-Sph), which are phosphorylated by Sphingosine kinase
(SphK) to S1P and NBD-S1P, respectively. An erythrocyte S1P transporter exports
S1P and NBD-S1P in a time-dependent manner without any stimuli
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Fig. 2 Outline of the method for measuring NBD-S1P release from erythrocytes. Erythrocytes were mixed with
NBD-sphingosine (NBD-Sph) and incubated for the required time. Then the mixture was centrifuged and
separated into supernatant (extracellular) and cell pellets (intracellular). For direct detection of NBD-S1P
transport (see Sect. 3.4), the supernatant was transferred to a black 96-well plate, and the fluorescence of the
samples was measured. For NBD-S1P quantification (see Sects. 3.2 and 3.3), the supernatant and cell pellets
were transferred to 1.5-mL tubes containing methanol/chloroform (MeOH/CHCl3). NH4OH solution and CHCl3
were added to the mixture in a stepwise manner. After centrifugation, NBD-S1P and NBD-sphingosine were
separated into aqueous (upper) and organic (lower) phases in the alkaline condition, respectively. The aqueous
phases were transferred to a black 96-well plate and the fluorescence of the sample was measured after
addition of dimethylformamide (DMF)
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Tomeasure NBD-S1P release from erythrocytes, quantification
of extracellular NBD-S1P is required. Because the extracellular
buffer contains NBD-sphingosine, NBD-S1P must be separated
from NBD-sphingosine to quantify the levels of NBD-S1P. There-
fore, we adopted an NBD-S1P release assay using lipid extraction in
alkaline conditions (Fig. 2). Originally, lipid extraction in alkaline
conditions was used as an HPLC method for S1P quantification
[3]. In the lipid extraction, S1P and sphingosine are partitioned
into aqueous and organic phases, respectively. NBD-S1P and
NBD-sphingosine are also separated into aqueous and organic
phases, respectively, during lipid extraction (Fig. 2). Thus, the
fluorescence derived from the NBD moiety in the aqueous phase
corresponds to NBD-S1P. As a result, in the described method,
NBD-S1P transport is measured by direct quantification of fluores-
cence in the aqueous phase of the lipid extraction (Figs. 2 and 3a).
Furthermore, we describe a more rapid method to detect S1P
transporter activity. When NBD-sphingosine is incubated with ery-
throcytes for longer than 1 h, most of the NBD-sphingosine in the
extracellular buffer is taken up into the cells and phosphorylated to
NBD-S1P. Therefore, direct detection of S1P transporter activity is
also achieved by quantifying the fluorescence intensity of extracel-
lular buffer (Figs. 2 and 3b).

To date, conventional methods to measure S1P transporter
activity in cells require HPLC [3], LC-MS/MS [4], or TLC [1].
In contrast to these chromatography methods, the present method

Fig. 3 Measurement of synthesis and release of NBD-S1P in erythrocytes. Erythrocytes were incubated with
5 μM NBD-sphingosine for the indicated times. The reaction mixture was centrifuged and separated to
supernatant (extracellular) and cell pellets (intracellular). (a) Lipids were extracted from the supernatant and
cell pellets. Aqueous phases in lipid extraction were transferred to a black 96-well plate and their fluorescence
was measured. (b) For direct detection of NBD-S1P release, the fluorescence of the supernatants was
measured without lipid extraction. The fluorescence intensity of the supernatant at 60 min was set to 100%
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does not require the time-consuming lipid separation step using
chromatography. The present method to measure S1P transporter
activity is notable for its low cost, ease of use, and ability to be
adapted for multiplexing and high- throughput.

2 Materials

Prepare all buffers and solutions with analytical grade reagents and
ultrapure water (resistivity of >18 MΩ cm at 25 �C) at room
temperature. Store all buffers and solutions at 4 �C unless other-
wise indicated.

2.1 Preparation

of Erythrocyte

Suspension

1. Acid citrate-dextrose (ACD) solution: dissolve 0.32 g of citric
acid, 0.88 g of trisodium citrate dihydrate, and 0.98 g of
glucose in 40 mL of water (see Note 1).

2. Buffer A: 20 mM HEPES, 3.3 mM NaH2PO4, 2.9 mM KCl,
1 mM MgCl2, 138 mM NaCl, and 1 g/L glucose, pH 7.4.
Dissolve 4.77 g of HEPES, 0.52 g of NaH2PO4, 0.22 g of KCl,
0.2 g of MgCl2 (6H2O), 8.07 g of NaCl, and 1 g of glucose in
1 L of water. Adjust the pH with an NaOH solution.

3. Bovine serum albumin (BSA, fatty acid-free).

4. Buffer A containing 1% BSA. Dissolve 0.1 g of BSA in 10 mL of
buffer A (see Note 2).

5. Buffer A containing 0.1% BSA. Add 1 mL of buffer A contain-
ing 1% BSA to 9 mL of buffer A.

6. 1 mL syringe.

7. Needle (26G gauge � 1/2 in.).

8. Rat holder (KN-325-C-4, Natsume Seisakusho, Tokyo, Japan).

9. Female Wistar/ST rats (10–15 weeks old).

10. Anesthetics.

11. Trypan blue.

12. Cell counting chamber.

2.2 NBD-S1P Release

Assay

1. Water bath.

2. Vortex mixer.

3. Timer.

4. 1 mM NBD-sphingosine (Avanti Polar Lipids). Dissolve
100 μg of NBD-sphingosine in 209 μL of ethanol.

5. 0.1� Buffer A containing 0.1% BSA. Dilute Buffer A contain-
ing 1% BSA with water (1:9, v/v).

6. Refrigerated microcentrifuge.
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2.3 Lipid Extraction

and Fluorometry

1. 1.5 mL Safe-lock tube (Eppendorf).

2. Vortex mixer.

3. Chloroform.

4. Chloroform/methanol solution (1:1) (see Note 3).

5. 7 M NH4OH solution. Dilute 28% NH4OH with water at
1:2.11 (v/v).

6. Dimethylformamide (DMF).

7. 10 μM NBD-S1P in Buffer A containing 0.1% BSA. Transfer
50 μg of NBD-S1P dissolved in chloroform/methanol (2:1) to
a 1.5 mL glass vial and evaporate the solvent. Add 897 μL of
Buffer A containing 1% BSA to the vial and dissolve the NBD-
S1P by vortexing and sonicating at 37 �C to make a 100 μM
NBD-S1P solution. Dilute this solution to 10 μM NBD-S1P
by using Buffer A in a 1.5 mL glass vial and store the solution at
�20 �C. To quantify NBD-S1P in cells, prepare a 10 μMNBD-
S1P solution containing erythrocyte lysate. Centrifuge washed
erythrocytes, remove the supernatant, and lyse the cells by
pipetting with water at a concentration of 2.78� 107 cells/mL.
Dilute the 100 μM NBD-S1P solution with the cell lysate
instead of Buffer A.

8. Black 96-well plate.

9. Fluorescence plate reader.

3 Methods

Perform all the procedures at room temperature unless otherwise
indicated.

3.1 Preparation

of Erythrocyte

Suspension

1. Take up 100 μL of ACD solution into a syringe and attach a
needle. Fill the needle with ACD solution. Anesthetize a female
Wistar rat. Insert the needle into the rat tail vein and collect
approximately 300 μL of blood (see Note 4). Gently mix the
blood and ACD solution by inverting. Remove the needle from
the syringe and transfer the blood into a 1.5 mL tube.

2. Centrifuge at 500 � g for 15 min at 20 �C (see Note 5).

3. Remove the upper and middle layer with a micropipette.

4. Transfer 50 μL of the lower layer containing erythrocytes to a
new 1.5 mL tube by using a wide-pore tip.

5. Add 1 mL of Buffer A containing 1% BSA.

6. Mix gently by inverting.

7. Centrifuge at 500 � g for 10 min at 20 �C. Remove the
supernatant.

8. Wash the erythrocytes by repeating steps 5 through 7.
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9. Wash the erythrocytes with 1 mL of Buffer A containing 0.1%
BSA.

10. Resuspend the erythrocytes in 1 mL of Buffer A containing
0.1% BSA.

11. Mix gently by inverting.

12. Dilute 2 μL of the erythrocyte suspension in 1 mL of Buffer A.
After adding the same volume of Trypan blue solution to the
diluted cell suspension, perform a cell count.

13. Prepare the erythrocyte suspension (50 μL per sample) at a
density of 1 � 108 cells/mL by diluting the samples with
Buffer A containing 0.1% BSA.

3.2 NBD-S1P Release

Assay in Rat

Erythrocytes

1. Prepare 200 μL of chloroform/methanol solution (1:1) in a
1.5 mL Safe-lock tube prior to the assay.

2. Prepare NBD-S1P release buffer (50 μL per sample).

Components Volume (μL)

1 mM NBD-Sphingosine (see Note 6) 0.5

Buffer A containing 0.1% BSA 49.5

Total volume 50

3. Preincubate the erythrocyte suspension and NBD-S1P release
buffer for 10 min at 37 �C.

4. Add NBD-S1P release buffer to the erythrocyte suspension.

5. Mix gently by pipetting, inverting, or brief vortexing.

6. Incubate the cells for the required time at 37 �C in a water bath
(see Note 7).

7. Centrifuge the cell suspension (100 μL per sample) at
17,000 � g for 5 s at 4 �C.

8. Carefully transfer 100 μL of the supernatant to a 1.5 mL Safe-
lock tube containing 200 μL of chloroform/methanol solution
(1:1).

9. Add 200 μL of ice-cold 0.1� Buffer A containing 0.1% BSA to
the erythrocyte pellet and lyse the cells by pipetting.

10. Transfer 100 μL of cell lysate to a 1.5 mL Safe-lock tube
containing 200 μL of chloroform/methanol (1:1).

11. Vortex both tubes containing supernatant and cell lysate.

3.3 Lipid Extraction

and Fluorometry

1. Prepare the NBD-S1P standards (0, 50, 100, 200, and
400 pmol) by adding 0, 5, 10, 20, and 40 μL, respectively, of
10 μM NBD-S1P solution and Buffer A containing 0.1% BSA
(volumes in table below) to 200 μL of chloroform/methanol
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solution (1:1) in a 1.5 mL Safe-lock tube (Fig. 4). To quantify
the NBD-S1P in cells, prepare the NBD-S1P standards by
using the 10 μM NBD-S1P solution containing erythrocyte
lysate (Fig. 4) (see Sect. 2.3).

NBD-S1P (pmol) 0 50 100 200 400

10 μM NBD-S1P solution (μL) 0 5 10 20 40

Buffer A containing 0.1% BSA (μL) 100 95 90 80 60

2. Add 8 μL of 7 M NH4OH solution to the mixture containing
200 μL of chloroform/methanol (1:1) and 100 μL of superna-
tant, cell lysate or NBD-S1P standards in a 1.5 mL Safe-lock
tube.

3. Mix well by vortexing.

4. Add 200 μL of chloroform.

5. Mix well by vortexing.

6. Separate the aqueous and organic phases by centrifugation at
>14,000 � g for 5 min at room temperature.

7. Transfer 80 μL of the upper (aqueous) phase to a black 96-well
plate (see Note 8).

Fig. 4 Typical standard curves for extracellular and intracellular NBD-S1P. Assay
buffers containing known amounts of NBD-S1P were applied to lipid extraction,
and fluorescence of the resulting aqueous phases was measured (see Sect. 3.3).
For the preparation of a standard curve for intracellular NBD-S1P, NBD-S1P was
added to the erythrocyte lysates. The erythrocyte lysates attenuated NBD-S1P
fluorescence intensity
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8. Add 20 μL of dimethylformamide to the upper (aqueous)
phase in a black 96-well plate and mix by pipetting.

9. Set the black 96-well plate in a fluorescence plate reader and
mix briefly by using the mixer function of the plate reader.

10. Measure the fluorescence of NBD-S1P (excitation: 490/
485 nm, emission: 530/538) (see Note 9).

3.4 Direct Detection

of NBD-S1P Transport

Without Lipid

Extraction

1. Conduct the NBD-S1P release assay as described in Sect. 3.2,
steps 1–7 except that the volume of NBD-S1P release buffer
and erythrocyte suspension are doubled, and the incubation
times are 1 and 2 h.

2. After centrifugation of the cell suspension, transfer 200 μL of
supernatant to a black 96-well plate.

3. Measure the fluorescence of the supernatant by using a
fluorescence plate reader (excitation: 490/485 nm, emission:
530/538).

4 Notes

1. Prepare the solution in a 50 mL conical tube and dissolve
reagents by vortexing.

2. Prepare the buffer in a 15 mL conical tube and completely
dissolve the BSA by shaking at room temperature.

3. Prepare 1.5 mL Safe-lock tubes containing 200 μL of chloro-
form/methanol solution (1:1) prior to the NBD-S1P release
assay. The required number of tubes is the sum of the samples
and NBD-S1P standards.

4. The tail vein is present on the right side and left side of the rat
tail. Wipe the tail vein with a laboratory wipe soaked in 70%
ethanol. Compress the base of the tail vein between two fin-
gers. Insert a needle into a location 5 cm away from the base of
the tail vein. Slowly pull the plunger of the syringe.

5. Use a swing-rotor and set the brake of the centrifuge to off.

6. The final concentration of NBD-sphingosine is 5 μM after the
addition of NBD-S1P release buffer to the erythrocyte
suspension.

7. Gently mix the cells by inverting or brief vortexing every
10 min.

8. Quickly add the samples to the black 96-well plate, because the
upper phase contains volatile solvents and will drip from the
pipette tip.
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9. The fluorescence of the samples should be measured at room
temperature (>20 �C) because white precipitates form easily in
the samples at low temperatures.
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Analysis of S1P Receptor Expression by Uterine Immune
Cells Using Standardized Multi-parametric Flow Cytometry

Jianhong Zhang, Annie Bang, and Stephen J. Lye

Abstract

Flow cytometry is a powerful tool for phenotypic and functional analyses of single immune cells. The
increasing capability of flow cytometry technology has driven a more detailed understanding of immune cell
subsets and functions in complex cellular systems such as the developing human decidua/placenta. We
propose a standardized procedure for the isolation and analysis of human decidual natural killer (dNK) cells
and this method can be extended to investigation of other uterine lymphocytes. Here this platform is used
to examine the expression of sphingosine-1-phosphate (S1P) receptor and functional growth factors by
dNK cells.

Keywords: CD45+ cells, Decidua, Decidual natural killer (dNK) cells, Human pregnancy, Sphingo-
sine-1-phosphate

1 Introduction

Sphingosine-1-phosphate (S1P) is a lipid mediator presented in a
variety of species and cell types. The regulation and function of S1P
are tightly linked to many physiological and pathophysiological
processes, including cancer, atherosclerosis, diabetes, and osteopo-
rosis. Microenvironmental S1P distribution has critical effects on
the expression of five S1P receptors (S1PR1-5) [1], which can
facilitate the egress of lymphocytes from lymphoid organs into
blood and lymphatic fluid. The responsiveness of immune cells to
S1P signalling is dependent on their subtypes and activation status
[2–4]. Here we demonstrate that the S1PR5-dependent response
of decidual natural killer (dNK) cells in human pregnancy can be
quantified using a standardized flow cytometry assay.

Flow cytometry is capable of characterizing many features of
individual cells in a complex mixture [5, 6]. The accurate measure-
ment of variations in the interaction between human immune sys-
tem and S1P signalling requires precise and optimized methods to
distinguish true biological changes from technical artifacts. Further-
more, biomedical studies using human pregnant specimens require
longitudinal assays over a considerable time period needed to recruit
suitable subjects. Thus, the standardization of reagents and
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protocols becomes crucial particularly when dealing with samples
from the uterine lining (endometrium or decidua) that develops
heterogeneous texture and cellular components. We proposed a
standard procedure which is applicable to multi-parameter flow
cytometry technique to study the molecular signature of S1P recep-
tors. The investigation is established on the basis of appropriate
isolation, staining, and analysis of innate immune cells in human
uterine samples [7, 8]. Meanwhile, this protocol provides a general
framework for additional applications. It can be revised and adapted
for other biomedical experiments targeting the expression and func-
tion of differentmarkers in either lymphoid or non-lymphoid tissue.

2 Materials

This protocol requires handling of freshly isolated human tissue. All
components including sample collection, transportation, opera-
tion, and disposal must be conducted in compliance with biosafety
control policy. Always use freshly prepared working buffers. Store
all reagents at room temperature unless otherwise indicated. Sterile
instruments and supplies are required.

2.1 Samples

Collection and

Dissociation

1. A biosafety cabinet.

2. Human decidual samples from early term pregnancy are
requested and collected according to the institutional protocol.

3. Hanks’ Balanced Salt Solution without calcium and magne-
sium (HBSS�/�) is used to wash samples and cells before or
during digestion steps. Store at 4 �C.

4. EDTA solution (1 M; Invitrogen). Store at 4 �C.

5. HEPES solution (1 M; Invitrogen). Store at 4 �C.

6. Prepare 1 M stock DTT: Weigh 1.54 g of Dithiothreitol
(DTT). Add 10 mL of sterile dH2O. Dissolve completely.
Sterilize DTT stock through a 0.22 μm syringe filter. Aliquot
into 1.5 mL Eppendorf tubes and store at �20 �C.

7. Predigestion DTT buffer: Add 0.5 mL DTT stock (1 M) into
500 mL RPMI 1640 medium. Store at 4 �C.

8. Digestion solution: For 500mLHBSS�/� buffer, add 0.5mL
DTT stock (1 M), 1.0 mL EDTA (1 M, pH ¼ 7.6), and
12.5 mL HEPES (1 M). Store at 4 �C (see Note 1).

9. Ficoll-Paque Plus (GE Healthcare). Store at room
temperature.

10. A pair of curved operating scissors. The curved blades enable
precise trimming and cutting tissue against the surface petri
dishes.

11. Corning® cell strainers (40 and 70 μm).
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2.2 Functional Assay 1. Penicillin-Streptomycin stock (Lonza) which contains
10,000 units potassium penicillin and 10,000 μg streptomycin
sulfate in per mL solution. Store at �20 �C.

2. Complete RPMI 1640 medium (Invitrogen): Add 50 mL heat
inactivated FBS and 5 mL Pen/Strep stock into 500 mL RPMI
1640 medium. Store at 4 �C.

3. HBSS+/+ buffer with calcium and magnesium is used to wash
samples and cells after digestion. Store at 4 �C.

4. Fingolimod (FTY720 or hydrochloride; Cayman Chemical): a
potent agonist at four of the S1P receptor (S1PR1/2/3/5).
Stock solution (5 mM) was prepared by diluting 1 mg FTY720
in 0.5816 mL DMSO. Aliquot and store at �20 �C.

5. Cell Stimulation Cocktail (plus protein transport inhibitors) of
phorbol 12-myristate 13-acetate (PMA), ionomycin, brefeldin
A, and monensin (eBioscience). Store at �20 �C.

2.3 Immune Staining 1. Variety of antibodies (see Table 1 for the list). For optimal
performance of fluorochrome-conjugated antibodies, store
vials at 4 �C and do not freeze. Protect from light. In order
to recover the maximum volume, quickly centrifuge the anti-
body vials prior to use.

2. Blocking solution (Dako). Store at 4 �C.

3. BD™ 3� Concentrate stabilizing fixative. Prepare the fixative
working buffer by mixing 1 part of BD™ 3� Concentrate with
3 parts room temperature (20 �C) deionized water.

4. LIVE/DEAD fixable dead cell stain kit (Invitrogen). Add
50 μL of DMSO to the vial of reactive dye. Mixed well and
make sure all of the dye has dissolved. Aliquot 1 μL of dye using
1.5 mL tubes. Store stock at �20 �C.

5. BD Cytofix/Cytoperm™ solution (BD Biosciences). Store at
4 �C.

6. BD Perm/Wash™ Buffer (10�) (BD Biosciences). Store at
4 �C. Prior to use, dilute it to 1� solution by adding 9 parts
of distilled water.

7. BD Stabilizing Fixative solution (BD Biosciences). Store at
4 �C. Prior to use, dilute it to 1� solution by adding 3 parts
of distilled water.

8. 5 mL BD Falcon tubes (BD Biosciences) with cell trainer cap.

2.4 Flow Cytometry

Analysis

1. 10-Color Gallios flow cytometer (Beckman Coulter) with
blue/yellow (488/561 nm collinear), red (638 nm), and violet
(405 nm) lasers.

2. Flow-Set™ Fluorospheres (Beckman Coulter). Store at 4 �C.

3. BD™Anti-Mouse Ig, κ/Negative Control Compensation Par-
ticles Set (as CompBeads) (BD Biosciences). Store at 4 �C.

Analysis of S1P Receptor Expression by Uterine Immune Cells Using Standardized. . . 85



3 Methods

All work that is subject to the biosafety guidelines must be con-
ducted under the appropriate standard operating procedure. The
general experimental procedure is summarized in a flowchart with
time frame (Fig. 1). Freshly collected human decidual samples from
early or later gestation stage can be used.

3.1 Prepare Single

Cell Suspension

1. Upon arrival, visually examine the decidual sample in a
100 mm � 15 mm petri dish. Remove attached fetal mem-
branes and associated placental tissue. Wash thoroughly with
ample cold HBSS�/� until liquid is blood free (see Note 2).

2. Remove remaining HBSS�/� by vacuum and add 10 mL
RPMI/DTT buffer.

3. Manually cut tissue into smaller pieces using curved operating
scissors. Ideal size of fragments is approximately 1 mm3.

4. Transfer sample into a 50 mL falcon tube and add RPMI/DTT
buffer to 25 mL. Incubate 15 min at room temperature to
remove mucus.

Table 1
Staining panel of multicolor flow cytometry (see Note 12)

Fluorochrome
parameter Antigen type

Antibody/
fluorochrome Manufacturer

Vol.
(μL)

Control tubesa
Test
tubesb

0 1 2 3 4 5 6 7 8 a b

FL1 Intracellular IFNG-FITC BD
Biosciences

8 � � + � + + + + + + +

FL2 Surface S1PR5-PE R&D System 8 � + � + + + + + + + +

FL5 Surface CD56-PE/
Cy7

BD
Biosciences

1 � + + � + + + + + + +

FL6 Intracellular VEGF-APC R&D System 8 � + + + � + + + + + +

FL7 Surface CD3-Alexa
Fluor 700

BD
Biosciences

4 � + + + + � + + + + +

FL8 Surface CD45-APC/
Cy7

BD
Biosciences

4 � + + + + + � + + + +

FL9 Both Live/dead-
violet

Invitrogen 2 � + + + + + + � + + +

FL10 Surface CD16-Krome
Orange

BD
Biosciences

5 � + + + + + + + � + +

aTube #0 is an unstained control; tubes #1–8 are FMO controls for individual fluorochrome parameter
bWhen examining multiple tubes, we suggest preparing an antibody cocktail (a tube containing a mixture of all testing

antibodies) and dispensing equal volume of antibody mixture to individual testing tubes
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5. Centrifuge at 500 � g for 5 min at room temperature to pellet
tissue and cells. Discard the supernatant.

6. Resuspend the cell pellet with 25 mL pre-warmed digestion
solution. Shake (140/min) at 37 �C (water bath) for 30 min to
dissociate the primary cells (see Note 3).

7. Vortex the tube at maximum speed for 30 s. Separate isolated
cells from remaining tissue using a 70 μm cell strainer to obtain
uniform single-cell suspension (see Note 4).

Mechanically cut tissue into smaller pieces 

Incubate with RPMI/DTT buffer

Incubate with EDTA/DTT/HEPES buffer *

Collect the mononuclear cells layer and wash

In vitro functional assay
(Incd. further purification)

Surface staining (2hr)
Intracellular cytokine (4hr)

Multi-color surface and intracellular staining

Flow cytometry maintenance and validation **

Flow data acquisition

Flow data analysis **

Sample handling
(30-60min)

MNC isolation
(2hr)

Immune stimulation &
flow cytometry assay

(4-24hr)

Data acquisition 
& analysis

(2hr+)

Obtain decidual samples

Pellet cells by Ficoll-paque based gradient isolation

Pass the sample through cell strainers

Wash the tissue with HBSS-/- buffer

Fig. 1 A workflow for the analysis of dNK response to S1P signalling and timing scale to carry out the
experiment. *, A critical step to obtain uterine immune cell suspension. MNC mononuclear cells. **, Key steps
to standardize the protocol
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8. Pipette cell suspension through a 40 μm cell strainer.

9. Centrifuge at 500� g for 5 min 4 �C to pellet cells (seeNote 5).

10. Resuspend cells with 4 mLHBSS+/+ and carefully layer on the
top of 4 mL Ficoll solution in 15 mL falcon tubes (seeNote 6).

11. Centrifuge at 800 � g for 30 min at 20 �C to pellet cells (brake
should be off).

12. Collect the buffy coat with a pipette and transfer it to a new set
of falcon tubes. Wash cells with 10 mL HBSS+/+ and centri-
fuge the tubes at 800 � g for 10 min, 4 �C (see Note 7).

13. Resuspend cell pellet in 15 mL RPMI1640 and centrifuge at
800 � g for 5 min, 4 �C.

14. Wash cells again with 15mLHBSS+/+ buffer and pelleted cells
are ready for further study (see Note 8).

3.2 Cell Stimulation 1. Isolated decidual leukocytes/dNK cells are suspended with
1 mL RPMI1640 with 10% FBS. Incubate in a 24-well plate.

2. For experimental wells, add 1 μL stock solution of FTY720
(5 mM). Incubate at 37 �C for 1.5 h.

3. Add 2 μL cell stimulation cocktail in each wells and incubate
another 4 h.

4. Cells are harvested and washed with HBSS+/+ buffer at
800 � g for 5 min at 4 �C.

3.3 Surface Marker

Staining

1. Preparing compensation tubes for flow cytometer optimization
(see Note 9).

(a) Vortex BD™ CompBeads thoroughly before use.

(b) Mix 3 full drops (approximately 360 μL) of each Comp-
Beads in a 1.5 mL tube. Add 600 μL HBSS+/+ and mix it
well.

(c) Pipette 2 μL of antibody to be tested in the experiment
into 1.5 mL tubes, separately. Add 100 μL above Comp-
Beads solution into each tube.

(d) Incubate 30 min at 4 �C. Protect from light.

(e) Wash with HBSS+/+ buffer and centrifuge at 500 � g,
5 min, 4 �C.

(f) Resuspend pellets with 200 μL fixative staining buffer.

2. Preparing a viability test tube.

(a) Remove the LIVE/DEAD® reagent stock solutions from
the freezer and warm to room temperature.

(b) Dilute stock solution of LIVE/DEAD® reactive dye by
adding 99 μL HBSS+/+ into a stock tube. Mix it well (see
Note 10).
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(c) Prepare a 1.5 mL tube with combination of live cells and
heat-killed dead cells (approximately 1:1). Dead cells are
obtained by keeping a small aliquot of cells in a 65–70 �C
water bath for 10 min.

(d) Add 2 μL diluted LIVE/DEAD work solutions in the
tube and mix well.

(e) Incubate the tubes for 30 min at 4 �C.

(f) Wash with 1 mL HBSS+/+. Centrifuge at 500 � g for
5 min, 4 �C. Resuspend pellets with 200 μL fixative stain-
ing buffer.

3. Aliquot 100 μL of cell suspension (1 � 105 or more) in multi-
ple 1.5 mL Eppendorf tubes according to the experimental
design (Table 1) (see Note 11).

4. Add 2 μL of diluted LIVE/DEAD dye into each test tube.
Incubate 30 min at 4 �C. Protect from light (see Note 13).

5. Wash cells with 1 mL HBSS+/+ buffer and centrifuge at
800 � g for 5 min, 4 �C.

6. Resuspend cells in 100 μL Dako Blocking Solution. Incubate
30 min at 4 �C.

7. Add primary antibodies in an appropriate volume to all control
and test tubes (Table 1). Incubate 30 min at 4 �C. Protect from
light (see Note 14).

8. Wash cells with 1 mL HBSS+/+ buffer and centrifuge at
800 � g for 5 min, 4 �C (see Note 15).

3.4 Intracellular

Cytokine Staining

1. After the last wash, discard the supernatant and pulse vortex
the sample to completely dissociate the pellet (see Note 16).

2. Fix the cells by adding 200 μL of BD Cytofix/Cytoperm™
buffer per tube and vortex to mix. Incubate 30 min at 4 �C.
Protect from light.

3. Wash cells with 1 mL 1� BD Perm/Wash™ buffer and discard
the supernatants (see Note 17).

4. Thoroughly resuspend fixed/permeabilized cells in 50 μL 1�
Perm/Wash™ Buffer.

5. Add intracellular staining antibodies of mouse anti-human
IFNG and VEGF. Incubate at 4 �C for 30 min.

6. Wash cells twice with 1 mL 1� BD Perm/Wash™ buffer.

7. Resuspend cells with 200 μL 1� BD Stabilizing Fixative and
transfer to 5 mL BD round-bottom tubes with cell-strainer
cap.

8. Store in dark at 4 �C until flow cytometric analysis (analysis
should be conducted within 1 day).
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3.5 Flow Cytometric

Data Acquisition

1. Perform instrument start-up and verification check following
the manufacturer’s recommendations (see Note 18).

2. Dispense 5 drops (about 0.2 mL) of Flow-Set fluorospheres
into a test tube.

3. Vortex and aspirate the fluorospheres sample with a Flow-Set
acquisition protocol created previously. Adjust cytometer’s set-
tings to place each fluorospheres peak within the previously
determined reference range (Fig. 2). When necessary, adjust
the PMT voltages if the positive signals are off scale or if the
negative population is too high.

4. Load compensation tubes in a carousel and initiate the proper
acquisition protocol. Run each compensation tube separately.

5. Create a working protocol for sample acquisition by adjusting
the compensation values of both positive and negative popula-
tions (see Note 19).

6. Proceed to acquiring the actual experimental tubes using the
working protocol created in step 5.

7. Save data for offline analysis.

3.6 Offline Data

Analysis

1. Depending on the complexity of each experiment, it can take as
much time to analyze it as took to acquire the data. Flow data are
saved as standard fcs files and multiple software are available to
conduct data analysis. We use Kaluza Software (Beckman
Coulter)—which is custom designed for Gallios flow cytometer,
to analyze data by a manual gating strategy (see Note 20).

2. Visually inspect the time plots and exclude unstable flow of cells
by time gating.

3. Singlet cells are gated based on FSC/SSC vs. TOF plots
(Fig. 3a, b). Then lymphocytes are gated for further analysis
(Fig. 3c).

4. Dead cells may compromise flow cytometric data analysis by
non-specific antibody binding; therefore it is important to
exclude dead cells from target population. CD56+CD3-CD16
+ NK cells are gated from viable CD45+ population (Fig. 3).

5. Fluorescence-minus-one (FMO) controls can be used to identify
the spillover to the background in a given channel [9]. The
positively vs. negatively stained NK cells were classified by
FMO control and distributional similarity (Fig. 4) (seeNote 21).

6. The standardized gating, composition, and layout of a single
analysis can be copied and pasted to all samples, with minor
adjustment between groups or batch studies.

7. A higher resolution and more advanced flow data analysis can
be achieved by referencing other publications [10, 11].
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8. This is an operable protocol for clinical decidual/placental
samples collection and data analysis over long periods of bio-
medical studies. The method has some limitations. For
instance, in comparison to the developing CyTOF platform
that can readout 20–40 parameters [12, 13], conventional
flow cytometry assay has certain limitation on its capacity.

4 Notes

1. Freshly prepared digestion buffer enables optimal cell isolation.
Our experience indicates that an ideal cell yield can be reached
using buffer stored at 4 �C for 1 week.

2. Human decidual materials from early pregnancy can be
obtained following informed consent from healthy women
undergoing elective termination of pregnancy. These speci-
mens are able to be visually distinguished from attached pla-
centa or other fetal tissues, which should be removed prior to
further processing. For term pregnancy samples, the decidual
layer can be scrapped from the chorioamniotic membrane
using a disposable sterile cell scraper. A dissecting microscope
may help visual inspection.

3. For efficient timing, the water bath should be switched on
upon the arrival of human samples as it may take a while to
reach stable temperature (37 �C). To prevent cross contamina-
tion or infection, appropriate measures such as adding disinfec-
tant to the water bath should be taken. We do not suggest
using a dry incubator/chamber because in comparison to
water, air has very lower thermal conductivity, which may
undermine sample digestion.

4. Cell strainer is a sterile sieving device to obtain real single-cell
suspensions or to remove large cell aggregates. To improve
working efficiency, in the absence of built-in venting slot, the
strainer should be carefully lifted above the tube to let air leave
the tube while the filtrated solution flows through the mesh.

5. To maximize the cell yield, decidual clumps can be collected
from the top of the strainers and the dissociation procedure
(steps 6–9) repeated.

6. It is very important when layering the sample not to allow
mixing between the Ficoll-Paque media solution and the
diluted sample. If done correctly, the Ficoll should remain as
a clear layer on the bottom of the tube with the decidual sample
as a separate layer on top. An alternative procedure is to load
the Ficoll using a long needle to the bottom of the sample
solution.
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7. When necessary, add 5 mL 1� Erythrocyte Lysis Buffer for
5 min on ice and vortex occasionally. Then wash and centrifuge
to remove the excessive red blood cells.

8. The goal of a cell isolation procedure is to maximize the yield of
functionally viable and dissociated cells. Human decidual/pla-
cental samples have unique textures and cellular compositions.
Thus, the final cell yield may vary according to different indi-
viduals. Our experience indicates that using this standardized
method, 2–10 million mononuclear cells can be isolated from a
single sample.

9. This work can be done simultaneously with sample staining. As
LIVE/DEAD® viability assay is based on the reaction of a
fluorescent reactive dye with cellular amine groups, the com-
pensation tube for this particular channel was prepared using
primary cells rather than CompBeads.

10. It is highly recommend to use freshly prepared LIVE/DEAD
work solutions for each set of experiments. The signal intensity
of reconstituted viability dye is degraded after overnight stor-
age at 4 �C. Do not use previously frozen dye solution.

11. This is a key component of experimental design. The flow
cytometry staining panel is constructed on the condition of:
(a) A flow cytometer—either Gallios cytometer or other candi-
date instrument, is selected and standard optical configurations
are performed; (b) Appropriate selection of combinations of
fluorochromes and antibody conjugates that minimizes com-
pensation and spillover adjustments. Please refer to online
resources for the visualization of spectral overlap of fluoro-
phores; (c) Optimized loading volume of each antibody is
been titrated according to given experimental conditions; (d)
Pilot experiments have been performed to establish a standard
acquisition protocol.

12. With increasing reagents and pipetting steps, extra caution is
required to avoid human error. Clear labelling, neat layout and
undivided attention can greatly minimize or eliminate potential
mistakes.

13. The LIVE/DEAD dye we use is amino-reactive, thus the
labelling tubes and contents should be free of extraneous pro-
teins that may result in unspecific binding. Washing cells with
HBSS or PBS buffer can eliminate these proteins.

14. The fixation and permeabilization of cells can compromise cell
surface antigens. It is advised to perform the surface staining first.
At this staining step, we add in CD45-APC/CY7, CD56-PE/
CY7, CD16-Krome Orange, CD3-Alexa700, and S1PR5-PE.

15. If no intracellular cytokine staining is required, cells can be
resuspended in 200 μL BD stabilizing fixative buffer and pro-
ceed with flow cytometry analysis.
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16. Before adding fixative buffer, cells should be vortexed gently to
ensure good penetration of the fixative and reduce cell clumping.

17. After fixative treatment, the cells may turn lighter and become
slippery. To improve cell recovery, centrifuge force should be
increased to 1,200 � g or more. Aspiration of the supernatant
with vacuum suction may help to preserve the cells.

18. The hardware and software may vary from cytometer to cyt-
ometer. Investigators are free to choose any instrument for
their data acquisition under the premise that data accuracy
and sensitivity are ensured.

19. Compensation is a critical process for an unbiased analysis of flow
cytometry data and becomes increasingly difficult to perform
manually as the number of fluorescence parameters increases
[14]. We perform computer assisted compensation by using
Kaluza software (Beckman Coulter) to build a spillover matrix.

20. Stimulation, fixation, and permeabilization will considerably
change the light scatter profiles of immune cells. When neces-
sary, adjust the cell gates with the assistance of control tube and
back gating. The implementation of optimized logical trans-
formation is adequate to identify significant features and
improve visual effects of the data [15]. Appropriate adjustment
of biexponential scaling is important to clearly and completely
visualize all populations, particularly for intracellular cytokine
staining. For more complex examination of S1P signalling,
computational assistance analysis could be an alternative only
after critical assessment and verification [16, 17].

21. S1PR expression is sensitive to microenvironmental S1P con-
centration [18, 19]. Immune cells isolated from different tis-
sues can be used to verify the expression pattern of S1PR
signals. In comparison to NK cells, resting T cells have lower
expression of S1PR5 [3]. Thus, to identify the S1PR5 positive
population, decidual CD3+ T cells can be used as a reference.
An alternative method is to include a PBMC sample, T-cell line
(Jurkat), NK-cell line (NK92), or monocytic cell line (U937)
that have little S1PR5 reactivity [20].
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S1P Synergizes with Wall Shear Stress and Other
Angiogenic Factors to Induce Endothelial Cell Sprouting
Responses

Camille L. Duran, Roland Kaunas, and Kayla J. Bayless

Abstract

Angiogenesis is the process of new blood vessel growth from pre-existing structures. During sprout
initiation, endothelial cells (ECs) are activated by pro-angiogenic factors to degrade the basement mem-
brane, migrate into the surrounding matrix, and form structures that anastomose to connect neighboring
vessels. Sphingosine 1-phosphate (S1P) is a biologically active lysosphingolipid that is secreted by platelets
and promotes angiogenesis under normal and pathological conditions by acting on ECs. In addition to
biochemical factors, the endothelium is continuously subjected to mechanical forces in the form of wall
shear stress (WSS) from fluid forces. Here, we describe an in vitro, three-dimensional (3D) endothelial
sprouting assay that is significantly enhanced by S1P, WSS, angiogenic growth factors (GFs), and fibronec-
tin. This assay is assembled by seeding primary human endothelial cells onto 3D collagen matrices contain-
ing S1P and other pro-angiogenic factors. Once attached, physiological levels of WSS are applied to induce
robust sprouting responses. This approach promotes the initiation of angiogenic sprouts stimulated by S1P,
and allows the study of 3D sprouting of primary human endothelial cells induced in response to these
physiological factors.

Keywords: 3D, Collagen, Endothelial cell, Invasion, Sphingosine 1-phosphate, Sprouting, Wall shear
stress

1 Introduction

Endothelial cells (ECs) line the entire vascular system and remain
dormant for decades. However, in response to the proper signals,
new blood vessel growth by activated ECs can be initiated in both
physiological and pathological conditions. Although significant
progress has been made toward understanding key molecular
events that control angiogenesis, additional insights are needed to
complete our understanding of the process. As such, information
gained from experimental systems is only as reliable as the model
systems used. While a number of useful models have been gener-
ated to study angiogenesis in vitro and in vivo [1, 2], the system
described here establishes a three-dimensional (3D) sprouting sys-
tem where human ECs oriented on a basal extracellular matrix and
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apical fluid compartment respond to sphingosine 1-phosphate
(S1P) and other physiologically relevant cues, including flow.

The S1P signaling pathway is highly conserved [3]. S1P is a
lysosphingolipid that is continually bioavailable in the circulation
[4] but can also be released by activated platelets [5, 6]. As a result,
levels of S1P in plasma can range from 100 to 300 nM, while serum
levels may reach 1 μM [7–9]. Notably, S1P released by platelets is
responsible for the ability of serum to promote EC chemotaxis
[10]. Cellular responses to S1P occur through the S1P1–S1P5 G
protein-coupled receptors, which were first named endothelial dif-
ferentiation gene (EDG) receptors [11]. S1P1 was originally dis-
covered in activated ECs [12], which also express S1P2 and S1P3

[13]. S1P binding to S1P1 and S1P3 receptors promotes cell-cell
adhesion, adherens junction assembly, and angiogenesis in vitro
and in vivo [14–16]. An abundance of data indicate that S1P
promotes angiogenic responses. S1P activation of S1P1 and S1P3

receptors promotes various angiogenic activities, including endo-
metrial development, limb development, tumor growth, and pla-
centation [13, 17–23]. In contrast, S1P2 activation can inhibit cell
motility [24, 25] and functions as an anti-angiogenic signal [26].
Knockout of S1p1 in mice results in embryonic lethality due to
excessive hemorrhaging [27]. Recent reports found that silencing
S1p1 expression in endothelial cells results in abnormal vascular
development consistent with destabilized junctions in various vas-
cular beds [28–30]. Altogether, these data support that S1P pro-
motes junctional stabilization and barrier formation and in doing
so contributes to the generation of newly formed sprouting
structures.

In addition to S1P, various growth factors have been demon-
strated to have pro-angiogenic properties. Two well-recognized
angiogenic growth factors used in our S1P + GF model systems
are vascular endothelial growth factor (VEGF) and basic fibroblast
growth factor (bFGF) [31, 32]. VEGF stimulates angiogenesis and
promotes EC proliferation, migration, and survival through activa-
tion of various downstream kinases [32–36]. Similarly, bFGF
enhances EC migration and proliferation and stimulates formation
of capillary-like structures with lumens [35, 37–39]. Although a
previous study incorporated high levels (40 ng/ml) of VEGF and
bFGF into the culture medium in the S1P + WSS model [40], this
approach was not sustainable because it was cost-prohibitive. In the
current studies, we elected to add tenfold lower amounts of VEGF
and bFGF (GFs) selectively into collagen matrices to test if they
might synergize with S1P + WSS at low levels. In addition to low
levels of GFs, we also tested whether 10 μg/ml fibronectin (FN)
would stimulate sprouting as was previously shown by Nicosia and
colleagues in aortic ring assays [41]. The results from these studies
demonstrate that both GF and FN enhance endothelial sprouting
in 3D collagen matrices.
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Blood flow is recognized as a physiological stimulator of new
blood vessel growth. Although a large portion of the mechano-
transduction literature is focused on the effects of flow and WSS
on atherosclerosis, fluid forces have historically been recognized
to regulate angiogenesis [42]. Notably, angiogenesis occurs in
post-capillary venules, where WSS levels have been estimated at
1–8 dyn/cm2 [43–45]. Independent studies in a variety of model
systems have confirmed that modest increases in WSS in the micro-
circulation enhance angiogenic responses in rat skeletal muscle
[46], rabbit ear chambers [43], and the yolk sac of the developing
mouse embryo [47]. Thus, given the constant influence of fluid
forces and WSS on the EC surface, incorporation of physiological
levels of WSS should be considered when designing assays to study
angiogenesis.

The protocol described here is designed to imitate the sprout-
ing steps of angiogenesis and involves culture and growth of ECs,
preparation of 3D collagen matrices, performing 3D cultures,
incorporating physiological levels of S1P, GFs, and FN, and apply-
ing WSS. Analysis of sprouting responses is discussed, including
imaging and quantification of sprouting responses. In these experi-
ments, a monolayer of ECs is attached to a basal 3D collagen matrix
containing S1P, GFs, and FN and overlaid with apical medium
delivering physiological levels of WSS. S1P combined with GFs to
stimulate invasion five- to tenfold over angiogenic growth factors
alone [31, 48, 49]. S1P also synergized with WSS to promote
sprouting [40, 50, 51]. In the current model system, we have
incorporated low amounts of VEGF and bFGF in addition to FN
with S1P in the collagen matrix in a defined, serum-free system.
These conditions combined with physiological levels of WSS
(5.3 dyn/cm2) stimulate ECs to penetrate and invade into the
collagen matrices overnight and form sprouting structures better
than S1P alone or S1P + WSS (see Figs. 2 and 3). Incorporating
various complementary methods, such as biochemical analyses,
pharmacological inhibitors, and manipulation of gene expression
in conjunction with this 3D culture system as previously described
[48, 49, 51–53], is expected to reveal additional molecular signals
downstream of S1P, GFs, FN, and WSS that control endothelial
sprout initiation.

2 Materials

2.1 Reagents Needed

for Propagation of ECs

1. 10�HEPES-buffered saline (HeBS): 200 mMHEPES, 1.5 M
NaCl, pH 7.4; autoclave or sterile filter. Solution can be stored
at room temperature (room temperature; 20–25 �C) for 1 year.
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2. 0.1% Gelatin: Add 1 g gelatin to 900 ml water and 100 ml 10�
HeBS; autoclave and sterile filter. Solution can be stored at
room temperature for 1 year.

3. 1�HEPES-buffered saline (HeBS): 20 mMHEPES +150mM
NaCl, pH 7.4; autoclave and sterile filter. Solution can be
stored at room temperature for 1 year.

4. Trypsin (Gibco, cat. #25200-056): The stock is thawed,
divided into 2 ml aliquots, and frozen at �20 �C. Aliquots
are stable for 1 year.

5. Fetal bovine serum (FBS, Gibco, cat. #26140-079): The stock
is heat inactivated at 56 �C for 30 min, divided into 25 ml
aliquots, and frozen at �20 �C. Aliquots are stable for 2 years.

6. Endothelial growth medium: Prepare lyophilized endothelial
growth supplement [54] or purchase from Lonza (cat. #CC-
4098). Add 0.2 g endothelial growth supplement and 0.05 g
heparin (Sigma, cat. #H3393) to 500 ml M199 medium
(Gibco, cat. #11150-059) and incubate at 37 �C for 30 min.
Sterile-filter mixture (0.2 μm filter unit, Nalgene, VWR cat. #
28199-585) and add 55 ml of sterile heat-inactivated fetal
bovine serum, 5.5 ml antibiotic (Gibco, cat. #15240-062),
and 0.5 ml gentamicin (Invitrogen, cat. #15710-072). Store
the medium at 4 �C for 1 month.

7. Single donor primary umbilical vein endothelial cells
(HUVEC) (Lonza, cat. #CC-2517).

8. Tissue culture flasks (75 cm2, Corning-Costar; VWR cat.
#10144-832).

2.2 Reagents Needed

for Performing Three-

Dimensional Cultures

and Applying WSS

1. Collagen solution: Collagen can be purchased commercially or
purified from rat tails. Commercially available collagen solution
(BD Biosciences) should be adjusted to 7.1 mg/ml with sterile
0.1% (vol/vol) acetic acid in water (see Note 1). Collagen
stocks can be prepared from rat tail tendons as described [55,
56] and resuspended at 7.1 mg/ml with sterile 0.1% acetic acid.
Collagen solutions should be stored at 4 �C.

2. S1P: Prepare S1P (Sigma, cat. #73914) according to the man-
ufacturer’s instructions as a 125 μM stock in 4 mg/ml FA-free
bovine serum albumin (BSA) solution (Sigma, cat. #A8806).
The solution is stable for 1 year at 4 �C.

3. 10� M199 (Invitrogen, cat. #11825-015).

4. 5 N sodium hydroxide (NaOH): Add 10 g NaOH to 50 ml
sterile distilled water in a sterile 50 ml conical tube. The 5 N
NaOH solution can be stored for 1 year at 4 �C (see Note 2).

5. 2 inch� 3 inch parallel plate flow chambers with 2 inch� 3 inch
glass slides.
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6. Appropriate tubing and fittings to connect flow chambers in
series. Appropriate tubing adaptors to connect tubing to pump
head (Cole-Parmer, part # 07003-02) and media reservoir.

7. Motor (Ismatec, Model # BVP-Z).

8. Flow transducer (Transonic, Cat. # T402 A60513) and flow
probe (Transonic, Cat. # 2PXL).

9. 2 inch� 3 inch silicone molds with 8 punches (7 mm diameter)
to house collagen matrices.

10. Humidified chambers to house collagen matrices during
equilibration.

11. VEGF (R&D Systems, cat. #293-VE): Prepare 40 μg/ml solu-
tion, aliquot, and store at�80 �C. The stock is stable for 1 year.

12. Basic fibroblast growth factor (bFGF) (R&D Systems, cat.
#234-FSE): Prepare 40 μg/ml solution, aliquot, and store at
�80 �C. The stock is stable for 1 year.

13. Bovine fibronectin (FN) solution at 1 mg/ml (Sigma, cat.
#F1141); aliquot, and store at �80 �C. The stock is stable for
1 year.

14. Ascorbic acid (Sigma, cat. #A4034): Prepare sterile 5 mg/ml
solution in PBS. Aliquots can be stored at �20 �C and are
stable for 6 months.

15. Reduced serum II (RSII): Prepare a sterile solution of 2mg/ml
BSA, 20 ng/ml human holo-transferrin, 20 ng/ml insulin,
17.1 ng/ml sodium oleate, and 0.02 ng/ml sodium selenite.
Aliquots can be stored at �20 �C and are stable for 3 months at
4 �C.

16. Cellometer Auto 1,000 from Nexcelom Bioscience and Cell-
ometer counting chambers (Nexcelom Bioscience cat. #
CHT4-SD100).

17. Cold block for collagen gel preparation.

18. Silicone covers (approximately 1 cm2).

19. 10� PBS: 100 mM Na2HPO4, 1.5 M NaCl, pH 7.4; solution
can be stored at room temperature (20–25 �C) for 1 year.

20. 1� PBS: 900 ml distilled water +100 ml 10� PBS; autoclave or
sterile filter. Solution can be stored at room temperature
(20–25 �C) for 1 year.

2.3 Reagents Needed

for Analyzing

Endothelial Sprout

Morphology

1. 4% Paraformaldehyde (25 ml): Combine 10 ml 10% parafor-
maldehyde (Electron Microscopy Sciences, cat. #15712),
2.5 ml 10� PBS, and 12.5 ml water; store at 4 �C for less
than 24 h (see Note 3).

2. Toluidine blue: Prepare 0.1% toluidine blue (Sigma, cat.
#T3260) solution in 30% methanol (see Note 4).
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3. DAPI: Prepare 1 μM DAPI (Molecular Probes, cat. #D1306)
solution in water (see Note 5); store at 4 �C for 1 year.

4. Tris-Glycine buffer: 3.03 g/l Tris base, 14.41 g/l glycine, 2 g/l
sodium azide; store at 4 �C for 1 year.

5. 3% Glutaraldehyde in PBS (500 ml): Combine 60 ml 25%
glutaraldehyde (Sigma, cat. #G6257), 390 ml distilled water,
and 50 ml 10� PBS; store at room temperature for 2 years (see
Note 6).

6. F-actin stain: Phalloidin conjugated to Alexa Fluor 488
(Molecular Probes, cat. # A12379).

7. Stainless steel fine point forceps.

8. Razor blades.

9. Microscope slide.

10. Inverted microscope (Olympus, CKX41) equipped with a set
of objectives (4�, 10�, and 20�), eyepiece grid micrometer
(10 mm � 10 mm grid, Olympus, code 35047), epi-
fluorescence illuminator, Olympus Q Color3 Digital camera
(Olympus), and Q Capture Pro 5.1 software.

11. Phalloidin incubation buffer: 10 mM Tris, 150 mM NaCl,
0.1% Triton X-100, 1% BSA and 1% goat serum, pH 7.4.

12. Blocking buffer: 10 mM Tris, 150 mM NaCl, 0.1% Triton
X-100, 1% BSA and 1% goat serum, pH 7.4.

3 Methods

3.1 Method for

Culturing Endothelial

Cells

1. Pre-warm 1� HeBS, M199, FBS, and endothelial growth
medium at 37 �C in a water bath.

2. Coat four 75-cm2 tissue culture flasks with 10 ml of sterile 0.1%
gelatin in HeBS for 30 min at room temperature.

3. Thaw 2 ml trypsin and wash ECs with 14 ml warm HeBS.
Aspirate HeBS and then add 2 ml trypsin to endothelial mono-
layer and incubate for 1 min at 37 �C. After removing from
incubator, gently tap the flask to loosen cells, and add 2 ml FBS
and 6 ml M199 to neutralize the trypsin and suspend the cells
(see Note 7).

4. Collect the cell suspension in a 15-ml centrifuge tube. Spin at
350 � g for 3 min.

5. After centrifugation, aspirate supernatant and resuspend in
4 ml endothelial growth medium.

6. Aspirate gelatin and add 14 ml of endothelial growth medium
and 1 ml of cell suspension to each flask.

7. HUVEC should be passaged once a week. Three or four days
after passaging, change the medium by aspirating conditioned
medium and replacing with 15 ml of endothelial growth
medium.
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3.2 Method for

Stimulating EC

Invasion with S1P,

WSS, GFs, and FN

1. Replace the medium with 15 ml of fresh endothelial growth
medium 1 day prior to performing 3D cultures.

2. Calculate the volume of collagen gel needed for the experiment
(47 μl of gel per well � number of wells needed), and prepare
all components according to guidelines in Table 1.

3. Prepare humidified chambers and silicone molds on 2 � 3 inch
glass slides to generate 8 well chambers for collagen matrices
per slide.

4. Place silicone molds on cold block to prevent collagen
polymerization.

5. Add the needed amount of collagen in a pre-chilled 50 ml
conical sterile centrifuge tube and place the tube on ice (see
Note 8).

6. Add 10� M199, mix gently ten times, and place the tube back
on ice.

7. Add 5 N NaOH, mix gently ten times, and place the tube back
on ice (see Note 9).

8. Add M199 and mix thoroughly.

9. Add S1P, mix again, and place on ice (see Note 10).

10. Add VEGF, bFGF, and FN. Mix again and return to ice.

Table 1
Recipe for preparing 3.75 mg/ml collagen I matrices

Reagent 1 ml 2 ml 3 ml 4 ml 5 ml

Collagen Ia 525 μl 1,050 μl 1,575 μl 2,100 μl 2,625 μl

10� M199 58.5 μl 117 μl 175.5 μl 234 μl 293 μl

5 N NaOH 3.15 μl 6.3 μl 9.45 μl 12.6 μl 15.8 μl

1� M199 413 μl 826 μl 1,239 μl 1,652 μl 2065 μl

S1Pb 8 μl 16 μl 24 μl 32 μl 40 μl

VEGFc 0.1 μl 0.2 μl 0.3 μl 0.4 μl 0.5 μl

bFGFd 0.1 μl 0.2 μl 0.3 μl 0.4 μl 0.5 μl

FNe 10 μl 20 μl 30 μl 40 μl 50 μl
a7.1 mg/ml Collagen I stock
b125 μM S1P stock
c40 ng/ml VEGF stock
d40 ng/ml bFGF stock
e1 mg/ml Fibronectin stock
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11. Load 47 μl collagen mixture into each open well in the silicone
mold (see Note 11) and cover each well with a single silicone
cover prior to polymerization.

12. Place the slides in a humidified chamber and transfer to an
incubator (37 �C, 5% CO2) for 45 min before seeding the cells.

13. Pre-warm HeBS, M199, and FBS for trypsinizing cells.

14. Following equilibration of collagen matrices, trypsinize endo-
thelial cells as described above in Sect. 3.1. Spin at 350 � g for
3 min at room temperature.

15. Resuspend the cell pellet with 1 ml M199 and take a 20 μl
aliquot for counting using the cell counter. Adjust density to
50,000 cells per 100 μl. If necessary, spin again at 350 � g for
3 min at room temperature before resuspending.

16. Allow the cells to attach for 1 h before mixing briefly to allow
even population of the surface of the collagen matrices (see
Note 12).

17. Assemble parallel plate flow chambers and pump head and
prime the line (see Note 13) with M199 containing RSII
(1:250) and ascorbic acid (50 μg/ml).

Fig. 1 Photograph illustrating the main components of the system for applying controlled levels of WSS to
ECs seeded on the surface of collagen matrices. The motor and pump head are connected to parallel plate
flow chambers arranged in series using standard laboratory tubing. A media reservoir is infused with 5%
CO2 to maintain physiological pH. The entire system is housed in an incubator maintaining the temperature
at 35.5 �C

106 Camille L. Duran et al.



18. After 2 h of cell attachment, assemble flow chambers and
connect pump head, as shown in Fig. 1.

19. Apply WSS at 5.3 dyn/cm2 to induce sprouting. The WSS
magnitude is calculated as τ ¼ μQ/wh2, where τ is WSS, μ is
fluid viscosity (0.7 cP),Q is flow rate, w is the width of the flow
channel (29.21 mm), and h is the height of flow channel,
dictated by a silicone spacer. The culture medium flow is pro-
moted by a sterile continuous-flow loop, and flow rate is con-
trolled with the pulse-free gear pump (Cole-Parmer) and
monitored with the ultrasonic tubing flow sensor (Transonic
Systems). The entire system is established in a standard 37 �C
tissue culture incubator.

20. Prior to placing in the incubator, infuse the media reservoir
with 5% CO2 to maintain proper pH of culture medium.

21. Fix at various time points to analyze cell morphology and
signaling responses.

3.3 Method for

Visualizing Endothelial

Cell Invasion with

Toluidine Blue Staining

1. Take apart flow chamber in 1� PBS solution. Remove excess
fluid and fix samples by adding 200 μl of 3% glutaraldehyde to
each collagen matrix (see Note 14). Incubate overnight in a
humidified chamber.

2. Remove glutaraldehyde and incubate with toluidine blue solu-
tion for 15 min at room temperature. Remove stain and rinse
with water for 5 min.

3. Samples are now ready to be photographed and quantify inva-
sion density (see Sect. 3.5 below), as shown in Fig. 2a, b,
respectively. Note that S1P synergizes with growth factors
(GF), fibronectin (FN), and 5.3 dyn/cm2 WSS to promote
the most robust invasion (Fig. 2b).

4. This experimental system allows varying of culture conditions
to demonstrate that EC invasion stimulated by S1P and WSS is
enhanced by the addition of FN, GF, and GF + FN (Fig. 3).

3.4 Method for

Visualizing Endothelial

Cell Invasion with

Phalloidin Staining

1. Take apart flow chamber in 1� PBS solution. Remove excess
fluid and add 2 ml of 4% paraformaldehyde in PBS (see Note
14) to cover all eight samples in each chamber. Incubate
30 min at room temperature.

2. Collect paraformaldehyde and dispose in the proper container.
Quench the fixation reaction with 2 ml Tris-Glycine and incu-
bate for 20 min at room temperature. Perform this step twice.

3. Remove collagen matrices from silicone molds. Slice gels
before permeabilizing using a razor blade and glass slide.
If necessary, samples can be stored in Tris-Glycine solution
long term at 4 �C.
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4. Transfer gels to a 24 well plate. Permeabilize gels in 500 μl of
0.5% Triton X-100 in PBS with constant rotation for 30 min at
room temperature.

5. Block gels overnight in Blocking buffer at 4 �C in 24 well
plates, 500 μl/well.

6. Prepare Alexa 488-Phalloidin staining solution (1:200) in
blocking buffer containing 10 mM Tris, 150 mM NaCl, 0.1%
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Fig. 2 S1P, GF, FN, and WSS synergize to induce the most robust sprouting responses. A monolayer of
endothelial cells (ECs) were seeded on the upper surface of solidified collagen matrices containing 1 μM
sphingosine 1-phosphate (S1P) combined with 10 μg/ml fibronectin (FN) and 4 ng/ml VEGF and bFGF (GF).
Cells were exposed to no flow (0 dyn/cm2) or flow (WSS applied at 5.3 dyn/cm2) for 24 h. Invasion occurs when
ECs leave the monolayer and enter the 3D collagen matrix, forming sprouts. (a) Representative photographs
illustrating invasion responses. Images taken show an en face view of the monolayer (Depth 1) and underlying
invading structures (Depth 2), as well as a side view of invading ECs after 24 h. Scale bars in top and middle
panels represent 100 μm. Scale bar in bottom panels represents 200 μm. (b) Quantification of the average
number of invading sprouts per field (+/� st.dev.) after 24 h. Distinct lowercase letters indicate statistically
significant differences between treatment groups calculated with a one-way ANOVA and Tukey’s HSD post-
test with p < 0.05
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Triton X-100, 1% BSA, and 1% goat serum. Incubate five slices
in 100 μl in a 96 well plate. Incubate for 1 h at room tempera-
ture with constant mixing and protect from light.

7. Transfer gels to a 24 well plate and wash twice with 500 μl of
0.1% Triton X-100 for 1 h.

8. Remove wash buffer and replace with 500 μl fresh buffer. Add
DAPI at 1:10 to each well (see Note 14). Incubate for 30 min
at room temperature with constant rotation and protect from
light.

9. Image samples using confocal microscopy or other suitable
method.

10. The above-described experiments in Figs. 2 and 3 report inva-
sion responses that were observed after treatment with S1P,
WSS, and other pro-angiogenic factors for 24 h. Using

WSS + S1P + FN WSS + S1P + GF + FNWSS + S1P + GFWSS + S1PA
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Fig. 3 FN and GF enhance S1P and WSS-induced sprouting responses. Collagen matrices were prepared with
S1P, S1P + FN, S1P + GF, or S1P + GF + FN (see Table 1). Cells were seeded on surface of polymerized
collagen matrices and 5.3 dyn/cm2 WSS was applied for 22 h. (a) Representative photographs illustrating
invasion responses. Images taken show an en face view of the monolayer, as well as a side view of invading
ECs. Scale bars represent 100 μm. (b) Quantification of the average number of invading sprouts per field (+/�
st.dev.) after 22 h of invasion. Distinct lowercase letters indicate statistically significant differences between
treatment groups calculated with a one-way ANOVA and Tukey’s HSD post-test with p < 0.05
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phalloidin staining as described above, it can be observed that
S1P appears to stimulate early invasion responses after only 2 h
in culture (Fig. 4), demonstrating S1P provides a necessary
stimulus to initiate EC sprout formation.

3.5 Quantifying

Invasion Density

1. Remove the destaining water from the wells to be quantified
and replace with fresh water.

2. Cover the wells with a clean coverglass to remove meniscus and
place the glass on microscope stage.

3. Center the well using low magnification, and then observe area
to be quantified using a 10� or 20� objective. Insert eyepiece
containing a mounted reticle that displays a 10 � 10 square
grid in the field of interest.

4. Record the number of invading cells by visualizing toluidine
blue stained cultures. Starting with a focal plane on the mono-
layer, lower the objective, and count the number of structures
underneath the noninvading monolayer in a 2 � 2 grid area.

5. Repeat for the entire grid area. Present data as the average
number of invading cells per area analyzed (in mm2). Using
the Olympus microscope and equipment described, a 10�
objective with eyepiece reticle quantifies an area of 1 mm2,
while a 20� objective measures 0.25 mm2.

Fig. 4 S1P consistently initiates EC sprouting into collagen matrices. ECs were seeded onto 3D collagen
matrices containing nothing (no treatment), or the indicated combinations of GF, FN, and S1P. Cells were
treated �/+ 5.3 dyn/cm2 WSS for 2 h, then fixed and permeablized. Cells were stained with FITC-conjugated
phalloidin (green) and DAPI (blue) and imaged using confocal microscopy. Scale bars represent 10 μm. Top
panels show en face view of EC monolayers and bottom panels show a side view of invading sprouts. Images
shown are 3D images of the entire field rotated 90 degrees
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4 Notes

1. Acetic acid can cause severe skin and eye burns. Vapor is irritat-
ing to eyes and respiratory tract. Harmful if swallowed. Wear
goggles and gloves.

2. NaOH is highly toxic and caustic, and should be handled with
great care. Wear appropriate gloves and a face mask.

3. Paraformaldehyde is highly toxic and may be a carcinogen. It is
harmful to the skin, eyes, mucous membranes, and upper
respiratory tract if ingested. Avoid breathing the dust or
vapor. Wear appropriate gloves and safety glasses and use in a
chemical fume hood. Keep away from heat, sparks, and open
flame.

4. Toluidine blue solutions will stain skin and clothes. Protective
labware is needed.

5. DAPI is a known mutagen and should be handled with care.

6. Glutaraldehyde is highly irritating to eyes and all mucous
membranes and should be handled in a fume hood.

7. Do not allow cells to contact trypsin for more than 60 s at
37 �C.

8. Collagen solution is viscous. To add the indicated amount of
collagen, first add that volume of M199 in a sterile 50-ml
conical centrifuge tube and mark the volume needed with a
fine-point marker. Remove M199 and place the tube on ice to
chill. The tube should be ice-cold before adding collagen to the
line marked on tube.

9. The pH should change completely from acidic (yellow) to basic
(magenta color). Make sure that no yellow is visible before
continuing.

10. Avoid introducing air bubbles into the collagen mixture. Alter-
natively, once all components are added, use a hand-held
pipette to take up the mixture andmix evenly ten times without
introducing air bubbles into the mixture. If there are any
bubbles in the tube, make sure that the pipette tip is below
the bubbles when taking up the collagen mixture.

11. Avoid introducing bubbles between silicone covers and colla-
gen matrices. If this occurs, remove collagen completely and fill
with new collagen solution.

12. Mix cells carefully after seeding by pipetting a 60 μl volume
twice to ensure even seeding of the monolayer. Avoid intro-
duction of air bubbles and do not puncture or damage the
collagen matrix with the pipette tip.
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13. Prime line just before addition of cells. Avoid introduction of
air into the tubing and parallel plate flow chambers while
assembling the chambers.

14. DAPI, paraformaldehyde, and glutaraldehyde are potentially
harmful substances. Handle with care and dispose of waste
properly.
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Abstract

Sphingosine-1-phosphate (S1P) is a bioactive lipid that modulates migratory behavior of cells during
embryonic development. In addition, S1P might promote tumor progression by enhancing migratory
ability and invasiveness of tumor cells. Migration is a complex process that implies cytoskeletal reorganiza-
tion and formation of structures that enable cell movement. Besides having similar requirements than
migration, invasion also involves proteolytic degradation of extracellular matrix (ECM). Matrix metallo-
proteases (MMPs) have been identified to break down components of the ECM, allowing cancer cells to
spread out of the primary tumor. In this chapter, we will describe different techniques to study migration
and invasion induced by S1P. To this end, we include detailed protocols of end-point assays to study
migration/invasion, and zymography assay to analyze MMP-2 and MMP-9 activity that were standardized
in our laboratory in human melanoma cell lines.

Keywords Boyden Chamber, Invasion, Melanoma, Migration, Sphingosine-1-phosphate, Transwell,
Wound healing, Zymography

1 Introduction

Over the last years, several studies confirm the participation of
sphingosine-1-phosphate (S1P) in enhancing cancer cell prolifera-
tion, preventing apoptosis, increasing drug resistance, and stimu-
lating tumor angiogenesis, thus promoting tumor progression [1,
2]. S1P is produced inside the cells by the action of sphingosine
kinases (SphK1 and SphK2) and may function as an intracellular
messenger or in an autocrine/paracrine fashion to activate five G-
protein-coupled S1P receptors called S1PR1-5 [3]. Although many
evidences point to a role of S1P in cell motility, its involvement in
regulation of migration and invasion is not clear. S1P could posi-
tively or negatively regulate cancer cell migration and invasion
depending on the S1PRs involved and the intracellular signaling
pathways triggered by them [4–6]. For example, activation of
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S1PR1 and S1PR3 promotes, while engagement of S1PR2 inhibits
cell migration [3].

Migration constitutes an essential feature of cells and is
required for many biological processes, including embryonic devel-
opment, immune response, and cancer metastasis. The process of
migration in cultured cells involves polarization, change of cell
morphology, and the establishment of a front and a rear face. In
turn, intense local actin polymerization generates a protrusive
structure in the direction of the migration resulting in membrane
expansion with the establishment of new contacts to the substra-
tum that trigger the traction to the rest of the cell body [7, 8]. It is
important to appreciate that cell migration can implicate aug-
mented random motility due to a chemical stimulus (chemokin-
esis), or increased migration toward a chemoattractant gradient
(chemotaxis).

Once the tumor cells start to move, invasive mechanisms are
activated to lead the malignant cells to extravasation and metastasis.
Therefore, it is clear that migration is a necessary condition for
invasion: a cell cannot invade if it does not move first. Metastasis
causes the majority of deaths by cancer and is a complex process
that involves many steps, essentially invasion of the extracellular
matrix (ECM), migration through blood vessels, and colonization
of distant tissue to form a secondary tumor [9, 10]. This pattern
requires expression of several proteins like metalloproteases MMP-
2 and MMP-9, which are responsible to break down the ECM
where the tumor mass is established.

In virtue of the previous evidences, it is apparent that the
development of methods to examine cell migration and invasion
are critical to achieve a better understanding of cancer progression.
Here, we describe different in vitro methods to study S1P-
regulated cell migration and cell invasion of melanoma cells avail-
able in our laboratory. It is important to have in mind that the
assays described here do not completely resemble the processes of
migration and invasion, but may offer a significant hint of the role
of S1P in both mechanisms.

Wound Healing Assay (WHA): This method is an economical test
that resembles cell migration during wound healing in vivo. The
assay is reproducible and does not require any special equipment;
thus, it may be performed in most laboratories. The method
involved the generation of a wound in a monolayer of confluent
cells with a pipette tip. The cells on the border of the wound will
migrate to cover the wound. This method has two main drawbacks:
(1) since there is no need for ECM degradation, it is not suitable to
evaluate cell invasion and (2) considering that there is no chemical
gradient in the culture plate, migration occurs by chemokinesis and
not chemotaxis.

Transwell and Modified Boyden Chamber Assays: These are “single
cell” migration and invasion assays; there is no need of cell–cell
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contacts and cells migrate independently. Both methods can be
used to study chemokinesis or chemotaxis and consist in two cham-
bers separated by a porous membrane constituting a physical barrier
that cells has to overcome. For chemotaxis analysis, the attractant
should be included only in the lower chamber, while for chemokin-
esis examination is added at equal concentrations on both cham-
bers. The upper chamber always contains the cell suspension that
migrates to the lower compartments following a proper incubation
time. Once the cells pass through the membrane, they adhere to it
and can be fixed and stained for quantification.

The modified Boyden Chamber consists of two chambers sepa-
rated with a cell-permeable membrane [11]. In our case in particular,
we used a 48-well modified Boyden Chamber. On the other hand, the
Transwell assay consists of a permeable cell culture insert nested inside
the well of a culture plate. The inserts are separated from the wells by a
defined-size porous membrane creating a two chamber system. In
both methods the membrane is previously coated with fibronectin to
assess cell migration or with Matrigel®, a commercially available mix of
extracellular proteins, to study cell invasion.

Gelatin Zymography: This is an economic assay that allows the detec-
tion of active MMP-2 and MMP-9 secreted to the culture medium.
Because no special equipment or reagents are needed, it might be
performed in most laboratories. The technique is an electrophoretic
approach based on the ability of MMP-2 and MMP-9 to degrade
gelatin present in a matrix of polyacrylamide copolymerized with
gelatin. This assay does not strictly allow establishing invasiveness
capability, but can provide information about the ability of a S1P to
induce the reassemble of ECM. Furthermore, it should be noticed
that the method described in this chapter permits to detect only
active MMP-2 and MMP-9, but other MMPs and proteases might
also be secreted and promote ECM changes. Other MMPs mem-
bers can also be assayed by similar methods using specific substrates.

In summary, the different tests described here are useful to study
the role of S1P in migration and invasion of different cultured cells.

2 Materials

All solutions must be prepared with distilled water and analytical
grade reagents. Store the solutions at room temperature (RT)
unless otherwise indicated.

1. 100 mm culture petri dishes (Corning Incorporated, Corning,
NY, USA; Cat. N� 430293).

2. Phosphate buffered saline (PBS): 10 mM NaH2PO4, 10 mM
Na2HPO4, 120 mM NaCl, pH 7.4. Store at 4 �C.

3. Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA.
Cat N� 12100-046). Store at 4 �C.
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4. Minimum essential medium (MEM, Gibco, USA; Cat. N�

61100-061). Store at 4 �C.

5. Fetal bovine serum (FBS, Natocor, Córdoba, Argentina). Store
at �20 �C.

6. Trypsin solution (1/250 activity, 0.5 mMEDTA). Store at 4 �C.

7. Neubauer chamber.

8. Sphingosine-1-phosphate, D-erythro (Enzo Life Sciences,
Farmingdale, NY, USA. Cat N� BML-SL140). Prepare a
10 μM S1P working solution according to the manufacturer
recommendations. Briefly, dissolve lyophilized S1P in absolute
methanol (Merck, Germany) to obtain a 1 mM S1P stock solu-
tion. Sonicate stock solution until S1P is completely suspended
(the solution will be cloudy but no obvious suspended particles
should be visible). S1P stock solution can be aliquoted and
conserved at �20 �C for at least 1 year. Before the assay, transfer
the desired amount of S1P stock solution into a siliconized glass
tube and evaporate methanol under an atmosphere of dry nitro-
gen or in the hood. Add DMEM supplemented with bovine
serum albumin (BSA) 0.4% (BSA, fatty acid, and γ-globulin free;
Sigma, St. Louis, MO, USA) to prepare a 10 μM S1P work
solution. Perform four cycles of vortex and bath sonication,
1 min each. S1P working solution can be later properly diluted
in serum-free DMEM or MEM to perform each assay. In our
experience this solution is stable for 1 week when stored at
�20 �C.

2.1 Migration Assays

2.1.1 Wound Healing

Assay

1. SkMel2 melanoma cell line.

2. 12-well plates.

3. Yellow pipette tips (20–200 μl).
4. Photographic camera.

5. Image Analysis Software (ImageJ).

2.1.2 Transwell Assay 1. Lu1205 melanoma cell line.

2. Transwell® Permeable Supports, polycarbonate inserts, 6.5 mm
membrane diameter, 8 μm membrane pore size (Corning
Incorporated, Corning, NY, USA; Cat. N� 3422).

3. 0.1% crystal violet in 20% ethanol.

4. Ice-cold absolute methanol.

5. Distilled water.

6. Cotton swabs.

7. 10% acetic acid/PBS (v/v) solution.

8. Plate spectrophotometer (Epoch, Biotek Instruments, USA).

120 Melina G. Castro et al.



2.1.3 Modified Boyden

Chamber Assay

1. M2 melanoma cell line.

2. 48-well Micro Chemotaxis Chamber (Neuroprobe, Gaithers-
burg, MD, USA; Cat. N� AP48).

3. 8 μm diameter pore polycarbonate membranes 25 � 80 mm
(Neuroprobe, Cat. N� 417-0014). Diameter pore of the mem-
brane should be selected empirically to suit the shape and size of
the cells to be used (see Note 1).

4. 10 μg/ml fibronectin (Sigma, St. Louis, MO, USA; Cat. N� F-
0895) solution prepared in PBS. To perform the membrane
coating, add fibronectin solution in a container and place the
shiny side of the membrane in contact with the solution over-
night at 4 �C. Next day hang the membrane with a clamp and
air-dry at RT.

5. Absolute methanol.

6. Toluidine blue staining solution: 1% toluidine blue, 1%
Na2B4O7�10H2O.

7. Cotton swabs.

8. Forceps.

9. Containers to perform the membrane staining.

2.2 Invasion Assays

2.2.1 Modified Boyden

Chamber

1. M2 melanoma cell line.

2. 48-well Micro Chemotaxis Chamber (Neuroprobe, Gaithers-
burg, MD, USA; Cat. N� AP48).

3. Staining solution: 0.5% Coomassie R-250 dissolved in 5% meth-
anol/10% acetic acid solution.

4. Decoloring solution: 10% methanol/5% acetic acid.

5. 8 μm diameter pore polycarbonate membranes 25 � 80 mm
(Neuroprobe, Cat. N� 417-0014) (see Note 1). Membrane
should be coated with Matrigel® prepared according to manu-
facturer instructions (Corning, Matrigel® Growth Factor
Reduced Cat N� 356231). Matrigel® is a solubilized basement
membrane preparation extracted from a mouse sarcoma [12]. It
is hazardous and very thermosensitive; thus it should be
prepared in sterile conditions and using an ice bath. Appropriate
aliquots should be preserved at 20 �C.

(a) Membrane coating.

Before coating the membrane, be sure to have all the sterile
materials at 4 �C since Matrigel® is very sensitive and
polymerize at RT. First, thaw a Matrigel® aliquot ON at
4 �C on an ice bath. Then, dilute Matrigel® in serum-free
(SF) culture medium (appropriate dilution range is
between 1:3 and 1:10 and should be determined empiri-
cally according to the cell line employed; see Note 2) and
keep the solution on ice. Next, place the Matrigel® solution
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using cooled tips on a glass surface since plastic may inter-
fere with Matrigel® polymerization. Quickly set the poly-
carbonate membrane onto the Matrigel® with the brilliant
surface in contact with the solution. Immediately, remove
the membrane and place on a glass surface with the brilliant
surface up. Allow Matrigel® to polymerizate during 48 h in
the hood. Before using, rehydrate the membrane in serum-
free culture medium.

(b) Polymerization control.
Cut a piece of the Matrigel®-coated membrane to stain
with a solution of Coomassie Brilliant Blue R-250 (see
Sect. 2.2.1, item 3). After rehydration step, stain the mem-
brane with 0.5% Coomassie Brilliant Blue R250 solution
for 2 h and then perform destaining with decoloring solu-
tion (see Sect. 2.2.1, item 4). Membrane should be uni-
formly blue stained indicating that the membrane is
properly coated.

6. Absolute methanol.

7. Toluidin blue staining solution: 1% toluidine blue, 1%
Na2B4O7�10H2O.

8. Cotton swabs.

9. Forceps.

2.2.2 Gelatin

Zymography Assay

1. Fresh M2 melanoma cell line soluble supernatant (see Note 3).
To obtain the supernatant, culture 1 � 105 M2 melanoma cells
in MEM 10% FBS for 48 h (the amount of cells will depend on
the cell line employed and should be determined in each case).
Serum starve the cells ON and stimulate with 100 nM S1P for
24 and 48 h. Collect supernatant in sterile microtubes and
centrifuge at 500 � g 5 min at 4 �C to eliminate cells and debris.
Finally, transfer the supernatant to a microtube and preserve the
samples at �80 �C (see Note 4). Do not add protease inhibitor.

2. Sample buffer 4�: 250 mM Tris–HCl pH 6.8 containing 40%
glycerol, 8% SDS, 0.01% bromophenol blue. Store aliquots at
�20 �C.

3. 8% Polyacrylamide gels copolymerized with porcine gelatin type
A (final concentration 1 mg/ml, Sigma; Cat N�G1890). Prepare
a stock solution of 10 mg/ml gelatin in distilled water and
incubate at 37 �C for 30 min. Before use, make sure that gelatin
is completely dissolved. This solution is stable for 1 week. Poly-
acrylamide gels should be prepared according to standard pro-
tocols [13].

4. Cold running buffer: 25 mM Tris, 192 mM glycine, 0.1% SDS.

5. Renaturing buffer: 50 mM Tris–HCl pH 7.6, 2% Triton X100.
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6. Developing buffer: 50 mM Tris–HCl pH 7.6, 5 mM CaCl2,
150 mM NaCl, 0.02% NaN3.

7. Staining solution: 0.5% Coomassie R-250 dissolved in 5% meth-
anol/10% acetic acid solution.

8. Decoloring solution: 10% methanol/5% acetic acid.

9. Plastic material: tips and plastic recipients.

3 Methods

3.1 Migration Assays

3.1.1 Wound Healing

Assay

1. In a 12-well culture plate establish the area that will be used to
asses migration. To this end, mark the bottom of the plate with
two indelible lines for each well (Fig. 1a). Seed a homogeneous
suspension of 20 � 104 SkMel2 cells/well in the labeled plate.
Cells are cultured in DMEM supplemented with 10% FBS. Be
sure that next day the cell culture is 100% confluent (see Notes
5–8).

2. Next day, make a scratch with a yellow pipette tip in one flowing
movement on the center of the cell layer positioning the tip at
45� from the plate surface. The scratch should be in perpendic-
ular direction respect to the indelible marks (Fig. 1a and Note
9).

3. Wash twice with PBS to remove the detached cells and the
culture medium. This step should be done very quickly and
carefully. Attention must be paid to add the PBS by the walls
of the well, never onto the cell layer.

4. Add the corresponding stimuli to the cells. We used S1P
100 nM, 1 μM, 0.4% BSA and 10% FBS as positive control.
Afterward, take pictures above and below the two indelible mark
(4 pictures by well) to calculate the size of the beginning wound
(0 h) (Fig. 1a). Place the plate in a CO2 incubator at 37

�C.

5. After 18 h, take pictures to establish the migrated space.

6. Analyze the pictures with imaging software. We used the ImageJ
software (https://imagej.nih.gov/ij/index.html). Measure the
scratch width (SW) in three different positions and calculate the
mean for each picture (Fig. 1b).

7. Subtract the final width over the initial width and analyze the
data respect to the control (0.4% BSA) (see Note 10) (Fig. 2a).

3.1.2 Transwell Assay 1. Seed Lu1205 melanoma cells in DMEM supplemented with
10% FBS and allow them to grow until 95% confluence.

2. Starve Lu1205 cells from FBS overnight (ON).

3. Detach cells from the plate by washing with PBS and incubating
2–3 min with trypsin solution. Inactivate the trypsin with
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DMEM 10% FBS and dilute in DMEM SF. Centrifuge 8 min at
700 � g to collect the cells. Count cells in Neubauer Chamber
and adjust with DMEM SF to prepare homogenous suspensions
of 1.25 � 105 cells/ml.

Fig. 1 Establishment of SkMel2 melanoma cell line migration time by wound healing assay. (a) Two indelible
marks were made in each well on the bottom of the plate. SkMel2 cells were cultured until 100% confluence
and scratch performed as described in the text. Four photographs were taken above and below each indelible
mark (1–4). (b) Representative pictures taken after 0, 12, 18, and 24 h incubation. The scratch width (red
lines) was measured at three different parts along the scratch. (c) Quantification of the data. According to this
data we established the closure time at 18 h. The results are shown as the mean � SD of three independent
experiments and were analyzed with one-way ANOVA and Bonferroni’s post test (***p < 0.001)

Fig. 2 Effect of S1P on melanoma cell migration. SkMel2 (a) and Lu1205 (b) melanoma cells were subjected to
migration assay by Wound Healing or Transwell assay respectively. Cells were treated with S1P 100 nM and
1 μM during 18 (a) or 6 h (b). 10 ng/ml EGF was used as positive control. The results are shown as the
mean � SD of three independent experiments and were analyzed with one-way ANOVA and Bonferroni’s post
test (*p < 0.1; **p < 0.01)
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4. Plate 200 μl of cell suspension (25 � 104 cells) on each insert.
Incubate 10 min at 37 �C to allow the cells to settle down.

5. Add 750 μl of S1P at the desired concentrations on the lower
compartment; the stimuli should be in contact with the insert.
Avoid bubble formation and do not move the insert.

6. Incubate 6 h in a CO2 incubator at 37 �C. The migrated cells
will attach to the bottom of the insert.

7. Remove the insert and perform a crystal violet staining as
follows:

(a) Submerge the insert in PBS solution and clean the upper
side containing the cells that did not migrate with a cotton
swab. Be careful to not break the membrane. Repeat it
twice.

(b) Place the insert in a clean well filled with 500 μl of cold
methanol to fix the cells. Incubate during 15 min at 20 �C.

(c) Wash the insert as described in step a.

(d) Place the insert in a clean well filled with 500 μl of 0.1%
Crystal. Incubate 20 min at RT.

(e) Repeat step a and let the insert dry at RT.

8. Observe the inserts under an inverted microscope at 20� mag-
nification. Count the cells in at least five fields and average the
number (see Note 11) (Fig. 2b).

3.1.3 Boyden Chamber 1. Since this method may be used to estimate both migration and
invasion, we will describe it only once and remark the differ-
ences when proper.

2. Culture M2 melanoma cells in MEM 10% FBS in 100 mm
plates during 48 h or until 80–90% confluence. To optimal
stimulation of migration, cells should be serum-starved ON.
Detach cells from the plate by washing with PBS and incubat-
ing 2–3 min with trypsin solution. Inactivate the trypsin with
1 ml of MEM 10% FBS. Quickly dilute the cell suspension in
9 ml of MEM SF since FBS is a source of S1P that may interfere
in the experiments. Centrifuge 5 min at 500 � g to collect the
cells. Count and dilute the cells in MEM SF to prepare homog-
enous suspensions of 1 � 106 cells/ml.

3. Add in triplicates 29.5 μl (28–30 μl are optimal) of S1P in the
lower wells of the chamber. This step should be performed
quickly and carefully to avoid bubbles formation (see Note
12). Care should also be taken to avoid overloading the wells
since cross-contamination may occur.

4. Use different concentrations of S1P ranging from 0.1 nM to
1 μM dissolved in MEM SF.
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5. Include wells containing MEM SF with the appropriate
amount of BSA (according to the S1P concentrations to be
tested) to use as negative controls.

6. To establish whether S1P induces chemotaxis, chemokinesis, or
both, you can add different gradients or identical concentra-
tions in the upper and lower wells of the Boyden Chamber (see
Note 13).

7. Carefully take the membrane, coated with fibronectin to study
migration (see Sect. 2.1.3) or with Matrigel® to analyze inva-
sion (see Sect. 2.2.1) with two clean forceps. Place the mem-
brane with the brilliant surface up on the top of the wells
already filled with the chemo-attractants. Once the membrane
is on place, it should not be moved because it could lead to
cross-contamination of the wells.

8. Quickly assemble the upper chamber, applying pressure and
adjust the device with the screws provided.

9. Load 50 μl of the cell suspension prepared in step 1
(5 � 104 cells/well) on the upper wells. Care should be taken
to avoid bubble formation.

10. To study migration, incubate 6 h in a humidified atmosphere
(37 �C and 5% CO2). To analyze invasion, incubate 24 h in the
same conditions. The proper incubation time should always be
determined experimentally.

11. Disassemble the device and mark the membrane to remember
the adequate position (see Note 14).

12. Place the membrane on a container and fix with methanol
during 5 min.

13. Discard the methanol, add the Toluidin staining solution, and
incubate 5 min.

14. Wash several times with distilled water and use a cotton swab to
remove the cells that did not migrate or invade (brilliant face of
the membrane).

15. Hang the membrane with a clamp and air-dry at RT.

16. Scan the membrane and analyze the results using imaging
software (Fig. 3). In our laboratory, we use the software
Image Studio Lite 5.2 (LI-COR Biosciences, Lincoln, NE,
USA), which is available for free download.

3.2 Invasion Assays

3.2.1 Zymography

Assay

1. Mix the M2 supernatant culture medium with sample buffer 4�
and incubate 15 min at RT. Do not heat.

2. Load the samples (30 μl/well) in an available protein electro-
phoresis apparatus. Run the gel at 4 �C (start with 80 V for
15 min and then 100 V for 90 min or until the bromophenol
blue dye reaches the bottom of the gel) (see Note 15).

126 Melina G. Castro et al.



3. Carefully remove the gel from the electrophoresis apparatus and
wash it gently with distilled water to eliminate SDS residues.
Then, incubate the gel with renaturing buffer in a rocking
platform for 1 h at RT. Replace the buffer every 15 min.

4. Place the gel on developing buffer and incubate in a rocking
platform for 30 min at RT. Replace the buffer and incubate the
gel at 37 �C for 18–48 h in a closed tray. In our case, for M2
melanoma cells, we incubated for 48 h, but the right time should
be determined empirically.

5. Decant developing solution and wash the gel with distilled
water. Add Coomassie R-250 solution and perform the staining
for 2 h at RT with mild agitation until the gel gets uniformly
blue dark. Save the staining solution because it might be reused
several times.

6. Destain the gel with decoloring buffer until gelatinolytic activity
is evidenced as clear bands in the blue background of the gel
(Fig. 4a) (see Note 16).

7. Scan the gel (see Note 17) and analyze the results with imaging
software (Fig. 4b). We employed Image Studio Lite 5.2 (LI-
COR Biosciences, Lincoln, NE, USA).

Fig. 3 Analysis of migration in the modified Boyden Chamber. (a) Migration assay was performed as described
with M2 melanoma cells in a 48-well Boyden Chamber. (b) Representative photography of a stained
membrane after 6 h incubation. (c) Quantification of migration using Image Studio Lite 5.2 software. The
results are shown as the mean � SD of three independent experiments and were analyzed with one-way
ANOVA test (*p < 0.1; **p < 0.01)
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4 Notes

1. Choosing the right pore diameter is critical for the analysis. If
the pores are too big, nonspecific dropping of the cells will
occur; conversely, pores too small will avoid any migration
since cells will not be able to squeeze through them.

2. We suggest trying several dilutions of the Matrigel® solution to
determine the best concentration for any particular cell. High
concentrations of Matrigel® solution will make difficult for
invasive cells to go through. On the contrary, too low concen-
trations will not offer a logical barrier to differentiate between
migration and invasion.

3. Although we employed supernatant of culture medium to
perform the assay, it is also possible to use total cell lysates or
tissue homogenates. In these cases, it is unlikely to distinguish
between active MMP-2/9 and zymogene forms.

4. To perform zymography, fresh supernatant medium should be
used without addition of protease inhibitor or serum since they
may inhibit MMPs activity. Furthermore, it is recommendable
to keep the samples at�80 �C no more than 2 weeks to avoid a
significant decrease in the activity of MMPs.

Fig. 4 Zymography assay. M2 melanoma cells were stimulated with 100 nM S1P
or 10 ng/ml EGF for 48 h. Fresh supernatant culture medium were obtained and
subjected to electrophoresis in polyacrylamide gels copolymerized with gelatin.
After MMP-9 activity development, gel was stained and photographed (a
representative gel is shown)
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5. Wound healing assay could be performed with different cell
lines. Tests have to be done to determine the time and number
of cells to achieve 100% confluence at the time of the assay.

6. Before performing the wound healing assay, it is important to
establish the scratch closure time of the cells that will be used.
To this purpose, we used normal culture conditions (DMEM
10% FBS) and we took pictures at different hours (0, 12, 18,
and 24 h). We established the closure time at 18 h (Fig. 1b and
c). In parallel, we carried cell viability assay (MTT assay), to
check whether or not proliferation could mask the effect
observed in the closure scratch. In our case, proliferation of
SkMel2 cells after 18 h is nonsignificant. However, for cell lines
that require over 24 h incubation time to detect significant
migration, it is convenient to use a proliferation inhibitor
(such as mitomycin C) to avoid changes in cell number that
could affect the conclusion of the assay.

7. To establish the closure time and determine the filling of the
wound, it is advisable to graph scratch width respect to time
zero (0 h) (Fig. 1c).

8. Cells that are not properly attached move to the middle of the
well and precipitate on the bottom, filling the scratch. This
could lead to a false positive migration analysis. Since this effect
is more pronounced in small wells, we strongly recommend
using plates with no more than 12 wells to perform the assay.

9. Although the method is reproducible, practice in making the
scratch is absolutely necessary. Thus, we strongly advice to take
at least four photos along the scratch and perform at least
triplicate measurements in each photo (Fig. 1a) Alternatively
you can perform the scratch with specialized culture inserts
from Ibidi (Fitchburg, WI, USA).

10. The size, width, and shape of the scratch will vary. Therefore,
after establishing the closure time (see Note 7) we recommend
making the calculations using the variation in scratch width
(SWinitial � SWfinal) and graph as relative migrated space
(Fig. 2a). A suitable alternative is to measure the area of the
scratch.

11. Alternatively, use 10% acetic acid to elute the dye and measure
the absorbance at 570 nm.

12. The volume to load in the lower chamber will be appropriate
when a small positive meniscus is formed in the well. To avoid
trapping bubbles, the liquid should be ejected with a rapid
motion, but not completely from the pipette tip.

13. To study chemokinesis S1P should be loaded at the same
concentration in both lower and upper wells. On the other
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hand, to examine chemotaxis S1P should be loaded only in the
lower well to create a concentration gradient.

14. To keep track of the membrane orientation, you can either cut
one of its corners before mounting and orient the membrane
according to the Neuro Probe trademark or make a cut after
disassembling the Boyden Chamber.

15. It is advisable to carry out the electrophoresis at 4 �C to avoid
MMPs degradation. Although it is possible to use a higher
voltage, we do not recommend exceed 120 V to prevent over-
heating the samples.

16. The proper amount of sample will depend on the MMP activ-
ity. Since the technique is not very sensitive, we recommend the
following:

(a) Always use a positive control. Several growth factors may
induce MMP activity. To this end, in our laboratory we
employ epidermal growth factor (EGF).

(b) If no clear bands are visible, load a higher amount of
sample. Eventually, concentrate the samples by ultracen-
trifugation using an appropriate filter.

(c) To improve the sensitivity of the assay, a fluorescent
matrix of FITC or rhodamine-gelatin can be used. The
gelatinolytic activity may be evidenced as dark areas in a
fluorescent background [14].

17. Alternatively, take a photograph of the destained gel and
analyze.
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Maintenance of Human Embryonic Stem Cells
by Sphingosine-1-Phosphate and Platelet-Derived
Growth Factor

Raymond C.B. Wong, Martin F. Pera, and Alice Pébay

Abstract

Human embryonic stem cells (hESCs) have historically been cultivated on feeder layers of primary mouse
embryonic fibroblasts (MEF) in a medium supplemented with fetal calf serum (FCS). However, serum
contains a wide variety of biologically active compounds that might adversely affect hESC growth and
differentiation. Thus, cultivation of stem cells in FCS complicates experimental approaches to define the
intracellular mechanisms required for hESC maintenance. This chapter describes the serum-free mainte-
nance of hESCs in culture by addition of sphingosine-1-phosphate (S1P) and platelet-derived growth factor
(PDGF). This complete protocol provides a simple alternative chemically defined serum-free system that is
relatively inexpensive and advantageous for studying signaling pathways involved in hESC pluripotency.

Keywords: Human embryonic stem cells, Platelet-derived growth factor, Serum-free medium, Sphin-
gosine-1-phosphate

1 Introduction

Human embryonic stem cells (hESCs) are pluripotent stem cells
derived from the inner cell mass of the blastocyst [1, 2]. They have
great potential for developing cell replacement therapy and as
research tools for understanding early human development.
hESCs have a tendency to spontaneously differentiate and are
difficult to maintain in vitro. The first hESC lines were initially
derived and maintained on a feeder layer of mouse embryonic
fibroblasts (MEF) in a medium supplemented with high doses of
FCS [1, 2]. However, different serum batches vary widely in their
ability to maintain hESCs, rendering the use of serum undesirable.
Secondly, serum is a complex mixture that contains compounds
that may be harmful to the growth of hESCs. Moreover, there is a
potential biosafety concern of cross species transmission of patho-
gens such as viruses if cells cultured in animal sera are subsequently
used for implantation into humans. Alternative approaches toward
a serum-free culture system have been described, such as the use of
a complex serum replacement, knockout serum replacement (KSR)
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plus basic fibroblast growth factor (bFGF) [3], or mTeSR medium
[4]. We previously demonstrated that two serum components,
sphingosine-1-phosphate (S1P) and platelet-derived growth factor
(PDGF), inhibit hESC spontaneous differentiation, maintain hESC
proliferation, and inhibit hESC apoptosis in the absence of serum
[5, 6]. Furthermore, we showed that hESC express the receptors
for S1P and PDGF, S1P1-3, PDGFR-α, and PDGFR-β [5]. We also
demonstrated a critical role of the ERK1/2 and PI3K/AKT signal-
ing pathways in mediating the antiapoptotic effect of S1P and
PDGF on hESCs. This chapter describes the procedures for long-
term maintenance of hESCs in a chemically defined serum-free
system using S1P and PDGF. This system can be used either for
short-term support in the absence of a feeder cell layer or long-term
growth in the presence of feeder cells. For short-term experimen-
tation, the system enables mechanistic studies of signaling pathways
in the absence of either FGF2 or activing. For long-term propaga-
tion, the system combines the advantages of a defined liquid
medium with the genetic stability associated with the use of
feeder cells.

2 Materials

2.1 General

(See Note 1)

1. Stereo microscope (Leica MZ6, Leica Microsystems) and
microscope stage (Leica Microsystems).

2. MEF are expanded in T75 tissue culture flasks (e.g., 75 cm2

Blue Plug Seal Cap Tissue Culture Treated, BD Falcon
#353135).

3. For hESC maintenance, we culture hESCs in organ culture
dishes, 60 � 15 mm style (35 mm culture dishes, BD Falcon
#353037).

4. Sphingosine-1-phosphate, D-erythro (Biomol, #SL140).

5. Human recombinant Platelet Derived Growth Factor-AB
(PDGF-AB; Pepro Tech Inc. #100-00AB).

6. Phosphate-buffered saline solution without calcium and mag-
nesium (PBS�) 10�: 1.37 M NaCl, 27 mM KCl, 100 mM
Na2HPO4, 18 mM KH2PO4, pH 7.4 or 1� PBS� from Invi-
trogen (Invitrogen #14190).

7. Phosphate-buffered saline with calcium and magnesium (PBS+,
Invitrogen #14040).

8. Dispase (Invitrogen, #17105-041, see Note 2).

9. Ethanol and methanol (Merck).

10. Distilled water (Invitrogen #15230-204).

11. Dulbecco’s Modified Eagle’s MediumHigh Glucose (DMEM,
Invitrogen #11960).
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12. Fetal calf serum (FCS, Invitrogen #16000).

13. Insulin-transferrin-selenium-A supplement (ITS-A supple-
ment, Invitrogen #41400, see Note 2).

14. L-glutamine (Invitrogen #25030).

15. Nonessential amino acids solution (NEAA, Invitrogen
#11140-050, see Note 3).

16. Penicillin-streptomycin (Invitrogen #15070, see Note 4).

17. HEPES buffer (Invitrogen # 15630106).

18. Mitomycin C from S. Caespitosus (Sigma-Aldrich #M0503-
10x2mg). Mitomycin C is cytotoxic, mutagenic, and carcino-
genic; appropriate safety measures must be implemented for
use and disposal of this agent.

19. β-Mercaptoethanol (Sigma #M7154).

20. 0.22 μm syringe filters (Sartorius) and 500 mL bottle filters
(Millipore).

21. Gelatin (Type A from porcine skin, Sigma #G1890). Stocks of
1 % gelatin can be made in distilled H2O, autoclaved, and
stored at room temperature.

22. 0.25 % trypsin-EDTA (Invitrogen #25200-056).

23. Bovine serum albumin, essentially fatty acid-free (BSA, Sigma
#A7030) or human serum albumin (Sigma #A3782).

24. All tissue culture procedures are performed using sterile tech-
niques in class II biological safety cabinets.

3 Methods

3.1 Preparation

of Mouse Embryonic

Fibroblasts (MEF)

Feeder

3.1.1 Preparation

of Mouse Embryonic

Fibroblasts Culture Medium

(F-DMEM)

1. Supplement DMEM with 10 % FCS, 25 U/mL penicillin
(0.5 %), 25 μg/mL streptomycin (0.5 %) and 2 mM
L-glutamine.

2. Mix well, sterilize using a pre-wet 0.22 μm filter, and store at
4 �C.

3.1.2 Preparation

of Mitomycin C Solution

1. Dissolve 2 mg of mitomycin C in 4 mL of distilled H2O
(0.5 mg/mL final).

2. Filter sterilize using 0.22 μm filter.

3. Keep solution protected from light and store at 4 �C.

4. When ready to use, dilute to 10 μg/mL in F-DMEM.
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3.1.3 Preparation

of Trypsin-EDTA Solution

1. Dilute 0.25 % trypsin-EDTA with PBS� to obtain 0.05 %
working stock.

2. Filter sterilize, aliquot, and store at 20 �C. Once thawed, it is
recommended that an aliquot should be used within a week.

3.1.4 Gelatinized Plates

for Culturing MEF

1. Stock solutions of gelatin are diluted to 0.1 % using distilled
H2O and filter sterilized.

2. Coat plates with 0.1 % gelatin and keep at room temperature
for at least 20 min.

3. Aspirate the gelatin solution. Plates are now ready to use for
plating cells.

3.1.5 Derivation of MEF MEF are isolated from decapitated and eviscerated late midgesta-
tion mouse fetuses from E12.5–14.5 embryos. Usually about three
embryos are used to obtain a confluent T75 flask of fibroblasts:

1. Extract embryos from placental tissue.

2. Remove head and visceral tissue (including fetal liver).

3. Transfer remaining fetal tissue to a clean dish and wash three
times with PBS� by transferring tissue to a new dish with PBS�.

4. Mince the tissue using either scissors or scalpel blade.

5. Add 2 mL of 0.5 % trypsin-EDTA and continue mincing.

6. Add an additional 5 mL of trypsin-EDTA and incubate for
20 min at 37 �C.

7. Pipette to break up the embryos in the trypsin-EDTA until
only a few chunks remain. Incubate for another 10 min at
37 �C. The aim is to get a single cell suspension.

8. Add 10 mL F-DMEM to neutralize the trypsin and transfer
contents to a 50 mL tube.

9. Mix well and transfer all to T75 flask (see Note 5).

10. The next day, change medium to remove cell debris and dead
cells.

11. When the flask reaches 70–80 % confluency, freeze down the
cells and labelled as passage 0. At this stage the cells grow very
quickly and can be expanded at a passage ratio of 1:5.

12. Culture for 2 days until confluent. Dissociate into single cells
by treatment with 0.05 % trypsin-EDTA for 3 min at 37 �C,
then inactivate trypsin by fresh F-DMEM and passage on to
new gelatinized flasks (becomes passage 1).

13. Expand the MEF stock by passaging with 0.05 % Trypsin-
EDTA every 2 days until passage 3 (see Note 6).

14. We typically use MEF at passage 3 as feeder layer. Prior to this,
the MEF need to be mitotically inactivated by mitomycin C
treatment as described below.
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3.1.6 Mitomycin C

Treatment of MEF

After three passages, MEF are treated with mitomycin C in order to
arrest cell division:

1. Aspirate existing medium from flask containing MEF cultures.

2. Add mitomycin C (10 μg/mL, Section 3.1.2) made in warm F-
DMEM to each flask.

3. Incubate at 37 �C for 2.5 h.

4. Aspirate medium containing mitomycin C.

5. Wash flask once with F-DMEM and twice with PBS�.

6. Add 0.25 % Trypsin-EDTA solution (see Note 7) and incubate
at 37 �C for 3 min.

7. Slightly agitate the flask until cells start to detach.

8. Collect the cells with F-DMEM and transfer into a falcon tube.

9. Spin the cells at 600 � g for 2 min.

10. Aspirate the medium and resuspend the cells with 10–15 mL of
F-DMEM.

11. Obtain a 10 μL sample and perform a cell count using a
hemocytometer to calculate cell number.

12. Plate MEF on gelatinized organ culture dishes at a density of
6 � 104 cells/cm2, which corresponds to 1.7 � 105 cells/
organ culture dish. Allow MEF to attach overnight at 37 �C
with 5 % CO2 in a humidified incubator. The MEF dishes are
now ready to be used for passaging of hESCs.

3.2 Maintenance

of hESCs in S1P

and PDGF Serum-Free

Medium

3.2.1 Preparation

of S1P and PDGF

Serum-Free Medium

1. Dissolve S1P in methanol to obtain a stock concentration of
3.3 mM and store at �20 �C.

2. Extemporaneous dilutions are made in 0.1 % fatty acid-free
BSA (final concentration 0.01 % BSA), alternatively human
serum albumin can also be used. Mix well and sterilize using a
0.22 μm filter.

3. Supplement DMEM with 0.1 mM β-mercaptoethanol, 1 %
NEAA, 2 mM L-glutamine, 25 mM HEPES, 25 U/mL peni-
cillin, 25 μg/mL streptomycin, as well as 10 μM S1P and
20 ng/mL PDGF-AB.

3.2.2 Preparation

of Dispase Solution

1. A 10 mg/mL solution of Dispase is made in pre-warmed
DMEM supplemented with 20 % FCS, 0.1 mM NEAA,
2 mM L-glutamine, 25 U/mL penicillin, 25 μg/mL strepto-
mycin, 0.1 mM β-mercaptoethanol, and 1 % ITS-A.

2. Incubate at room temperature for 5 min, mix gently, and leave
for at least 15 min at room temperature.

3. Sterilize the solution using a 0.22 μm filter.

4. The solution can be used or stored at 4 �C for up to 2 days.
Prior to use pre-warm Dispase to 37 �C.
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3.2.3 Mechanical

Passaging of hESC

Colonies

hESCs are cultured as colonies on a feeder layer of mitotically
inactivated MEF and are routinely passaged once a week. The
method used for hESC passage is by mechanical dissociation of
colonies, combined with dispase treatment, to dissect the colony
into “pieces.” Dissection of hESC colonies is performed using a
stereo microscope with a 37 �C heated microscope stage. Each
colony “piece” is then transferred onto a fresh MEF feeder layer:

1. Prepare 2 � 6 cm Petri dishes with PBS+ for two washes.

2. Prepare dispase solution and filter sterilize (see Section 3.2.2).

3. Change the medium of hESC culture to DMEM.

4. Working with a stereomicroscope, cut hESC colonies into
pieces (Fig. 1) using pulled glass pipettes or 27 gauge needles.
Avoid cutting differentiated portions of partially differentiated
colonies (see Note 8). To avoid tearing the hESC colony or
MEF layer, each stroke should be smooth and only cut in one
direction. Aspirate the DMEM.

5. Carefully aspirate DMEM but not hESCs. Add Dispase solu-
tion and incubate for 3 min at 37 �C on heated stage or until
the edges of the sliced colony fragments start to curl up and
detach.

6. Using a 20 μL micro-pipette, nudge the corner of the colony
piece until it completely detaches, collect, and transfer to the
PBS+ wash dish.

7. Once all the colony pieces have been collected and transferred
to the wash dish, transfer them to the second PBS+ wash dish.

Fig. 1 Microscopic view of a hESC colony being cut into small pieces using a pulled glass pipette during
mechanical passaging
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8. Finally, transfer the pieces to an organ culture dish containing a
fresh feeder layer of mitotically inactivated MEF in S1P and
PDGF serum-free medium. Usually about eight pieces are
placed per organ culture dish, evenly spaced and neatly
arranged in a circle.

3.2.4 Long-Term

Maintenance of hESC in

S1P and PDGF Serum-Free

Medium

hESCs can be routinely maintained in the S1P and PDGF serum-
free medium on MEF. The dishes of hESCs are kept at 37 �C with
5 % CO2 in a humidified incubator. Medium is changed every
2 days, and hESCs are passaged weekly by mechanical slicing of
the colonies as described in Section 3.2.3. We found that Day 7
hESC colonies are usually big enough and display substantial spon-
taneous differentiation, rendering them ready to be passage.

Recent evidence raised concerns regarding the genetic stability
of hESCs after prolonged maintenance in vitro, including recurrent
gain of chromosome 12p and 17q [7–9]. Therefore, all hESC lines
should be subjected to regular G-banding karyotype analysis to
screen for chromosomal aberrations as quality control. In our
experience, we have not observed chromosomal abnormalities in
hESCs maintained in the S1P and PDGF serum-free medium as
described in this chapter.

4 Notes

1. Formats of culture are reflective of what we found to provide
for the greatest ease of handling. These are only indicative and
can be modified according to specific needs. In all cases, we
culture hESCs with a feeder layer of MEF.

2. Dispase is a protease that cleaves adhesion molecules, thus
allowing extraction of hESCs fromMEF and the plastic surface
of the dish. hESC colonies can be readily aspirated using a
pipette, leaving the MEF layer intact on the dish. ITS-A sup-
plement consists of 1 g/L insulin, 0.67 mg/L sodium selenite,
0.55 g/L transferrin, and 11 g/L sodium pyruvate.

3. Nonessential amino acid solution consists of 750 mg/L gly-
cine, 890 mg/L L-alanine, 1320 mg/L L-asparagine,
1330 mg/L L-aspartic acid, 1470 mg/L L-glutamic acid,
1150 mg/L L-proline, and 1050 mg/L L-serine.

4. Pen/Strep solution consists of 5000 U/mL penicillin and
5000 μg/mL streptomycin.

5. In primary cultures of MEF preparations, blood cells, as well as
large intact fragments of tissue, may be present along with
fibroblasts. Generally these contaminating cell types disappear
following subculture as the fibroblasts overgrow them. To use
these MEF as feeder layers in hESC culture, it is necessary to
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passage them a few times prior to use to minimize contamina-
tion of residual non-fibroblast cells.

6. It is not recommended to expand MEF more than passage 4 as
their growth rate begins to slow down significantly as the cells
senescence. Immortalized fibroblast cell lines may eventually
emerge from longer-term cultures of MEF, but these cells do
not function well as feeder cells.

7. The volume of trypsin-EDTA solution used for a T75
(75 cm2)–T175 (175 cm2) flask is 2–5 mL, respectively.

8. By 7 days after passage, hESC colonies show some regions of
cell differentiation, particularly within the center of the colony.
These regions are morphologically distinguished by cystic-like
structures extending up from the colony.
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Sphingosine-1-Phosphate (S1P) Signaling
in Neural Progenitors

Phillip Callihan, Mohammed Alqinyah, and Shelley B. Hooks

Abstract

Sphingosine-1-phosphate (S1P) and its receptors are important in nervous system development. Reliable
in vitro human model systems are needed to further define specific roles for S1P signaling in neural
development. We have described S1P-regulated signaling, survival, and differentiation in a human embry-
onic stem cell-derived neuroepithelial progenitor cell line (hNP1) that expresses functional S1P receptors.
These cells can be further differentiated to a neuronal cell type and therefore represent a good model system
to study the role of S1P signaling in human neural development. The following sections describe in detail
the culture and differentiation of hNP1 cells and two assays to measure S1P signaling in these cells.

Keywords: Adenylyl cyclase, cAMP, Differentiation, G-protein-coupled receptor, Inositol phos-
phates, Neural progenitor cells, Phospholipase C, S1P, S1P receptor, Second messenger,
Sphingosine-1-phosphate, Stem cells

1 Introduction

Studies suggest a crucial role for sphingosine-1-phosphate (S1P)
and its receptors in the development of the nervous system [1–3]
and in neural progenitor cells [4–8]. More detailed understanding
of the pharmacology of S1P receptor signaling in human neural
precursor cells is necessary to define the role of S1P in neural
development. We have reported that S1P regulates the biology of
human embryonic stem cell-derived neuroepithelial progenitor
cells (previously termed hES-NEP, currently hNP1) through mul-
tiple functional S1P receptors. hNP1 cells are derived from WA09
human embryonic stem cells (WiCell Research Institute) [9] and
are both morphologically and phenotypically similar to neural pro-
genitor cells in vivo. hNP1 cells are useful for in vitro studies
because they are an adherent, self-renewing population of cells
that maintain the capacity to differentiate into neurons and glia.
These characteristics make hNP1 cells a powerful model system to
study S1P signaling in human neural progenitor cells.

Our previous studies have shown that hNP1 endogenous S1P
receptors mediate adenylyl cyclase inhibition, phospholipase C acti-
vation, Gi-mediated cell proliferation, and Rho-dependent cell
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contraction [10]. To study the functionality of S1P receptors in
hNP1, we used radiolabeled assays that measure the second mes-
sengers cyclic adenosine monophosphate (cAMP) and inositol tri-
phosphate (IP3), generated in cells by adenylyl cyclase and
phospholipase C, respectively. Adenylyl cyclase is stimulated by
Gαs and inhibited by Gαi G-proteins, and phospholipase C (PLC)
is typically activated downstream of activated Gαq but also by Gβγ
following activation of Gi-coupled receptors. Given that all S1P
receptors couple to either Gi or Gq (or both), the use of these two
assays allows complete characterization of endogenous S1P recep-
tor activation. More recently, we have used this approach to com-
pare the metabolism and molecular pharmacology of S1P and its
reduced form, dihydrosphingosine-1-phosphate (dhS1P) in human
neural progenitors [11]. Finally, hNP1 cells are easily differentiated
into neurons in vitro, which expand their role as a model system to
include differentiated neurons and the differentiation process. We
have used this system to explore the ability of S1P and the related
lysophospholipid lysophosphatidic acid (LPA) on neural progenitor
survival, neuronal differentiation, and neurite outgrowth [12].
Finally, we have used this cell system to identify regulator of G-
protein signaling (RGS) gene expression profiles in neural progeni-
tors and differentiated neurons [13]. Thus, this is a versatile and
robust in vitro model for human neural progenitors.

The following sections describe the culture and differentiation
of hNP1 cells and the protocols for measuring accumulation of
cAMP and IP3 in hNP1 cell lines.

2 Materials

STEMEZ™ hNP1™ (Aruna Biomedical), poly-ornithine (Sigma-
Aldrich), laminin (Sigma-Aldrich), HyClone® DPBS/MODIFIED
(1�) containing calcium and magnesium (Thermo Scientific),
Matrigel (BD Biosciences), NEUROBASAL™ medium
(GIBCO), AB2™media with ANS™ (Aruna Biomedical), L-gluta-
mine (Sigma), recombinant human b-FGF (R&D Systems), peni-
cillin/streptomycin (Invitrogen), Dowex AG-50W-X4 (200-
400mesh) (Bio-Rad, Hercules, CA), [3H]-adenine (Perkin-
Elmer), neutral alumina (Sigma), pertussis toxin (US Biologics),
isobutylmethylxanthine (IBMX) (Sigma-Aldrich), adenosine 30,50-
cyclic monophosphate (cAMP) (Sigma-Aldrich), [3H]-myo-inosi-
tol (American Radiolabeled Chemical, St. Louis, MO), [14C]-
cAMP (GE Healthcare), 20 mL plastic scintillation vials (Fisher
Scientific), concentrated perchloric acid (JT Baker), ScintiSafe
30 % Cocktail (Scintanalyzed) (Fisher Chemical), Dowex® AG 1-
X8 (Bio-Rad, Hercules, CA), PBS++ (HyClone). Additional gen-
eral chemicals (Sigma-Aldrich and/or Fisher Scientific): sodium
dodecyl sulfate, imidazole, concentrated hydrochloric acid,
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potassium hydroxide, lithium chloride, ammonium formate, formic
acid, ammonium hydroxide.

2.1 Solutions hNP1 Complete Growth Medium: AB2™ media with ANS™,
2 mM L-glutamine, 20 ng/mL b-FGF, 50 U/mL penicillin,
50 g/mL streptomycin. After preparation, media is stored at 4 �C
for up to 1 week.

Differentiation Medium: AB2™ media with ANS™, 2 mM L-
glutamine, 50 U/mL penicillin, 50 g/mL streptomycin. After
preparation, media is stored at 4 �C for up to 1 week.

cAMP Stop Solution: 1.3 mM adenosine 30,50-cyclic mono-
phosphate (cAMP) (Sigma-Aldrich), 2 % sodium dodecyl sulfate
(Fisher Scientific), and 0.5 μCi/mL of [14C]-cAMP (GE
Healthcare).

IP Regenerant: 2 M ammonium formate, 0.1 M formic acid
solution.

IP Wash Buffer: 0.5 M ammonium formate.
IP Elution Buffer: 1.2 M ammonium formate, 0.1 M formic

acid.
Fixation solution: 8 % paraformaldehyde, 8 % sucrose in PBS++.
Block/permeabilization solution: 1 % BSA/0.1 % saponin in

PBS++.

3 Methods

3.1 Human

Embryonic Stem

Cell-Derived

Neuroepithelial

Progenitor (hNP1)

Cell Culture

Commercially available stocks of hNP1 cells are available as STE-
MEZ™ hNP1™ from Aruna Biomedical (http://www.
arunabiomedical.com/). The cell culture protocol for hNP1 cells
is described in detail below.

1. hNP1 cells may be cultured on two different substrates: poly-
ornithine/laminin or Matrigel. Tissue culture plates must be
coated with these substrates prior to the addition of cells.

(a) Poly-ornithine/laminin coating: Dilute poly-ornithine to
10 μg/mL in distilled, deionized water (ddH2O). Cover
plate with poly-ornithine and incubate at 37 �C for 1 h.
Aspirate poly-ornithine and wash plate one time with
ddH2O. Dilute laminin to 5 μg/mL in sterile PBS. Cover
plates with laminin and incubate at 37 �C for 1 h. Remove
from incubator and store at 2–8 �C for up to 3 weeks. To
prepare plates for use, aspirate poly-ornithine/laminin solu-
tion andwashone timewithHyClone®DPBS/MODIFIED
(1�) containing calcium and magnesium. Add media con-
taining cells to flask, taking care not to disturb substrate.

(b) Matrigel coating: Matrigel is diluted 1:2 in NEUROBA-
SAL™ medium, aliquoted and stored at �20 �C. To
prepare working solution, the Matrigel aliquot is thawed
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on ice and diluted 1:100 in NEUROBASAL™medium to
a final Matrigel dilution of 1:200. Matrigel is then added
to the tissue culture plate in a volume sufficient to cover
the bottom of the plate. The plates are incubated at room
temperature for 1.5 h and can then be used or stored at
4 �C for up to 1 week. Before adding media containing
cells to Matrigel-coated plates, aspirate the Matrigel solu-
tion, and wash one time with HyClone® DPBS/MODI-
FIED (1�) containing calcium and magnesium.

2. hNP1 cells are maintained at 37 �C, 5 % CO2. Cells are grown
in hNP1 complete growth medium.

3. Cells are passaged approximately every 48 h and split 1:2
following manual dissociation using a cell scraper.

3.2 Adenylyl Cyclase

Activity Assay

This assay measures accumulation of cAMP, which is generated in
cells through the action of multiple adenylyl cyclase enzymes that
convert ATP to cAMP. Adenylyl cyclase activity is regulated by Gαi
and Gαs G-proteins. Gαi subunits inhibit adenylyl cyclase activity
resulting in decrease in cAMP production, while Gαs subunits
stimulate adenylyl cyclase leading to increased cAMP production.

To measure production of cAMP, cells are first labeled with
[3H]-adenine, which is incorporated into the cellular pool of ATP
and hence cAMP generated from ATP. To measure accumulation of
cAMP, cells are incubated with drugs of interest and a phosphodi-
esterase inhibitor to block the degradation of generated cAMP.
Cells are then lysed, and the [3H]-cAMP is separated from [3H]-
ATP precursors using ion exchange chromatography. To measure
Gi-coupled inhibitory activity, adenylyl cyclase enzymes are first
stimulated by forskolin and then incubated with drug.

The accumulation of cAMP is measured over 30 min in hNP1s.
The level of cAMP accumulation is quantified and the recovery of
each column is normalized using a [14C]-cAMP label in the stop
solution. We have measured cAMP production in hNP1 cells [10]
using the following protocol, which is a modified version of previ-
ously described protocols [14, 15].

3.3 Dowex AG®

50W-X4 Cationic

Exchange Resin

Columns

1. Preparation:

(a) Wash Dowex AG-50W-X4 (200–400 mesh) repeatedly
with ddH2O in a graduate cylinder, allowing the resin to
settle and pouring off colored effluent. Repeat until clear.

(b) Resuspend resin 1:1 with ddH2O.

(c) Add 2 mL of slurry to each column and allow water to
drain by gravity flow.

(d) Fill columns with ddH2O for additional wash.

(e) Wash columns with 4 mL 1 N HCl and allow to drain by
gravity flow.

(f) Cap and store at room temperature.
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2. Equilibration:

(a) Immediately prior to use, wash each column three times
with 10 mL of ddH2O, allow to drain by gravity flow.

3. Storage:

(a) Following use of Dowex AG® 50W-X4 cationic exchange
resin columns, wash one time with 4 mL of 1 N HCl. Cap
and store at room temperature. Columns should be
capped during storage to prevent the resin from drying
out. Columns can be reused multiple times.

3.4 Neutral Alumina

Columns

1. Preparation:

(a) Add 0.5 g of dry neutral alumina per column.

(b) Wash each column with 15 mL of 1 M imidazole buffer.

(c) Wash each column with 15 mL of 0.1 M imidazole buffer.
2. Equilibration:

(a) Wash each column one time with 8 mL of 0.1M imidazole
buffer.

3. Storage:

(a) Following use, neutral alumina columns can be stored at
room temperature and reused several times.

3.5 Adenylyl Cyclase

Assay

1. Plate hNP1 cells in 24-well plates at 80 % confluency and allow
to adhere to the plate at 37 �C for 24 h.

2. Aspirate media and add 0.25 mL of hNP1 complete growth
media containing 0.6 μCi [3H]-adenine per well. Incubate for
3 h at 37 �C in the presence or absence of 200 ng/mL pertussis
toxin. In some experiments, cells are treated with pertussis
toxin prior to the assay to define the role of Gi.

3. Aspirate media.

4. Add 0.25 mL of hNP1 complete growth media containing
1 mM isobutylmethylxanthine (IBMX) to each well and incu-
bate for 15 min at 37 �C (see Note 1).

5. To initiate the assay, add 0.25 mL of hNP1 complete growth
media containing 1 mM IBMX plus 2� concentration of drugs
(S1P and/or forskolin) and incubate at 37 �C for 30 min (see
Note 2).

6. To terminate the reaction, aspirate media and add 300 μL of
Stop Solution to each well.

7. Add 300 μL of Stop Solution to each of three 20 mL plastic
scintillation vials (Fisher Scientific) to determine total [14C]-
cAMP in Stop Solution (see Note 3). Add 10 mL of ScintiSafe
30 % Cocktail (Scintanalyzed) (Fisher Chemical) to each vial.
Cap and shake vigorously; set aside for scintillation counting at
end of experiment.
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8. Add 750 μL of distilled, deionized water (ddH2O) per well.

9. Add 100 μL of 60–62 % concentrated perchloric acid per well.

10. Transfer total contents of well to 1.5 mL microcentrifuge
tubes.

11. Add 100 μL of 12 M KOH to each tube (see Note 4).

12. Cap tubes and vortex each tube for 5 s.

13. Centrifuge tubes at 3000� g for 15 min at 4 �C. Remove tubes
from centrifuge and allow samples to equilibrate to room
temperature.

14. Load 850 μL of supernatant onto pre-equilibrated Dowex
AG® 50W-X4 cationic exchange resin columns, and allow to
drain by gravity flow.

15. Wash Dowex AG® 50W-X4 cationic exchange resin column
one time with 2 mL of ddH2O, and allow to drain by gravity
flow.

16. Elute the contents of each Dowex AG® 50W-X4 cationic
exchange resin column in to a pre-equilibrated neutral alumina
column by adding 4 mL ddH2O.

17. Allow neutral alumina columns to drain by gravity flow.

18. Elute neutral alumina columns into 20 mL scintillation vials by
adding 4 mL of 0.1 M imidazole buffer. Allow to drain by
gravity flow.

19. Add 10 mL of ScintiSafe 30 % Cocktail (Scintanalyzed) (Fisher
Chemical) to each scintillation vial, cap and shake.

20. Load scintillation vials into Beckman-Coulter LS 6500 scintil-
lation counter, and allow samples to dark adapt for 15 min
before beginning counting protocol.

21. Count each sample for 5 min using appropriate windows to
measure 3H and 14C.

3.6 Calculations For each column, the percent recovery of cAMP can be calculated
by dividing the cpm of [14C]-cAMP eluted from each column by
the total cpm of 14C label in 300 μL of the Stop Solution. The total
cpm of [3H]-cAMP generated by cells in each well during the
30 min incubation period can then be calculated by dividing the
cpm of [3H]-cAMP eluted from each column by the cAMP percent
recovery. Thus,

cpm [3H]-cAMP per well ¼ 3Heluate cpm/
(14Celuatecpm/14Cstopsolncpm)

Finally, cpm of cAMP can be converted to pmol cAMP using
the efficiency of scintillation counting (cpm/dpm), the specific
activity of the 3H label (Ci/mol), and the conversion factor
2.22 � 1012 dpm/Ci.
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3.7 Inositol

Phosphate Assay

This assay measures accumulation of [3H]-inositol phosphates
(IPs), which are generated by multiple phospholipase C (PLC)
enzymes from the substrate phosphatidylinositol bisphosphate.
PLC activity is stimulated by Gαq G-proteins and indirectly via
the βγ of Gi G-proteins.

To measure production of IPs, cells are labeled with [3H]-
inositol, which is incorporated into the cellular pool of phosphati-
dylinositol. To measure accumulation of IPs, cells are incubated
with drug and lithium chloride (LiCl) to prevent the degradation of
IPs. Cells are lysed and the [3H]-IPs are separated from precursor
3H using ion exchange chromatography. We have previously
reported S1P-mediated production of inositol phosphates in
hNP1 cells [10] using the protocol below, which is a modified
version of established protocols [16].

3.8 Dowex® AG 1-X8

Anion Exchange Resin

Columns

1. Preparation:

(a) Mix resin and ddH2O in a 1:1 slurry.

(b) Pour 1 mL of slurry into each column.

2. Equilibration:

(a) Wash each column with 5 mL of IP Regenerant.

(b) Wash each column three times with 10 mL ddH2O.

3. Storage:

(a) After use, cap each column.

(b) Store at 4 �C.

3.9 Inositol

Phosphate Assay

1. Plate hNP1 cells in 24 well plates at 80 % confluency and
allowed to adhere to the plate at 37 �C for 24 h.

2. Aspirate culture media and add 0.2 mL of hNP1 complete
growth media containing 1 μCi/well [3H] myo-inositol per
well. Incubate for 18 h at 37 �C. In some experiments, cells are
treated with 100 ng/mL pertussis toxin for 18 h prior to assay
to define the role of Gi.

3. To initiate the assay, add 50 μL of media containing 50 mM
lithium chloride and 5� concentration of S1P or other ago-
nist/antagonist of interest (seeNote 5). Incubate for 30 min at
37 �C.

4. To terminate the assay, aspirate all media.

5. Lyse cells by adding 750 μL of cold, 50 mM formic acid per
well, and incubate plates at 4 �C for 30 min.

6. Neutralize by adding 250 μL of 150 mM ammonium
hydroxide.

7. Load the contents of each well onto a regenerated Dowex® AG
1-X8 anion exchange resin column.
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8. Wash columns with 10 mL of ddH2O and allow to drain by
gravity flow.

9. Wash columns with 10 mL of IP Wash Buffer to remove
unhydrolyzed lipids. Allow to drain by gravity flow.

10. Elute [3H]-IPs by adding 2.5 mL of IP Elution Buffer to each
column. Allow to drain by gravity flow into 20 mL plastic
scintillation vials.

11. Add 10 mL of ScintiSafe 30 % Cocktail (Scintanalyzed) (Fisher
Chemical) to each scintillation vial. Cap and shake. Load sam-
ples into Beckman-Coulter LS 6500 scintillation counter and
allow to dark adapt for 15 min before beginning counting
protocol.

12. Count each sample for 1 min measuring [3H].

3.10 hNP Cell

Differentiation

Withdrawal of bFGF (basic fibroblast growth factor) inhibits pro-
liferation and induces cell death in the majority of hNP cells;
however, a fraction of cells survive, and those that do undergo
terminal differentiation toward a predominantly (~95 %) neuronal
cell fate [17, 18]. Following 2 weeks of bFGF withdrawal, the
majority of hNP cells lose expression of neural progenitor markers
Nestin and Sox-2 and induce expression of neuronal markers βIII-
tubulin and Map2 [18]. As hNP cells differentiate they also
undergo distinct morphological changes that include the formation
and elongation of neurites [19]. The protocol below describes
neuronal differentiation of hNP1 cells.

1. Plate hNP cells in a T-75 flask (50 % confluent) coated with
Matrigel, and incubate for 24 h at 37 �C.

2. Aspirate hNP proliferation media and replace with 10 mL of
differentiation media lacking bFGF. Incubate hNP cells for
72 h at 37 �C.

3. Aspirate media from each T-75 flask and replace with fresh
differentiation media. Remove cells from plate using a soft
edge cell scraper, and plate in 96 well Matrigel-coated plates
at 30,000 cells/well or 6 well Matrigel-coated plates at
500,000 cells/well.

4. Incubate cells in hNP differentiation media at 37 �C for a total
of 14 days. To assess the effect of pharmacologic agents, apply
drugs 24 h after final plating. Aspirate and replace media and
drugs every 72 h (see Note 6).

5. To assess viability of differentiated cells after 14 days, add 7 μL
of CellTiter-Blue® reagent (Promega Corporation) to each
well-differentiated cells in of 96 well plate, incubate at 37 �C
for 4 h, and measure using SpectraMax M2 model microplate
reader (Molecular Devices).
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6. To assess expression of neuronal markers in differentiated cells:

(a) Fix cells in 96 well plate with 100 μL warm fixation
solution. Incubate plates for 20 min at 37 �C.

(b) Aspirate media and fixation solution, and wash cells with
200 μL warm PBS++.

(c) Wash cells three times with 100 μL of block/permeabili-
zation buffer.

(d) Add 50 μL of primary antibody solution containing pri-
mary antibody, 1 % BSA, and 0.02 % Na Azide in PBS++ to
each well (see Note 7). Incubate cells in primary antibody
at room temperature for 1 h.

(e) Aspirate primary antibody solution from each well and
wash cells twice with 100 μL PBS++.

(f) Add 50 μL of secondary antibody solution containing
secondary antibody, 3 μg/mL DAPI, and 1 % BSA in
PBS++ to each well (see Note 7). Incubate cells in second-
ary antibody solution for 1 h at room temperature.

(g) Aspirate secondary antibody solution from each well, and
wash cells twice with 100 μL PBS++. Finally add 200 μL
PBS++ to each well, and seal plates with optical plate
covers.

(h) Image cells using high-content imaging system according
to the manufacturer’s instructions (see Note 8).

4 Notes

1. IBMX is an inhibitor of phosphodiesterase activity thereby
allowing for the accumulation of cAMP in cells.

2. If measuring Gαi activity, add 50 μM forskolin (FSK) to each
well. FSK stimulates adenylyl cyclase to produce cAMP. The
addition of FSK results in rapid accumulation of cAMP. To
measure Gαs G-protein activity, FSK can be excluded from
this step.

3. [14C]-cAMP is no longer available from GE Healthcare. As a
substitute, use adenosine 30,50-[8-14C] cyclic monophosphate
ammonium salt (American Radiolabeled Chemicals, Saint
Louis, MO). [14C]-cAMP is added to stop buffer to control
for recovery of cAMP in each column.

4. After addition of KOH, a white precipitate will form in the
tubes.

5. The addition of LiCl inhibits the degradation of inositol
phosphates.
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6. To assess the role of S1P in differentiation, S1P (0.1 μM) is
added every 72 h during the 14 days differentiation.

7. The following primary antibody dilutions may be used: 1:200
Rabbit anti Map2 (Neuromics); 1:200 Mouse anti Tubulin
(β-III tubulin, Tuj) (Neuromics). The following secondary
antibody dilutions may be used: 1:1000 Donkey anti Rabbit
Alexa Fluor® 488 conjugated (Invitrogen); 1:1000 Goat anti
Mouse Alexa Fluor® 488 conjugated (Invitrogen).

8. The protocol above describes methods for preparing cells to be
imaged using a high-content imaging fluorescent microscope
plate reader in order to allow differentiation and imaging on a
single surface without replating cells. To perform the analysis
on slides using a traditional microscope, coverslips may be
added to the bottom of a six-well plate prior to Matrigel
coating. Neural progenitors are grown and differentiated on
the coverslip and immunostaining performed according to
standard protocols.
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Ceramide and S1P Signaling in Embryonic Stem Cell
Differentiation

Guanghu Wang, Stefka D. Spassieva, and Erhard Bieberich

Abstract

Bioactive sphingolipids are important regulators for stem cell survival and differentiation. Most recently, we
have coined the term “morphogenetic lipids” for sphingolipids that regulate stem cells during embryonic
and postnatal development. The sphingolipid ceramide and its derivative, sphingosine-1-phosphate (S1P),
can act synergistically as well as antagonistically on embryonic stem (ES) cell differentiation. We show here
simple as well as state-of-the-art methods to analyze sphingolipids in differentiating ES cells and discuss new
protocols to use ceramide and S1P analogs for the guided differentiation of mouse ES cells toward neuronal
and glial lineage.

Keywords: Ceramide, Sphingolipid, Sphingosine-1-phosphate, Neuroprogenitor, Oligodendrocyte
precursor, Apoptosis, Teratoma

1 Introduction

The use of differentiating stem cells, regardless of being derived
from embryonic stem (ES) cells or induced pluripotent stem (iPS)
cells, is hampered by the persistence of residual pluripotent stem
(rPS) cells in the culture of differentiating stem cells. Even though
these cells can be present in very low abundance (<1:106), they may
impose a significant risk of tumor formation when used for trans-
plantation. From early on, studies showed that stem cell transplan-
tation can lead to the formation of teratomas [1–19]. Teratomas are
stem cell-derived tumors that are fatal if they occur in the brain or
heart. The potential for tumor formation is thus a major safety
concern when using larger numbers of ES or iPS cell-derived cells
[16]. We have introduced for the first time a strategy based on small-
molecule selective elimination of rPS cells that are at risk to form
tumors from stem cells grafts [1, 20, 21]. Our original study used a
novel ceramide analog synthesized in our laboratory (N-oleoyl ser-
inol or S18, Fig. 1) to specifically trigger apoptosis in rPS cells [1,
21]. Studies from other laboratories then developed several addition-
al strategies using small molecules to target mitochondrial cell death
in rPS cells, either by inhibiting anti-apoptotic proteins or activating
inducers of apoptosis [21]. In all of these studies, including our own
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work, it has still to be shown that these strategies are efficient in stem
cell therapy applicable to human patients. For the time being, sphin-
golipids are among the most promising small molecules useful in
eliminating rPS cells as well as guiding different lineage specification
in surviving progenitors, particularly in neural stem or progenitor
cells (NPs). The following section will briefly introduce these “mor-
phogenetic lipids,” the molecular mechanisms by which they regu-
late stem cells, and analytical methods to determine the lipid profile
that is associated with stem cell differentiation.

Our studies have shown that rPS cells co-express the pluripo-
tency transcription factor Oct-4 and prostate apoptosis response 4
(PAR-4), a protein that renders rPS cells sensitive toward ceramide
and its analogs [1]. PAR-4 is an endogenous inhibitor of atypical
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Fig. 1 Structure of the sphingolipids and sphingolipid analogs used for stem cell differentiation
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PKC (aPKC) when associated with ceramide or N-oleoyl serinol
(S18, Fig. 1). S18 was synthesized and its association with aPKC
analyzed in our laboratory [1, 20, 22–26]. If PAR-4 expression is
low, S18 or ceramide can activate aPKC. aPKC activation and
downstream activation of NF-κB has been found to be critical for
neural differentiation of ES cells [27]. However, if PAR-4 expres-
sion is high, ceramide or S18 will facilitate PAR-4 inhibition of
aPKC and induce apoptosis, a mechanism utilized for small-
molecule selective elimination of rPS cells. More recently, studies
in our laboratory on the role of ceramide in formation and function
of primary and motile cilia identified additional targets of ceramide,
particularly in the regulation of the cytoskeleton and cell polarity
[28–30]. We have found that long-chain ceramide such as N-
nervonoyl sphingosine (C24:1 ceramide) can interact with glycogen
synthase kinase 3 (GSK3), a major regulatory protein kinase in the
noncanonical Wnt pathway [28, 29]. Incubation with C24:1 cer-
amide promoted prolonged process formation in hES and iPS cell-
derived NPs [28], suggesting that different species of ceramide have
distinct functions in ES or iPS cell differentiation, most likely
depending on the differentiation stage-specific expression of target
or sensitizer proteins interacting with ceramide. These observations
suggest that knowledge on the specific sphingolipid profile and using
combinatorial approaches adding several sphingolipids to differen-
tiating ES or iPS cells will significantly contribute to safety and
efficacy of stem cell therapy.

Sphingosine-1-phosphate (S1P) is a ceramide derivative that has
been used to derive or maintain mESCs and hESCs in experimental
settings, demonstrating its essential function in stem cell self-renewal
and pluripotency [31–36]. In mESCs, the main pathway allowing
maintenance of pluripotency appears to be through the activation of
the JAK/STAT3 pathway [34, 37, 38]. This notion is supported
by studies showing that silencing of the S1P degrading enzyme, S1P
lyase (SPL), leads to an increased S1P level concomitant with in-
creased proliferation, and elevated expression of pluripotency markers
SSEA1 and Oct-4 in mESCs [39]. The S1P receptor 2/Stat3 signal-
ing has been identified to be the major pathway in SPL knockdown-
mediated pluripotency. S1P plays crucial roles in proliferation, migra-
tion, and homing of various types of progenitor cells [35, 40–44]. We
have shown that ceramide and S1P can act synergistically in ES cell
differentiation and have developed relatively simple methods to use
ceramide and S1P analogs for the guided differentiation of mouse ES
cells toward neuronal and glial lineages [20, 45, 46]. We have also
shown that S1P and its prodrug analog FTY720 promote cell survival
and differentiation of NPs toward oligodendroglial lineage because
these cells express the S1P receptor S1P1 [46]. In particular useful is
the combined administration of ceramide/S18 and S1P/FTY720 to
in vitro differentiating ES cells (Fig. 1). Since rPS cells express PAR-4
(but not S1P1) andNPs express S1P1 (but not PAR-4), ceramide/S18
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eliminates rPS cells and S1P/FTY720 promotes oligodendroglial dif-
ferentiation of the surviving NPs. NPs can be incubated with C24:1
ceramide, which does not induce apoptosis but promotes neuronal
differentiation [28]. In summary, the following protocols supplement-
ing cell culture media with sphingolipids and their analogs can be used
to eliminate rPS cells and promote differentiation of ES cells to neuro-
nal or oligodendroglial lineage for in vitro and in vivo studies.

2 Materials

2.1 Media for the

Cultivation and

Differentiation of

Mouse ES Cells

(Calculated for 100 ml

of Medium)

FM10 (Feeder cell medium)
89 ml of DMEM (with L-glutamine and sodium pyruvate)
10 ml of heat-inactivated FBS
1 ml 100� stock of penicillin/streptomycin/amphotericin B
(fungizone)
(see Note 1)

KSR15 (ES cell medium for cells grown on feeders)
81.72 ml of Knockout-DMEM
15 ml of Knockout Serum Replacement (KSR)
1 ml of 100� L-glutamine (200 mM)
1 ml of 100� nonessential amino acids
1 ml of 100� penicillin/streptomycin/amphotericin B
100 μl of ESGRO (LIF)
180 μl of 2-mercaptoethanol

ES15 (ES cell medium for cells grown feeder-free)
81.72 ml of Knockout-DMEM
15 ml of heat-inactivated ES-qualified FBS
1 ml of 100� L-glutamine (200 mM)
1 ml of 100� penicillin/streptomycin/amphotericin B
1 ml of 100� nonessential amino acids
100 μl of ESGRO (LIF)
180 μl of 2-mercaptoethanol

EB1 (Suspension EB medium)
87 ml of Knockout-DMEM
10 ml of heat-inactivated ES-qualified FBS
1 ml of 100� penicillin/streptomycin/amphotericin B
1 ml of 100� L-glutamine (200 mM)
1 ml of 100� nonessential amino acids

EB2 (Attached EB medium)
96 ml of DMEM/F12 50/50
1 ml of 100� penicillin/streptomycin/amphotericin B
1 ml of 100� L-glutamine (200 mM)
1 ml of 100� nonessential amino acids
1 ml of N-2 supplement (100�)
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NP (NP medium)
95.5 ml of DMEM/F12 50/50
1 ml of 100� penicillin/streptomycin/amphotericin B
1 ml of 100� L-glutamine (200 mM)
1 ml of 100� nonessential amino acids
1 ml of N-2 supplement (100�)
500 μl of basic fibroblast growth factor (FGF-2) stock (see Note 2)

2.1.1 Differentiation

Medium

91.75 ml Neurobasal medium
5 ml of heat-inactivated ES-qualified FBS
1 ml of 100� penicillin/streptomycin/amphotericin B
250 μl of L-glutamine (200 mM stock)
2 ml of 50� B27 supplement
(see Note 3)

2.1.2 Trypsinization 0.25 % trypsin/0.2 % EDTA in PBS (see Note 4)

2.1.3 Freeze Medium 90 % heat-inactivated ES cell-qualified FBS and 10 % DMSO

2.1.4 Gelatin Coating

Solution

Dissolve 2 g of gelatin, 300 Bloom in 100 ml of deionized water
and autoclave. Gelatin should be completely dissolved after being
autoclaved. The 2 % gelatin stock solution can be kept refrigerated
until further use. For gelatin coating, dilute stock solution 1:20 in
sterile water and incubate tissue culture dishes for 2 h at room tem-
perature. Then, remove solution and let dishes dry in the hood for
2 h.

2.2 Solutions and

Reagents for Lipid

Analysis

(Important: see Note 5 for precautionary measures to avoid
toxic or hazardous conditions)

2.2.1 Reagents for Folch

Extraction of Lipids

CHCl3/CH3OH (2:1, vol:vol)

2.2.2 Running Solvent for

Thin Layer

Chromatography

CHCl3/CH3OH (95:1, vol:vol)

2.2.3 Staining Solution

for Lipid Detection on Thin

Layer Chromatography

3 % cupric acetate in 5 % phosphoric acid

2.2.4 Reagents for One

Phase Extraction of Lipids

for Mass Spectrometry

Ethyl acetate/isopropanol/water (60:30:10 v/v/v)
1 mM ammonium formate in 0.2 % formic acid in methanol
HPLCmobile system: 1mMmethanolic ammonium formate/2mM
aqueous ammonium formate
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3 Methods

3.1 Propagation and

Differentiation of

Mouse Embryonic

Stem Cells

Overview: In vitro neuronal differentiation of mouse ES cells (ES-
J1, ES-D3) followed a serum deprivation protocol as described pre-
viously [47–52].

1. Coat a 100 mm tissue culture dish with 0.1 % sterile gelatin sol-
ution (freshly prepared from 2 % stock) by incubation for 2 h at
room temperature. Remove the solution and dry for 2 h in hood
with lid only partially covering the dish. Rinse once with FM10
medium.

2. Seed the dish with 3 � 106 irradiated mouse embryonic feeder
fibroblasts (MEFs). Alternatively, feeder fibroblasts mitotically
inactivated with mitomycin c can also be used. Cultivate the
fibroblasts for 2 days in 10 ml FM10 medium. Mitotically inac-
tivated MEFs are available from commercial sources.

3.2 Propagation of

Undifferentiated ES

Cells on Feeder

Fibroblasts

1. Thaw frozen ES cells and suspend cells in 10 ml freshly prepared
KSR15 medium. Spin cells down at 200 � g for 5 min. Resus-
pend cells in 20ml of KSR15 and plate them on top of the feeder
fibroblasts. Do not completely remove supernatant after centri-
fugation to minimize loss of cells.

2. After 1 day of cultivation, replace medium with 20 ml of fresh
KSR15. At this stage, the ES cells have attached to the feeder
cells, although they may not be clearly visible (small rounded
cells on flat fibroblasts).

3. After another day of cultivation (day 3 after seeding of the ES
cells), replace medium again with 20 ml of fresh KSR15.

4. On the fourth day after seeding on the fibroblasts, colonies of ES
cells should be clearly visible (Fig. 2). If not, change medium
again and cultivate for another day. When colonies reach a size as
shown in Fig. 2, proceed to feeder-free culture.

3.3 Removal of

Feeder Fibroblasts and

Propagation of ES

Cells in Feeder-Free

Culture

1. Prepare four gelatin-coated 100 mm tissue culture dishes with-
out feeder cells.

2. Rinse the ES cells on the feeders with 10 ml sterile PBS.

3. Add 4 ml of 0.25 % trypsin/EDTA and incubate cells for 5 min
at 37 �C.

4. Immediately add 10 ml of pre-warmed KSR15 and pipette up
and down three times. Try to rid the ES cell suspension of most
of feeder cell patches.

5. Pellet the cells by centrifugation at 200 � g for 5 min.
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6. Resuspend cells in 20 ml of ES15 and plate them onto a tissue
culture dish NOT coated with gelatin. Incubate for 1-2 h at
37 �C. The feeders will attach while most of the ES cells will stay
in suspension.

7. Take the medium with the ES cells off the plate and transfer it to
a gelatin-coated tissue culture dish.

8. On the next day, change medium to 20 ml of ES15 medium.
Change medium every day for another 2 days. DO NOT let the
ES cell colonies exceed 50–70 % of the dish surface (Fig. 2).
Once cells become too dense, the edges of the colonies start to
look ragged. If this happens, cells become prematurely differ-
entiated, which will compromise their pluripotency.

3.4 Preparation of

Suspension Embryoid

Bodies (EBs)

1. Trypsinize and freeze cells that are not wanted for the prepara-
tion of EBs (see freeze medium, Sect. 2.1.3).

2. Trypsinize the residual dishes with 0.25 % trypsin/EDTA for
2 min. Cells should detach, but still form aggregates. Immedi-
ately add 10 ml of EB1 medium to neutralize the trypsin. Then
transfer cell aggregates to a 50 ml plastic tube using a 25 ml
pipette. Rinse dish with another 10 ml of EB1 medium and
combine cell suspensions. Centrifuge for 5 min at 50–100 � g
or let the cell aggregates settle without centrifugation. Remove
medium supernatant and gently wash cell aggregates with 10 ml
fresh EB1 medium. Resuspend cell aggregates in 30 ml of EB1
medium and seed them on bacterial dishes. It is important not to

Fig. 2 Different stages of mouse ES cell differentiation
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use tissue culture dishes to avoid premature attachment of sus-
pension EBs.

3. Change medium and inspect the cell aggregates every day for
the next 3–5 days. The cell aggregates should round up and first
form a clearly distinguishable epithelial outer cell layer (primitive
endoderm), followed by the formation of basal lamina and an
inner cell layer (primitive ectoderm) surrounding a cavity (Fig. 2).
This cavity is developmentally equivalent to the proamniotic cavity
of mammalian embryos. To minimize loss of EBs during medium
change, tilt the dish and collect the EBs at one side of the dish.
DO NOT attempt to completely remove the old medium, but
leave some medium behind to maintain the EB suspension.

3.5 Preparation of

Attached EBs and

Cultivation of EB-

Derived Cells

1. Transfer the suspension EBs to tissue culture dishes. Coating is
not necessary. Typically, the suspension EBs from one bacterial
dish are sufficient to yield one tissue culture dish with attached
EBs. Let the EBs attach overnight (Fig. 2).

2. Change medium to EB2 medium. Keep replacing media daily
for 5–7 days. Cells will migrate out to the attached EB. These
cells are termed EB-derived cells or EBCs. After sufficient EBCs
have been migrated out of the attached EBs, cells can be treated
with ceramide analogs or S1P/S1P analogs (see Sect. 3.8). Cells
can also be used to generate neuroprogenitors (NPs) prior to
drug treatment (see Sect. 3.8).

3.6 Induction of

Neural Differentiation

and Cultivation of

Neuroprogenitors

(NPs)

1. Coat tissue culture dishes with p-ornithin and laminin from
commercially available stock solutions (200 μl p-ornithin or
100 μl laminin in 100 ml of sterile water) by first incubating
with p-ornithin and then laminin each for 1 h at 37 �C. In
between and after the two coating steps, rinse with sterile
water, and then store the coated dishes in PBS until use (DO
NOT extend storage for more than 1 day).

2. Dissociate EBCs with 2 ml of 0.05–0.25 % trypsin/EDTA for
5 min at 37 �C. Immediately neutralize the trypsin with 10 ml of
EB1 medium then harvest cells by centrifugation at 200 � g for
5 min. The dissociation of attached EBs is a critical step that
determines the yield of viable NPs (Fig. 2). Harvest cells by
centrifugation, resuspend again in NP medium, and seed cells
on p-ornithin laminin-coated tissue culture dishes or coated cov-
er slips if immunocytochemistry is to be performed (seeNote 6).

3. Cultivate cells for 3–6 days in NP medium, change medium
every day. NPs will form rosettes. After 24–48 h in NP medium,
cells can be treated with ceramide or S1P analogs as described in
Sect. 3.8 (see Note 7).

4. Harvest cells by trypsinization with 0.05 % trypsin/EDTA. Neu-
tralize trypsin with soybean trypsin inhibitor. Cells can now be
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either replated onto fresh p-ornithin laminin-coated dishes and
differentiated or used for transplantation.

3.7 Terminal

Differentiation to

Neurons and Glia

1. Incubate replated NPs (treated or not treated with ceramide or
S1P analogs) with differentiation medium for up to 10 days.

2. Assess differentiation lineage by using the respective markers for
neuronal, astrocytic, and oligodendroglial differentiation (see
Sect. 3.10 for immunocytochemistry protocol).

3.8 Treatment with

Ceramide and

Sphingosine-1-

Phosphate Analogs

3.8.1 Treatment of

Attached EBs

1. Two to three days after attachment of suspension EBs to the
tissue culture dish, the culture can be incubated with ceramide,
S1P, ceramide, or S1P analogs, or a combination of these com-
pounds (Figs. 1 and 2). Typically, the following concentrations
are useful to eliminate rPS cells or to direct lineage specification
of differentiating cells in the EBs (see Note 8):

N-acetyl sphingosine (C2 ceramide): 5–20 μM*

N-palmitoyl sphingosine (C16 ceramide): 0.5–2.0 μM**

N-oleoyl serinol (S18): 50–100 μM
S1P: 0.2–1.0 μM***

FTY720: 0.1–0.5 μM****

* C2 ceramide is water-soluble in the given concentration range,
however, may have nonspecific and lytic effects. If possible, the
use of C16 ceramide or S18 is preferred.

** C16 ceramide is not water-soluble in the given concentration
range, unless prepared as a 1,000� stock solution in ethanol
supplemented with 2 % dodecane. When using a 1:1,000 dilu-
tion of this stock, controls with respective final concentration of
ethanol and dodecane have to be prepared. If possible, the use of
the water-soluble S18 is preferred.

*** S1P is only partially water-soluble and is to be prepared as
1,000� stock in 1 mg/ml bovine serum albumin/PBS. Alterna-
tively, water-soluble S1P albumin complexes (Huzzah S1P) can
be used (Avanti Polar Lipids, Alabaster, AL).

**** FTY720 is water-soluble in the given concentration range;
however, prolonged exposure at higher concentration may down-
regulate S1P1 receptor expression. At 300 nM for 48 h, S1P1
expression was clearly detectable in OPCs [46].

2. After treatment, EBs and EBCs can be dissociated by trypsiniza-
tion and replated to generate NPs or used for transplantation.

3.8.2 Treatment of EB-

Derived Cells and NPs

1. Dissociate cells from attached EBs by trypsinization and replate as
described in Sect. 3.6. These cells may have been treated with the
abovementioned compounds or not. However, DO NOT con-
tinue or start treatment in the first 24 h after seeding of the cells.
Typically, EBCs will first attach and recover before treatment
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starts. Treatment is performed with compounds and dosages
given in Sect. 3.8.

2. After 2–3 days of drug treatment, NPs can be used for trans-
plantation or further differentiated as described in Sect. 3.7.

3.8.3 Treatment of Other

Stages of ES Cell

Differentiation

Various stages of ES cell differentiation, including undifferentiated
ES cells on feeders, feeder-free ES cells, and suspension EBs have
been treated with ceramide or ceramide analogs. The outcomes are
not as defined with respect to lineage specification as achievable when
later stages of ES cell differentiation are used for treatment. There-
fore, treatments of earlier differentiation stages are not included in
this protocol. However, a brief summary of treatment outcomes will
be discussed to provide the opportunity of using protocols published
in other studies. For example, Salli et al. describe the use of nano-
liposomal C6 ceramide for the cultivation of undifferentiated ES cells
in feeder-free culture [53]. Krishnamurthy et al. describe the use of
C16 ceramide or S18 for the restoration of primitive ectoderm in sus-
pension EBs [54].

3.8.4 Treatment of

Human ES and Induced

Pluripotent Stem Cells

Protocols as detailed in the previous sections have been developed for
mES cells. However, our studies have shown that they are, at least in
part, applicable to hES and iPS cells. The use of S18 to eliminate rPS
cells from a culture of hES cells is described in Ref. [1]. Likewise, hES
or iPS cell-derived NPs can be incubated with 2 μMC24:1 ceramide
(prepared as 2 mM stock in ethanol/2 % dodecane) to promote
neuronal differentiation and process formation in NPs that were cul-
tivated in 5 % KSR as described in Ref. [28]. Detailed methods to
maintain and cultivate hES and iPS cells and derive NPs can be found
in Refs. [28, 35, 36].

3.9 Determination of

Ceramide and

Sphingosine-1-

Phosphate Using

Sphingolipid Analysis

(Important: see Note 5 for precautionary measures to avoid
toxic or hazardous conditions)

3.9.1 Sphingolipid

Extraction

1. ResuspendEBCs orNPs in 500 μl PBS and add 2.5ml of CHCl3/
CH3OH (2:1, vol/vol) in a Pyrex glass tube capped with Teflon
liner. Vortex for 30 s, and then sonicate for 30 min in an ultra-
sonication bath (e.g., Branson) or shake for 1 h at room tempera-
ture (see Notes 5 and 9).

2. Centrifuge tube at low speed for 20 min. Two phases and the
interphase should be clearly visible. The upper phase contains (par-
tially) water-soluble lipids such as gangliosides and amajor portion
of phospholipids including S1P. If a comprehensive analysis is
desired, the upper phase should be removed and kept separately.
The lower phase contains ceramide and neutral lipids and should
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be carefully recovered without disturbing the interphase. The in-
terphase contains denatured protein which should be kept and air
dried. After solubilization in SDS sample buffer, this protein frac-
tion can be used for protein quantification, SDS-PAGE, or other
methods of protein analysis.

3. Evaporate the organic solvent from the lower phase with a stream
of nitrogen gas. Alternatively, organic solvent can be removed us-
ing a rotation evaporator.

4. Dissolve the lipid residue in CHCl3/CH3OH (1:1, vol/vol) and
store at �20 �C until further analysis. Typically, lipids extracted
from 10–50 mg cells are redissolved in 100–500 μl organic sol-
vent to allow for analysis by Thin Layer Chromatography (TLC).

3.9.2 Sphingolipid

Analysis by Thin Layer

Chromatography

1. Prepare chromatography chamber (alternatively, a glass beaker
can be used) and fill it to about 1/2 in. (1 cm) with the running
solvent CHCl3/CH3OH (95:5, vol/vol). For equilibration of
the chamber atmosphere with organic solvent, a filter paper is
placed at the wall of the chamber and saturated with organic
solvent all the way up to the edge of the chamber (Fig. 3). To
avoid loss of organic solvent, the chamber has to be covered with
a thick glass plate and a weight placed on top of the plate.
Alternatively, aluminum foil can be used to cover the chamber
or beaker and secured with a wrapped-around rubber band.

2. Cut a TLC plate using a glass cutter to fit into the chromatogra-
phy chamber (alternatively, precut plates are commercially avail-
able). Draw spotting lines on the silica gel coat of the plate at
about 1 in. (2 cm) from the bottom edge of the plate using a soft
pencil as shown in Fig. 3. Each line should be about 1/8–1/
4 in. (2–6 mm) in width and 1/4 (5–6 mm) apart from each
other. Be careful not to hurt the surface of the silica gel.

3. Apply the sample (lipids in organic solvent) and lipid standards
with a Hamilton syringe or glass tube. The application should be
steady and repeatedly on top of the spotting line. Alternatively,
pipette tips can be used, although they tend to form drops that
hamper a steady application. Be careful not to directly touch the
silica gel surface. The amount of lipid to be applied depends on
the normalization method. Typically, a lipid amount equivalent
to equal amounts of protein or lipid phosphate is applied to each
lane on the plate (see Note 10).

4. After application of the samples and standards, the plate is placed
into the chromatography chamber without letting the running
solvent get in immediate contact with the applied lipids (Fig. 3).
Also ensure that the application lines are dry before placing the
plate into the chamber. The running solvent will be soaked into
the silica gel and migrate from the bottom to the top (arrow in
Fig. 3). The lipids will dissolve into the migrating solvent and co-
migrate according to their solubility in organic solvents. More
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apolar lipids will migrate faster leading to a separation of the lipid
mixture into individual lipid species. After the running solvent has
reached the top of the plate, the TLC is complete and the plate
will be taken out of the chamber for air drying and subsequent
staining of the lipids.

5. Staining of lipid species on TLC plate (important: seeNote 5 for
precautionary measures).
Spray TLC staining reagent on the surface of the plate until it is
wet. Be careful not to inhale the vapors of the spraying reagent.
Alternatively, the plate can be briefly dipped into a bath with
staining reagent and the back of the glass plate wiped down with
a tissue before heating the plate. The plate will be heated (silica
gel surface up!) for 5–15 min at 150–180 �C until the charring
reaction leads to the appearance of dark bands. Once standards
and sample lipids are visible, the plate is removed from the heater
for cooling at room temperature. The plate should be scanned
immediately because bands will fade over time. For short-term
storage, wrap the plate into aluminum foil and store it at a secure
and dark place.
(see Note 11 for limitations of the staining reaction)

3.9.3 Sphingolipid

Analysis by Mass

Spectrometry

Overview: Liquid chromatography tandem mass spectrometry ana-
lyses allow high quality identification and quantification of S1P and
the individual ceramide species [55–57]. Depending on the mass
spectrometry instrumentation available, the method might require
modifications. The method described below was developed on a
Thermo-Fisher TSQ Quantum triple quadrupole mass spectrome-
ter, operating in a Multiple Reaction Monitoring positive ioniza-
tion mode and coupled with HP1100 equipped with BDS Hypersil
C8 column (150 � 3.2 mm, 3 μm particle size) [55, 56].

1. Lipid extracts from cell pellets corresponding to about 1 � 106

cells are sufficient for reliable measurement of ceramides and
S1P. For the lipid extraction, use glass tubes. To control for var-
iation during the extraction, the samples need to be fortified
with appropriate internal standards, e.g., C17 base D-erythro-
sphingosine, C17 S1P, N-palmitoyl-D-erythro-C13 sphingosine,
or N-docosanoyl-D-erythro-C13 sphingosine (Avanti Polar Lipids,
Alabaster, AL).

2. Lipids are extracted twice with 2 ml ethyl acetate/isopropanol/
water (60:30:10 v/v/v) solvent.

3. Combined lipid extracts are dried under a stream of nitrogen
and resuspended in 150 μl of 1 mM ammonium formate in 0.2 %
formic acid in methanol.

4. Lipid extracts are injected on the HP1100/TSQQuantum liquid
chromatography tandem mass spectrometry system and gradient
eluted from the BDS Hypersil C8 column with the mobile phase
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system: 1 mM methanolic ammonium formate/2 mM aqueous
ammonium formate.

5. Quantitative analysis of S1P and ceramides is based on the
calibration curves generated by spiking an artificial matrix with
the known amounts of the target analyte, synthetic standards
(Avanti Polar Lipids, Alabaster, AL), and an equal amount of the
internal standards.

6. The target analyte/internal standards peak area ratios are plotted
against analyte concentration.

7. The target analyte/internal standards peak area ratios from the
samples are normalized to their respective internal standards and
compared to the calibration curves, using a linear regression
model.

8. Final results from cells could be normalized to cellular lipid phos-
phate, which can be measured with a standard curve analysis and a
colorimetric assay of ashed phosphate or to protein content [58].

3.10

Immunocytochemistry

for Lipids and Lipid

Receptors

(see cautionary Note 12 for fixation reagents and Note 5 for other
precautionary measures)

1. Fix cells or sections with freshly prepared 4 % p-formaldehyde in
PBS for 20 min at room temperature. Wash twice with PBS.

2. If only surface staining is desired, cells or sections do not need to
be permeabilized. However, if immunocytochemistry for lipids or
proteins inside of cells is desired, permeabilization can be helpful.
For example, a mild permeabilization with 0.2 % Triton X-100 in
PBS for 5 min at room temperature has not been shown to sig-
nificantly remove lipids from the sample, but it may alter the
distribution of particular lipids in cellular membranes [59]
(see Note 13).

Fig. 3 Assembly for Thin Layer Chromatography (TLC)
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3. Block binding to nonspecific antigens by incubation of the sam-
ple with 3 % ovalbumin/5 % donkey serum (secondary antibo-
dies raised in donkey are used) in PBS for 60 min at room
temperature or 37 �C. Wash once with PBS.

4. Incubate with primary antibody diluted in 0.1 % ovalbumin/
PBS. The proper dilution will need to be tested. Typically, final
antibody concentrations of 5 μg/ml will yield excellent results.
The antibody reaction can be performed for 2 h at 37 �C, 4 h at
room temperature, or overnight at 4 �C (recommended).

5. Wash sample three times for 10 min with PBS.

6. Incubate with secondary antibody as described for the first an-
tibody. However, shorten incubation time at room temperature
to 2 h and avoid overnight incubation with the secondary anti-
body. Then wash sample three times for 10 min with PBS.
Embed in mounting medium. Note that additional staining for
nuclei with Hoechst 33258 dye (1 μg/ml) can be included into
the first washing step. After drying, the sample is ready for fluo-
rescence microscopy.

7. Additional staining reactions such as TUNEL or BrdU assays
can be included prior to antibody staining following protocols
provided by the manufacturers.

4 Notes

1. If L-glutamine or sodium pyruvate are not included in the
medium, they have to be added separately to a final concentra-
tion of 2 or 1 mM, respectively.

2. Dissolve 10 μg FGF-2 in 100 μl sterile PBS, then add 10 μl of
this solution to 500 μl of 0.1 % BSA to generate aliquots that can
be kept at �20 �C.

3. To eliminate astrocytes, differentiation medium can be supple-
mented with 20 μM Ara C.

4. It is recommended to be diluted 1:5 when using for plating of
EBCs or NPs; alternatively, nonenzymatic dissociation solution
can be used instead of trypsin.

5. CAUTION: Lipid extraction and analysis requires the use of
organic solvents that are toxic for the liver and the nervous system.
Therefore, all procedures involving organic solvents must be car-
ried out in a chemical fume hood. The use of organic solvents
produces waste that has to be properly disposed of following
institutionally enforced regulations and protocols. When handling
organic solvents, glass pipettes and glass containers have to be
used. The reagent for staining of lipids on TLC contains caustic
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and acidic components. Therefore, extra care and protection is
required such as double gloves and face shield. Do not inhale the
spraying reagent or organic vapors. The staining reaction uses a
heater in the chemical fume hood which requires that organic
solvents are placed in safe distance from the heating device to
avoid a fire hazard. It is also recommended to handle the hot
TLC plate with heat-resistant gloves or tools to avoid burns.

6. Prolonged exposure to trypsin can damage the cells and dramat-
ically reduce survival of EBCs after replating. Therefore, milder
methods of dissociation such as nonenzymatic dissociation solu-
tions should be tested. It is also critical to add EB1 as soon as
dissociation is visible. However, DO NOT keep cells for ex-
tended time in EB1 medium because it will induce premature
differentiation otherwise. Remove medium and wash cells with
NP medium.

7. If the initial survival of EBCs or NPs is low, double or triple the
concentration of FGF-2 in NP medium.

8. Incubation with ceramide or ceramide analogs will eliminate rPS
cells and enhance neuronal lineage specification, while the addi-
tion of S1P or S1P analogs will direct differentiation toward
oligodendroglial lineage.

9. The use of pipette tips should be avoided and glass pipettes used
instead. However, if glass pipettes for small volumes are not
available, pipette tips (NOT plastic pipettes) can be of short-
term use. In this case, it is advisable to equilibrate the atmo-
sphere within the tip and the pipettor by repeatedly pipetting up
and down organic solvent before using it with the sample.

10. To detect ceramide, lipid equivalent to 200–300 μg protein
(2–3 mg or 3–5 � 106 cells) will yield a detectable band using
the staining method described in this protocol. Application of
an amount of 0.5–1 μg of lipid standard is recommended.

11. The methods described in this protocol are not suitable for stain-
ing of low abundance lipids such as S1P. Further, these methods
have to be modified if lipids with a different range of polarity
(e.g., phospholipids) are to be analyzed. Many of these modified
methods will use radioactive labeling of lipid precursors, which
will impose additional hazards. For a more comprehensive lipid
analysis, it is recommended to use the commercially available ser-
vice of sphingolipidomics core facilities. A protocol for mass spec-
trometric analysis is provided in the section above. However, it is
also recommended to contact the core facility prior to sample
preparation to receive the proper protocol to be used for the
sample analysis in the facility.

12. The following methods are only applicable to cultivated cells or
cryofixed tissue sections. Paraffin sections cannot be used for im-
munocytochemistry because organic solvents will dissolve and
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remove the lipids from the sample. Therefore, it is also not possible
to use organic solvents such as methanol or acetone for fixation.
The recommended fixation reagent is 4 % p-formaldehyde in PBS,
which should be prepared fresh. However, frozen stock can also be
used for a short period of time. Formaldehyde is a toxic reagent
and any steps of the fixation procedure handling open containers
should be performed in a chemical fume hood.

13. It is recommended to perform immunocytochemistry with or
without permeabilization and compare the results. In the case
that permeabilization cannot be avoided, it is advisable to first
perform immunocytochemistry for the lipid without permeabili-
zation, then fix the cells again, and perform the permeabilization
afterwards. Proteins inside of the cells can then be immunode-
tected performing a second round of incubation with the respec-
tive primary and secondary antibodies.
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3D Stacked Construct: A Novel Substitute for Corneal Tissue
Engineering

Shrestha Priyadarsini, Sarah E. Nicholas, and Dimitrios Karamichos

Abstract

Corneal trauma/injury often results in serious complications including permanent vision loss or loss of
visual acuity which demands corneal transplantations or treatment with allogenic graft tissues. There is
currently a huge shortage of donor tissue worldwide and the need for human corneal equivalents increases
annually. In order to meet such demand the current clinical approach of treating corneal injuries is limited
and involves synthetic and allogenic materials which have various shortcomings when it comes to actual
transplantations. In this study we introduce the newly developed, next generation of our previously
established 3D self-assembled constructs, where multiple constructs are grown and stacked on top of
each other without any other artificial product. This new technology brings our 3D in vitro model closer
to what is seen in vivo and provides a solid foundation for future studies on corneal biology.
Lipids are known for playing a vital role during metabolism and diseased state of various tissues and

Sphingolipids are one such class of lipids which are involved in various cellular mechanisms and signaling
processes. The impacts of Sphingolipids that have been documented in several human diseases often involve
inflammation, neovascularization, tumorigenesis, and diabetes, but these conditions are not yet thoroughly
studied. There is very little information about the exact role of Sphingolipids in the human cornea and
future studies aiming at dissecting the mechanisms and pathways involved in order to develop novel
therapies. We believe that our novel 3D stacked model can be used to delineate the role of Sphingolipids
in the human cornea and provide new insights for understanding and treating various human corneal
diseases.

Keywords: 3D constructs, Cornea, Extra cellular matrix, Sphingolipids, Stacking

1 Introduction

In recent years tissue engineering applications have garnered great
interests across various fields of medical science in order to treat
various diseased conditions. The vast implication of tissue engineer-
ing using different biomaterials has been a great success, yet there
are various limitations when it comes to actual applications due to a
number of contributory factors such as immune response to foreign
body or material, synthetic materials fail to respond to the changing
physiological loads or biochemical stimuli which limit the lifetime
of artificial body parts, graft rejections, infection, glaucoma, retinal
detachment and extrusion [1, 2]. The application of tissue
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engineering in treating ocular dystrophies has also stimulated great
interest and has been a great success over the past years [3–7].

Wound healing is one of the major challenges when it comes to
treating ocular injuries. It often leads to scarring resulting in either
partial vision loss or permanent blindness. The process of corneal
wound healing is complex; it involves interactions between the
wound-healing epithelium, a temporary “provisional matrix,” and
cells present in the extracellular matrix (ECM) [8]. During this
process the wounds either tend to heal in a regenerative manner,
where the tissue returns to its original state, or in a fibrotic manner,
where a scar is produced.

Being able to treat corneal injuries without scarring and be able
to mimic the actual in vivo process remains elusive. In vitro there
have been a number of models investigated and proposed [2,
8–17]. 3D in vitro models are of great interest due to their potential
of mirroring cellular and physiological events that are very impor-
tant during fibrosis and wound healing [8, 9, 18, 19]. In the
cornea, the elucidation of using 3D in vitro systems is imperative
in order to improve treatments and lead us to the identification of
new therapeutic approaches. Our original 3D in vitro model has
been well studied and has shown the impeccable ability of recapi-
tulating in vivo events in vitro [18–20] but one of the biggest
limitations of our model is that the cells have limited proliferative
potential and can only assemble a certain amount of ECM. Such
limitations have been partially overcome by stimulating with vari-
ous growth factors, mainly transforming growth factor-β (TGF-β)
isoforms which aid the cells in stimulating, secreting, and assem-
bling double or triple the amount of ECM [18, 21, 22]. Even with
TGF-β stimulation, however, the ECM assembled does not exceed
120–150 μm over 4 weeks, when a human corneal stroma is
approximately triple in thickness [18, 21, 23]. Thus, a 3D in vitro
model that closely mimics the corneal stroma in size would lead to
more accurate results and a better understanding of cellular and
ECMmechanisms. The herein described 3D self-assembled stacked
model represents the latest generation of our promising in vitro
model.

Sphingolipids (SPLs) are known to be involved in human dis-
eases associated with inflammation, neovascularization, tumorigen-
esis, and diabetes; however, their roles associated with these
diseases remain understudied and not fully understood [24, 25].
Bioactive SPLs such as Sphingosine-1-phosphate (S1P) and Cer-
amide (Cer) have been acknowledged as being essential mediators
of many basic cellular processes such as cell migration, survival,
contraction, proliferation, gene expression, and cell–cell interac-
tions [26]. S1P and Cer actions/levels are regulated by Ceramidase
enzymes; their ability to regulate diverse cellular processes has
grasped the attention and interest of researchers due to their cap-
abilities of regulating tissue fibrosis in various organ systems by
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utilizing S1P and/or Cer [24, 27, 28]. Among the fields of interest
pertaining to SPLs, the cornea remains one of the most scarcely
studied. There are currently only a few publications that reported
the presence of SPLs in the cornea. Swaney et al. [28] reported the
presence of Sphingosine kinase-1 (SphK1), Sphingosine kinase-
2 (SphK2), and S1P1-3,5 receptor proteins in cultured human pri-
mary corneal fibroblasts (HCFs). Watsky et al. [29] observed
expression of S1P receptor’s mRNA in cultured corneal epithelial
cells which mimicked wound healing responses in vivo. In a recent
study, our group showed significant differences in total composi-
tion and specific SPL subspecies in the healthy cornea compared to
the diabetic cornea [30].

The 3D in vitro model described in detail here can be used in
order to investigate the role of SPLs in the healthy and the diseased
human cornea while providing new insights in treating ocular
dystrophies with better clinical results.

2 Materials

Corneal samples obtained should only be used for scientific pur-
poses and ethical permission must be obtained prior conducting
any further experiments. The corneal tissue samples should be from
donors with no history of ocular trauma or systemic disease. All
reagents and media used should be completely sterile and all the
protocols must be initiated in a sterile Laminar flow hood. The
storage temperature of the media should be at 4 �C. Waste material
should be disposed as per the proper disposal regulations.

2.1 Cell Isolation

and Culture

1. Healthy corneal tissue samples from donors with no ocular
trauma or systemic disease.

2. Dulbecco’s Phosphate Buffered Solution (1�).

3. Sterile forceps.

4. Single edge razor blades and sterile surgical scalpel blades No. 10.

5. Eagle’s Minimum Essential Medium (American Type Culture
Collection, Manassas, VA, USA) containing 10% FBS and 1%
antibiotic. 6.0.05% Trypsin-EDTA (1�).

2.2 3D Constructs

Assembly

1. Polycarbonate membrane inserts with 0.4-μm pores (Corning
Costar; Corning Incorporated, Corning, NY, USA).

2. Eagle’s Minimum Essential Medium containing 10% FBS and
1% Antibiotic.

3. 0.5 mM 2-O-α-Dglucopyranosyl-L-ascorbic acid (Vitamin C).

2.3 Stacked

Constructs

1. Sterile forceps.

2. Sterile Spatula.

3D Stacked Construct: A Novel Substitute for Corneal Tissue Engineering 175



3. Wax block.

4. Dulbecco’s Phosphate Buffered Solution (1�).

2.4 S1P Stock

Preparation

1. S1P stock solution was prepared at a concentration of 125 μM
for all S1P treatments by dissolving S1P powder in 4 mg/ml of
BSA in water at 37 �C in a glass vessel.

2. SphKI2 is a selective inhibitor of SphK1 [31] and a stock solu-
tion was made at a concentration of 5 mM by dissolving the
powder in DMSO.

3 Methods

3.1 Cell Isolation 1. On receipt of the corneal tissue samples, the tissues should be
transferred into a petri dish containing DPBS (1�).

2. The corneal epithelium and endothelium should be removed
from the stroma by scraping with a razor blade.

3. The corneal stromal tissues are further cut into small pieces of
size �2 � 2 mm and placed into T25 culture flaks.

4. Explants then should be allowed to adhere to the bottom of the
flask at 37 �C for about 30–40 min and then EMEM media
containing 10% fetal bovine serum and 1% antibiotic needs to be
added carefully without disturbing the explants.

5. The explants should be left undisturbed until the cells begin
isolating and migrating through the flask and further they
require passage into T75 culture flasks upon 100% confluence
after 1–2 weeks of cultivation at 37 �C, 5% CO2.

3.2 Culture of

Primary Human

Corneal Fibroblast

Cells and Assembly of

3D Constructs

1. HCF cells isolated from explants are cultured in Eagle’s Mini-
mum Essential Medium containing 10% fetal bovine serum and
1% antibiotic.

2. Fresh media needs to be supplied every other day for the entire
duration of culture. The cultures need to be passaged upon
80–100% confluence.

3. For assembly of 3D constructs about 1 � 106 cells/well of HCF
cells need to be counted and seeded on polycarbonate mem-
brane inserts with 0.4-μm pores (Fig. 1) (see Note 1).

4. The constructs need to be grown in Eagle’s Minimum Essential
Medium containing 10% fetal bovine serum and 1% antibiotic
and after 24 h of cell seeding the cultures need to be stimulated
with 0.5 mM 2-O-α-Dglucopyranosyl-L-ascorbic acid (Vitamin
C) (see Note 2).

5. The cultures should be maintained for 2 weeks time point and
fresh media should be supplied every other day during the entire
study period.
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3.3 Stacking of 3D

Constructs

1. 3D constructs maintained for 2 weeks are used for stacking.
Firstly, the media needs to be aspirated and the constructs
should be washed with sterile DPBS (1�) twice.

2. Further remove the constructs on to a wax block with sterile
forceps and gently detach the edges of the membrane from the
plastic with the help of a sterile spatula.

3. Now, slowly peel the ECM secreted inwards from one edge of
the membrane without any breakage and transfer to a 21.5 cm2

petri dish containing 2 ml of sterile DPBS (1�) (see Note 3).

4. Aspirate media from another construct well designated to be
stacked upon and wash it with DPBS (1�) twice. Transfer the
detached construct on top of the second designated construct
well using forceps and ensure the transferred construct is folded
inwards (see Note 4). Spread the construct gently with the help
of forceps and spatula ensuring even attachment covering the
entire construct well (see Notes 4 and 5).

5. Incubate the construct for about 15–20 min in about
150–200 μl culture media at 37 �C to allow proper attachment
to the base construct and also to prevent floating. Gently add

Fig. 1 3D constructs assembly using polycarbonate membrane inserts. (a, b) Polycarbonate membrane plate
and respective inserts with 0.4-μm pores. (c) Human corneal fibroblast grown in EMEM media containing 10%
fetal bovine serum and 1% antibiotic. (d) Cells stimulated with media containing 0.5 mM 2-O-α-Dglucopyr-
anosyl-L-ascorbic acid (Vitamin C)
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media to the stacked constructs without disturbing or detaching
the top construct from the bottom layer.

6. Repeat stacking every other day until 8 constructs are stacked all
together and change the media 3 times per week (Fig. 2).

3.4 Sphingolipid

Analysis

1. Lipid extraction from human corneas needs to follow our previ-
ously optimized protocol [30].

2. Samples should be analyzed using targeted LC MS/MS meth-
ods. Using targeted lipidomics analysis the changes in SPLs
profile in the samples should be identified.

4 Notes

1. During assembly of constructs make sure to have an even cell
suspension without any cell lumps and distribute evenly
throughout each well by pipetting up and down in order to
avoid construct contractions.

2. While preparing the Vitamin C (0.5 mM 2-O-α-Dglucopyrano-
syl-L-ascorbic acid) media, take about 12 ml of media to which
dissolve 0.5 mM 2-O-α-Dglucopyranosyl-L-ascorbic acid and
incubate it for about 15 min in order to ensure even dissolving
of Vitamin C. Further filter this Vitamin C solution to the entire
bottle of culture media.

3. While peeling off the matrix from the membrane try to slowly
roll one edge of the matrix initially in order to avoid breakage.
When reached half way through the membrane can be slowly
peeled off with forceps in one stroke.

4. When thematrix is transferred to the petri dish containing PBS it
spreads out flat, exactly the way it’s peeled, which clearly gives an

Fig. 2 Stacking of 3D constructs. In controls the cells seeded on the polycarbonate membrane secrete an ECM
of about 40 μm thickness whereas in the stacked constructs the total thickness of the ECM makes about
320 μm
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idea about the matrix initial orientation and making it easier to
identify the top and bottom of the matrix. Ensure spreading the
construct the same manner as that of its initial orientation.

5. Ensure even spreading of the corneal matrix without any creases,
this would help in avoiding contraction of the corneal matrix.
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