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Characterization and direct quantitation of cerebroside
molecular species from lipid extracts by shotgun lipidomics
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Abstract By using shotgun lipidomics based on the separa-
tion of lipid classes in the electrospray ion source (intrasource
separation) and two-dimensional (2D) MS techniques (Han,
X., and R. W. Gross. 2004. Shotgun lipidomics: electrospray
ionization mass spectrometric analysis and quantitation of
the cellular lipidomes directly from crude extracts of biolog-
ical samples. Mass Spectrom. Rev. First published on June 18,
2004; doi: 10.1002/mas.20023, In press), individual molecu-
lar species of most major and many minor lipid classes can
be quantitated directly from biological lipid extracts. Herein,
we extended shotgun lipidomics to the characterization and
quantitation of cerebroside molecular species in biological
samples. By exploiting the differential fragmentation pat-
terns of chlorine adducts using electrospray ionization (ESI)
tandem mass spectrometry, hydroxy and nonhydroxy cere-
broside species are readily identified. The hexose (either ga-
lactose or glucose) moiety of a cerebroside species can be
distinguished by examination of the peak intensity ratio of its
product ions at m/z 179 and 89 (i.e., 0.74 = 0.10 and 4.8 *
0.7 for galactose- and glucose-containing cerebroside spe-
cies, respectively). Quantitation of cerebroside molecular spe-
cies (as little as 10 fmol) from chloroform extracts of brain
tissue samples was directly conducted by 2D ESI/MS after
correction for differences in '3C-isotopomer intensities. B
This method was demonstrated to have a greater than 1,000-
fold linear dynamic range in the low concentration region;
therefore, it should have a wide range of applications in stud-
ies of the cellular sphingolipid lipidome.—Han, X., and H.
Cheng. Characterization and direct quantitation of cerebro-
side molecular species from lipid extracts by shotgun lipi-
domics. J. Lipid Res. 2005. 46: 163-175.

Supplementary key words electrospray ionization  galactosylceramide
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two-dimensional mass spectrometry

Cerebrosides are a family of glycosphingolipids, which
are composed of a hexose and a ceramide moiety that usu-
ally consists of a long-chain amino alcohol generally referred
to as a “sphingoid base” (e.g., sphingosine and sphinga-
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nine) and an amide-linked long-chain fatty acid (Fig. 1A)
(1). Cerebrosides mediate diverse biological processes,
among them the regulation of cell growth, protein traf-
ficking and sorting, modulation of cell adhesion, forma-
tion and stabilization of axonal branches, and cell mor-
phogenesis (see 2, 3 for recent reviews). In mammals,
galactose and glucose are the main hexoses in cerebrosides,
called galactocerebroside or galactosylceramide (GalCer)
and glucocerebroside or glucosylceramide (GlcCer), respec-
tively (4, 5).

GalCer species are highly enriched in brain tissues (6, 7)
and constitute almost 30% of the lipid mass content of the
myelin sheath (8). A GalCer-deficient transgenic mouse line
has been generated by deleting the key enzyme for GalCer
biosynthesis (9, 10). These mice demonstrate abnormal
axonal function, dysmyelinosis, and loss of conduction ve-
locity of axons and generally die by 3 months of age (9-11).
In contrast, increased levels of GalCer, attributable to a ga-
lactosylceramidase deficiency, are responsible for globoid
cell leukodystrophy (i.e., Krabbe’s disease) (12, 13). GlcCer
species are present in Gaucher’s tissues, such as spleen,
liver, lungs, bone marrow, and brain (4, 14). Although the
mass content of GlcCer (as the metabolic intermediates of
gangliosides) compared with GalCer in normal nerve tis-
sues is minor (15), GlcCer levels are dramatically increased
in the nervous systems of patients with Gaucher’s disease
(14). Accumulation of GlcCer, caused by the deficiency of
a lysosomal acid B-glucosidase (i.e., glucocerebrosidase),
is responsible for Gaucher’s disease (14). Therefore, de-
termination of cerebroside content and analysis of its mo-
lecular species have direct clinical relevance and applica-
tions (12, 14, 16).

Traditionally, analysis of cerebrosides from biological sam-
ples has generally depended upon the isolation of alkali-sta-

Abbreviations: 2D, two-dimensional; ESI, electrospray ionization;
GalCer, galactosylceramide; GlcCer, glucosylceramide; MS/MS, tandem
mass spectrometry; N18:0-d35, perdeuterated N-octadecanoyl; NL, neu-
tral loss; Nm:n, the acyl amide chain of cerebroside molecular species
containing m carbons and n double bonds; 20H, 2-hydroxy.
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Fig. 1. The structure and designations of fragment ions of galac-
tosylceramide (GalCer). A: Structure of GalCer and its relationship
with other metabolites. B: Positive-ion fragmentations of lithium ad-
ducts of GalCer. C: Negative-ion fragmentations of chlorine adducts
of GalCer. A common nomenclature system for the designation of
fragment ions (21) was used.

ble glycolipids from lipid extracts followed by protection,
derivatization, and quantitation of fatty acyl amide deriva-
tives by gas chromatography or with coupling to MS (15,
17). However, this process is labor-intensive and yields re-
sults with relatively low detection sensitivity and multiple
propagated errors. Total cerebroside content in biological
samples has also been quantified by using multiple steps
of TLC before densitometric analysis (18). Recently, many
advanced analytical tools, including high performance
TLC, HPLC, and several types of soft ionization MS, have
been used to analyze cerebroside species after prior purifi-
cation of cerebrosides from the lipid extracts of biological
samples (12, 19-30).

Although we were able to analyze and quantitate major
GalCer molecular species directly from the lipid extracts of
biological samples by electrospray ionization (ESI)/MS with-
out prior purification techniques (6, 7), the analysis and
quantitation of many low-abundance molecular species of
GalCer by this method were quite challenging. In addition,
many GalCer molecular species overlap with some molec-
ular species of choline glycerophospholipid or sphingomy-
elin 13C-isotopomers, so the accuracy of quantitative analy-
sis of GalCer molecular species directly from crude lipid
extracts using pseudomolecular ion comparisons was rela-
tively low (~10%).
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ESI/MS has now been widely used to directly quantitate
molecular species of many classes in lipid extracts of bio-
logical samples within acceptable experimental error (i.e.,
<5%) (see 31-35 for recent reviews). However, whether
similar strategies using ESI/MS can be used to directly quan-
titate cerebroside molecular species from crude lipid extracts
without prior chromatographic purification of cerebroside
fractions to a higher accuracy than that demonstrated in
our previous work (6, 7) requires further investigation. In
addition, identification of the cerebroside hexose moiety to
distinguish galactose- from glucose-containing species needs
to be further explored. Although product-ion ESI/MS an-
alyses were able to identify the 2-hydroxy (20H) GalCer
molecular species (30), effective identification of nominal
isobaric molecular species of 20H GalCer- and GalCer-
containing acyl amides with an odd carbon number and
one fewer double bond also needs to be established.

Very recently, we have developed a two-dimensional (2D)
ESI/MS technique (36) that is an arrayed analysis by inte-
gration of both mass spectrometric and tandem mass spec-
trometric analyses. The first dimension of each 2D mass
spectrum consists of the primary (molecular or pseudo-
molecular) ions in an axis of m/z, and its second dimension
consists of the building blocks (i.e., polar head groups
and/or aliphatic chains) of lipids [which are characterized
by either neutral loss (NL) scans or precursor-ion scans or
both] in an axis of mass (in the case of NL scanning) or
m/z (in the case of precursor-ion scanning). By this tech-
nique, peak assignments can be substantiated by multiple
independent mass spectrometric criteria, isobaric molecu-
lar species and regiospecificity can be discriminated, and
quantitation of low-abundance molecular species can be
performed and/or refined. Accurate quantitation of the
minor pseudomolecular ions can be achieved by 2D MS
analysis with a two-stage process. First, the abundant pseudo-
molecular ions in a selected class are quantitated by com-
parisons with a selected internal standard in the first-
dimensional mass spectrum. Next, these values are used as
endogenous standards for ratiometric comparisons to quan-
titate the low-abundance individual molecular species con-
tent from the subsequent tandem mass spectra.

Herein, we extend this technique to characterize and
quantitate individual cerebroside molecular species directly
from chloroform extracts of biological samples. Specifi-
cally, major cerebroside molecular species can be quanti-
tated by direct comparison of the individual cerebroside
ion peak intensities with that of the selected internal stan-
dard after correction for differences in '3C-isotopomer in-
tensities in both positive- and negative-ion ESI/MS ana-
lyzed as the lithium and chlorine adducts, respectively.
Then, a tandem mass spectrum obtained from the NL of
162.1 u (unified atomic mass) (see Y, ion in Fig. 1B) from
lithiated molecular ions in positive-ion mode can be used
to identify all molecular species of cerebroside and quanti-
tate/refine the minor cerebroside molecular species using
the already quantified major cerebroside species as stan-
dards in addition to the original internal standard. Simi-
larly, a tandem mass spectrum obtained from the NL of
36.0 u (corresponding to HCl) from chlorine adducts of
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cerebroside molecular ions in negative-ion mode can be
used to identify all molecular species of cerebroside and
quantitate/refine the minor cerebroside molecular species
using the previously quantified major cerebroside species
as standards in addition to the original internal standard.
In addition, analysis of the fragment pattern of the chlo-
rine adduct of a cerebroside molecular species can be
used to identify the hexose moiety and acyl amide moiety
with or without the hydroxyl group of a cerebroside. Col-
lectively, this study extends the 2D ESI/MS technique to
profile and quantitate cerebrosides (in general) directly
from a lipid extract of a biological sample and contributes
a great deal to the emerging field of shotgun lipidomics.

MATERIALS AND METHODS

Materials

Semisynthetic GalCers including N-octadecanoyl (N18:0 Gal-
Cer) and N-cis-15-tetracosenoyl (N24:1 GalCer) were purchased

from Sigma-Aldrich (St. Louis, MO). Semisynthetic perdeuter-
ated N-octadecanoyl (N18:0-d35) GalCer, bovine brain GalCer,
bovine brain hydroxy GalCer, and human spleen GlcCer were
purchased from Matreya, Inc. (Pleasant Gap, PA). The purity of
all semisynthetic GalCer species was determined by ESI/MS be-
fore use in quantitative analysis, and it was found that N18:0-d35
GalCer from Matreya contained ~30% of d34 deuterated N-octa-
decanoyl GalCer (Figs. 2, 3). All solvents used for sample prepa-
ration and for mass spectrometric analysis were obtained from
Burdick and Jackson (Honeywell International, Burdick and
Jackson, Muskegon, MI). Other reagents were of analytical grade
and were from Sigma-Aldrich.

Preparation of the mixtures of cerebroside
molecular species

A stock solution of each GalCer or GlcCer sample in chloro-
form-methanol (2:1, v/v) was prepared and stored under nitro-
gen at —20°C. The solutions were brought to room temperature
just before use. The mixtures of GalCer molecular species were
prepared from these stock solutions using gas-tight syringes. The
concentration of each GalCer molecular species in the mixtures
ranged from 1 to 1,000 nM. The concentration of N18:0-d35 Gal-
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Cer in its mixture with other GalCer molecular species repre-
sents only the d35 species (i.e., other deuterated species such as
N18:0-d34 GalCer were not counted in the N18:0-d35 GalCer
concentration of the mixture). Because sodium ions could com-
plicate the ESI mass spectra of cerebroside and interfere with the
quantitative analyses of cerebroside molecular species, all of the
mixed solutions were back-extracted at least three times by a
modified Bligh and Dyer technique (37) using 20 mM LiCl in an
aqueous layer to minimize the presence of sodium ion in the so-
lutions. The advantages of using LiCl in sample preparation and
mass spectrometric analyses in shotgun lipidomics have recently
been discussed in detail (32). The extracts were dried under a ni-
trogen stream, dissolved in chloroform, filtered with 0.2 pm Gel-
man acrodisc CR PTFE syringe filters (Gelman Science, Ann
Arbor, MI), and dried under a nitrogen stream. The dried cere-
broside mixtures were resuspended in 0.2 ml of chloroform-meth-
anol (1:1, v/v) before ESI/MS analysis. This procedure mini-
mizes the effects of sodium ions and provides sufficient lithium
ions for analysis of cerebrosides by ESI/MS.

Preparation of lipid extracts from rat brain tissues

Male Sprague-Dawley rats (350-450 g body weight) were pur-
chased from Charles River Laboratories (Wilmington, MA) and
killed. Brain tissues were dissected, and ~10 mg of dissected tis-
sue samples was homogenized in 1 ml of ice-cold PBS with a glass
tissue grinder. Protein assays were performed on each of the in-
dividual homogenates. Next, lipids from another ~10 mg of dis-
sected tissue were extracted three times by a Folch method (38)
in the presence of N18:0-d35 GalCer (20 nmol/mg protein) (used
as an internal standard for cerebroside quantitation). The ex-
tracts were then back-extracted three times by a modified Bligh
and Dyer technique (37) using 20 mM LiCl. The lipid extracts
were dried under a nitrogen stream, dissolved in chloroform, fil-
tered with 0.2 um Gelman acrodisc CR PTFE syringe filters (Gel-
man Science), reextracted, and dried under a nitrogen stream. The
final lipid residue was resuspended in 1 ml of chloroform-metha-
nol (1:1, v/v) for ESI/MS analyses.

ESI/MS of cerebrosides

ESI/MS analyses of cerebrosides were similarly performed us-
ing a Finnigan TSQ Quantum Spectrometer equipped with an
electrospray ion source as described previously for the analysis of
hepatic lipids (36). Typically, a 1 min period of signal averaging in
the profile mode was used for each spectrum of a given cerebro-
side sample or lipid extract. Lipid extract samples were appropri-
ately diluted in chloroform-methanol (1:1, v/v) before direct in-
fusion into the ESI chamber using a syringe pump at a flow rate
of 2 pl/min. Tandem mass spectrometry (MS/MS) of cerebrosides
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Fig. 3. A typical product-ion ESI mass spectrum of the chlo-
rine adduct of N18:0 glucosylceramide (GlcCer). After selection
of the chlorine GlcCer adduct in the first quadrupole, collisional
activation was performed in the second quadrupole and the re-
sultant product ions were analyzed in the third quadrupole as
described in Materials Methods. The chlorine adduct of N18:0
GlcCer was selected from the ESI/MS analysis of a human
spleen GlcCer mixture, which was diluted from a stock solution
of human spleen GlcCer and extracted by a modified method of
Bligh and Dyer (37) in the presence of 20 mM LiCl in the aque-
ous phase, as described in Materials and Methods.

i
1000

after ESI was performed by selective passage of the pseudomolec-
ular ion(s) of cerebrosides from the first quadrupole into the
second quadrupole, where dissociation was induced through col-
lisional activation with nitrogen gas. The resultant product ions
were analyzed after passage into the third quadrupole. The de-
gree of collisional activation was adjusted through variation of
the DC-offset voltage with a collision gas pressure of 1 mTorr.
During this study, a collision energy of 30 eV in negative-ion mode
or 50 eV in positive-ion mode was used. Two types of ESI/MS/MS
(i.e., product ion and NL) were performed. Production MS/MS
was similarly conducted as described previously (39). The nega-
tive-ion MS/MS in NL mode was performed by coordinately scan-
ning both the first and third quadrupoles with a mass difference
(i.e., NL) of 36.0 u, corresponding to the NL of a hydrogen chlo-
ride molecule from chlorine adducts of cerebroside molecular
species, whereas collision activation was performed in the second
quadrupole. The positive-ion MS/MS by NL of 162.1 or 210.1 u,
corresponding to the NL of galactose/glucose derivatives from
lithiated cerebroside molecular species, was similarly performed.

Quantitation of cerebroside molecular
species and miscellaneous

Major cerebroside molecular species were directly quantitated
by comparisons of ion peak intensities with that of an internal
standard (i.e., N18:0-d35 GalCer) from the first-dimensional mass
spectrum after correction for the different '3C-isotopomer inten-
sities of cerebroside molecular species relative to the internal
standard in either positive- or negative-ion mode (32, 40, 41). By
using these previously quantified major cerebroside molecular
species as a set of standards in addition to the original internal
standard (i.e., N18:0-d35 GalCer), minor cerebroside molecular
species were quantitated/refined by MS/MS in a 2D mass spec-
trometric manner as previously described (36). Quantitative data
from biological samples were normalized to the protein content
of the tissues, and all data are presented as means = SD of sam-
ples from a minimum of six separate animals. Protein concentra-
tion was determined with a BCA protein assay kit (Pierce, Rock-
ford, IL) using BSA as a standard.

RESULTS AND DISCUSSION

ESI/MS of cerebroside molecular species and
identification of GalCer and GlcCer molecular species
using ESI/MS/MS in negative-ion mode

To determine the utility of ESI/MS analysis of cerebro-
side molecular species, ion patterns of a known GalCer
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mixture were characterized in negative-ion mode in initial
experiments (Fig. 2). Negative-ion ESI mass spectra of an
equimolar mixture of N18:0, N18:0-d35, and N24:1 Gal-
Cer (10 nM each) displayed three pseudomolecular ions
at m/z 762.6, 797.8, and 844.7 with essentially identical in-
tensities after correction for the different *C-isotopomer
intensities of GalCer molecular species relative to the in-
ternal standard (32, 40, 41) (Fig. 2A, horizontal lines). It
should be noted that the type II 3C-isotopomer distribu-
tion (32, 40, 41) of N18:0-d34 GalCer contributed ~18%
to the total peak intensity of N18:0-d35 GalCer in Fig. 2A.
Product-ion analyses showed that these pseudomolecular
ions corresponded to the chlorine adducts of GalCer spe-
cies (i.e., [M + Cl]7) (Fig. 2B, C). Although chlorine ad-
ducts of GalCer molecular species have not been previ-
ously characterized by ESI/MS, chlorine adducts of several
other classes of lipids have been extensively studied (39,
42). The presence of the abundant isotopomer ion peaks
at M + 2 in the spectra evidently suggests the ready forma-
tion of chlorine adducts of these GalCer molecular spe-
cies under the experimental conditions used.

After collisional activation of a selected chlorine adduct
of GalCer, multiple product ions were detected, each pro-
viding salient structural information (Fig. 1C). First, an
abundant ion ([M + CI — 36]7) (the loss of HCI; E ion)
and an abundant product ion at m/z 35 were present in
each spectrum (Fig. 2B, C). These product ions indicated
the presence of a chloride in the selected pseudomolecu-
lar ion. Interestingly, the peak intensity ratio of the prod-
uct ion at [M + CI — 36]~ to the pseudomolecular ion
(i.e., [M + Cl] ) was more than 3-fold greater in produc-
tion ESI mass spectra of chlorine adducts of 20H GalCer
molecular species (Fig. 2C) compared with that generated
from chlorine adducts of nonhydroxy GalCer species (Fig.
2B). This feature was consistently present for all examined
20H and nonhydroxy GalCer molecular species, indicat-
ing that the presence of the 2-hydroxyl group promotes
the loss of hydrogen chloride. We speculate that this is
most likely attributable to the proximity of the chlorine ion
to the carbon adjacent to the amide group and the induc-
ing effect of the hydroxyl of 20H GalCer species causing
the proton on the amide to be more acidic, thus promot-
ing the loss of HCI. This serendipitous feature has proven
to be very useful for the identification of 20H GalCer spe-
cies (see below).

Second, an abundant ion ([M + Cl — 198]7; Z,) was
present. The presence of this product ion, in conjunction
with the presence of a cluster of peaks between m/z 89 and
179 (i.e., Ay — Dy ions; Fig. 1C), characterized the galacto-
syl group in the selected molecular ions. A number of
abundant product ion peaks between m/z 89 and 179 in
the tandem mass spectra of chlorine GalCer adducts (Fig.
2B, C) fingerprint the fragmentation of galactose anion
(m/z 179) with the loss of 30 (formaldehyde) and/or 18
(water) to different degrees (Fig. 2B, inset).

Finally, a unique product ion (v; Fig. 1C) was present in
the product-ion ESI mass spectrum of each pseudo-Gal-
Cer molecular ion. For instance, a distinct product ion at
m/z 282 or 380, corresponding to stearoyl amide or 20H

nervonoyl amide, respectively, was present in the negative-
ion ESI tandem mass spectra of chlorinated N18:0 GalCer
(Fig. 2B) or 20H N24:1 GalCer (Fig. 2C), respectively.
Therefore, the acyl amide substituents of GalCer molecu-
lar species can be readily identified from the characteriza-
tion of this product ion.

GlcCer molecular species are mutually isobaric with
their GalCer counterparts. Previously, ESI/MS/MS/MS or
source-induced dissociation followed by MS/MS of lithi-
ated cerebrosides was used to identify the hexose moiety
(30). In this study, we found that these hexose moieties
could be much more readily identified by negative-ion
ESI/MS/MS of their chlorine adducts. For example, Fig.
3 shows a product-ion ESI mass spectrum of chlorine N18:0
GlcCer adduct. By comparison of the fragment ion pat-
terns between N18:0 GlcCer (Fig. 3) and N18:0 GalCer
(Fig. 2B), the only apparent difference between the spec-
tra is the intensity ratio of product ions at m/z 179 vs. 89.
The average intensity ratios of this pair of product ions
are 0.74 * 0.10 and 4.8 = 0.7 for GalCer and GlcCer mo-
lecular species, respectively, as obtained from the analysis
of more than 10 different molecular species of each sub-
class. We speculate that these different ratios result from
the different stabilities of the fragments from the anionic
hexoses of GalCer and GlcCer species caused by differ-
ences in their hexose configurations. These ratios can be
used to clearly distinguish GlcCer from GalCer molecular
species and to assess the composition of each component
in a GlcCer and GalCer mixture. Of course, it becomes
impractical to identify a component based on this crite-
rion when this component is only minor in the mixture.
In addition, only the fragmentation patterns of GalCer
and GlcCer species have been examined in this study. If
one were interested in cerebrosides containing other hex-
ose moieties, the fragmentation patterns of those cerebro-
sides should be further characterized.

ESI/MS of GalCer molecular species and identification
of GalCer molecular species using ESI/MS/MS in
positive-ion mode

Positive-ion ESI mass spectra of an equimolar mixture
of N18:0 GalCer, N18:0-d35 GalCer, and N24:1 GalCer (10
nM each) under experimental conditions similar to those
of negative-ion ESI/MS displayed two sets of pseudomo-
lecular ion peaks, one at m/z 734.6, 769.8, and 816.7 and
another at m/z 750.6, 785.8, and 832.7 (Fig. 4A). The
abundance of each set of ion peaks was almost identical
within experimental error after correction for the differ-
ent '3C-isotopomer intensities of GalCer molecular spe-
cies relative to the internal standard (32, 40, 41) (as indi-
cated with horizontal lines). The more intense set (i.e., m/z
734.6, 769.8, and 816.7) represented lithium adducts of
GalCer species, whereas the lower abundance set repre-
sented sodium GalCer adducts. The sodiated GalCer mo-
lecular ions were consistently present in the positive-ion
ESI mass spectra, even after the mixture was back-
extracted four times by the modified method of Bligh and
Dyer (37) in the presence of 20 mM LiCl. This observa-
tion suggests that sodium ions tightly bind cerebrosides
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and/or are readily available under the experimental con-
ditions used.

Selection and collisional activation of the lithium ad-
duct yielded three types of product ions (Fig. 1B) similar
to those previously described (30). The first type of prod-
uct ions were all related to the NL of galactosyl head
groups and were present in all ESI tandem mass spectra of
lithium GalCer adducts (Fig. 4B). These product ions in-
cluded [M + Li — 162]" (Yy), [M + Li — 180]" (Z,), and
[M + Li — 210]* (U). The second type of product ions
were at m/z 187 (Aq) and 169 (B,) (Fig. 4B). The third
type of product ions carried structural information about
aliphatic chains in the GalCer molecular species. For ex-
ample, there was an abundant product ion at m/z 399 in
tandem mass spectra of the lithium adduct of N24:1 Gal-
Cer (Fig. 4B), corresponding to the Vion (Fig. 1B). There
were other numerous minor product ion peaks around
this region derived from either loss of the aliphatic con-
stituent from the sphingosine base or loss of fatty acyl
amide derivatives. Selection and collisional activation of
the lithium adduct of 20H GalCer in positive-ion mode
yielded essentially an identical product ion pattern to that
previously described (30).

Positive-ion ESI/MS/MS of sodium adducts of GalCer
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Fig. 4. A typical positive-ion ESI mass spectrum of an equimo-
lar mixture of galactocerebrosides and a product-ion ESI mass
spectrum of lithium galactocerebroside adduct. A: Positive-ion
ESI mass spectrum of an equimolar mixture of GalCer molecu-
lar species. B: Product-ion ESI mass spectrum of the lithium ad-
duct of N24:1 GalCer. Sample preparation, positive-ion mass
spectrometry, and MS/MS of GalCer were performed as described
for Fig. 2. The horizontal lines on or above each peak in A indi-
cate the peak intensities after correction for ¥*C-isotopomer dif-
ferences.

molecular species showed identical product ions but with
altered abundance (spectra not shown). Productions [M +
Na — 162]%, [M + Na — 180]*, and [M + Na — 210]*, in
particular the last one, derived from the sodium adducts
of GalCer, were at least 50% lower in relative abundance
compared with those derived from the lithium adducts of
GalCer. These results suggest different interactions of the
head group region of GalCer with sodium ion and lithium
ion. Furthermore, instead of the lithiated galactose and its
derivative at m/z 187 and 169 in the tandem mass spectra
of lithiated GalCer, a sodiated galactose and its derivative
at m/z 203 and 185 were present in the ESI tandem mass
spectra of sodiated GalCer (data not shown). These fea-
tures were readily used to distinguish sodium adducts of
GalCer molecular species from lithium adducts of hydroxy
GalCer molecular species that could be located at nomi-
nal isobaric peaks.

Quantitation of GalCer molecular species

ESI/MS analyses of equimolar mixtures of GalCer molec-
ular species in both negative- and positive-ion modes dis-
played essentially identical peak intensities after correction
for the different '3C-isotopomer intensities of GalCer molec-
ular species relative to the internal standard (32, 40, 41)
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(Figs. 2A, 4A, horizontal lines). Although the *’Clisotopomer
effects make the quantitation of GalCer molecular species
more difficult using negative-ion ESI/MS, analysis of GalCer
molecular species by negative-ion ESI/MS was not compli-
cated by the nominal isobaric peaks resulting from sodiated
nonhydroxy GalCer and lithiated hydroxy GalCer as in the
positive-ion ESI/MS of GalCer. Therefore, GalCer molec-
ular species can be redundantly quantitated by both nega-
tive- and positive-ion ESI/MS. It should be noted that the
location of double bond(s) in acyl amide chains could not
be identified in this study; therefore, the isobaric molecular
species attributable to the difference in the double bond
location of acyl amide were not resolved and quantitated.
To assess the accuracy of quantitative analysis of cere-
broside molecular species by ESI/MS, two additional ex-
periments were performed. First, equimolar mixtures of
N18:0 GalCer, N18:0-d35 GalCer, and N24:1 GalCer, in
which the concentration ranged from 1 to 1,000 nM for
each individual GalCer component, were prepared. Both
negative- and positive-ion ESI/MS analyses demonstrated
almost identical molecular ion abundance (within experi-
mental error) after correction for different isotopomer
distributions for all samples prepared (spectra not shown).
The results demonstrate that the linear dynamic range of
cerebroside quantitation by either negative- or positive-
ion ESI/MS analysis is greater than 1,000-fold in this low
concentration range. Second, a set of mixtures of N18:0-
d35 GalCer with N18:0 GalCer and N24:1 GalCer at differ-
ent molar ratios and different concentrations was pre-
pared. Upon examination of peak intensity ratios of these
mixtures in both negative- and positive-ion ESI/MS, a lin-
ear correlation between the prepared molar ratios in the
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mixture and the ion peak intensity ratios after correction
for '3C-isotopomer intensity differences was demonstrated
(Fig. 5). A correlation coefficient of 0.995 or 0.993 and a
slope of 1.06 or 1.08 from the mixtures of N18:0 GalCer
or N24:1 GalCer with N18:0-d35 GalCer, respectively, were
documented (Fig. 5) by positive-ion ESI/MS. A similar re-
sult was also obtained from the utility of negative-ion ESI/MS
(data not shown). These results demonstrate that a 100-
fold linear dynamic range using an internal standard to
directly quantitate cerebroside molecular species of inter-
est by either negative- or positive-ion ESI/MS is promising.
It should be noted that an optimal molar ratio between
the species of interest and the internal standard used is
between 0.2 and 0.8. Beyond this range, significant exper-
imental errors could be induced, depending on factors
such as baseline drift (i.e., chemical noise) and ion peak
intensity fluctuation (i.e., instrumental stability). However,
most of these factors can be eliminated by ESI/MS/MS
analysis with NL scanning, and minor cerebroside molec-
ular species can be refined by the 2D ESI/MS approach
(see below), by which quantitation of minor peaks (e.g.,
peak intensities that are <1% of the most abundant peak
of a cerebroside molecular species) can be readily achieved.
This represents a greater than 1,000-fold dynamic range of
quantitation relative to a selected internal standard because
the measurement of concentrations under the experimen-
tal conditions is dynamically linear, as demonstrated above.

Quantitative analyses of cerebroside molecular species
using 2D ESI/MS

Studies of the acquired ESI mass spectra of brain tissue
extracts consistently demonstrated some overlap of lithiated

N24:1 GalCer é
y = 1.084x - 0.076
10 r2=0.993

Relative Peak Intensity Ratio of Molecular lons 0J

0 T T T
0 25 5 7.5 10

Molar Ratio of Mixture

Fig. 5. Correlation of the determined peak intensity ratios relative to internal standards from mass spectra
with the expected molar ratio in the mixture. Mixtures of N18:0 (A) and N24:1 (B) GalCer molecular species
containing differential molar ratios relative to N18:0-d35 GalCer (used as an internal standard) with concen-
trations ranging from 1 to 1,000 nM for each GalCer component were prepared as described in Materials
and Methods. The lithiated ion peak intensity ratios of N18:0 and N24:1 GalCer molecular species relative to
the N18:0-d35 GalCer ion peak were determined from the positive-ion ESI/MS analyses after corrections for
13C-isotopomer differences. The correlation coefficient (r%) and slope of the linear plots are as indicated for
both molecular species. Data are presented as means = SEM from at least four separate sample preparations.
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GalCer molecular ions with choline glycerophospholipids
in positive-ion ESI spectra or overlap of chlorine GalCer
adducts with sulfatide, phosphatidylserine, and/or phos-
phatidylinositol molecular ions in negative-ion spectra in
shotgun lipidomics (6, 7, 32). Therefore, under these con-
ditions, it was difficult to directly quantitate all of the cere-
broside molecular species from brain tissue extracts only
by ESI/MS. To solve this problem, isolation of the cere-
broside fraction using HPLC or TLC as described previ-
ously (17, 20) can be performed before ESI/MS analysis.
Alternatively, shotgun lipidomics with a 2D ESI/MS ap-
proach can be developed, because cerebroside molecular
species may be directly profiled from a lipid extract of a
biological sample after the “spectrometric isolation” of
cerebroside molecular species from the overlapping peaks
of other lipid molecular species in the extract. Thus, in
this 2D ESI/MS approach, the major and nonoverlapping
ion peaks of cerebrosides are quantified in the first-
dimensional mass spectra of either lithium or chlorine ad-
ducts of cerebrosides in positive- or negative-ion ESI/MS,
respectively, as described above. Then, using these newly
quantified major cerebroside molecular species as a set of

endogenous standards in addition to the original internal
standard, the mass content of other minor or overlapping
ion peaks of cerebroside molecular species can be deter-
mined by linear comparisons with their neighboring stan-
dards or by development of an algorithm derived from all
of the standards. It should be noted that the peaks com-
posed of multiple isobaric molecular species should not
be selected as an endogenous internal standard to mini-
mize the effects of differential fragmentation on quantita-
tion, as discussed previously (32).

Although MS/MS has been used to profile and/or semi-
quantitate multiple lipid classes directly from lipid extracts
of biological samples (43-46), profiling and/or semiquan-
titation of cerebroside molecular species directly from
lipid extracts of biological samples by MS/MS has not been
developed. Analyses of production ESI mass spectra of
GalCer and GlcCer molecular species in either positive-
(30) or negative-ion mode (see above) result in several
useful NL values, for which the product ions are very
abundant. For example, NL values of 162.1 and 210.1 u
(see Yy and U ions in Fig. 1B) can be used to profile cere-
broside molecular species in positive-ion mode. Similarly,

A .
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_ . . 1+
2\: 100 N1-?é(:1+_lé'+ 816.7
Z 80 1
[
g 60 .
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£ N18:0+Na* 832.7
° 40 750.6 785.8 EL2Y
E 20
s ESIMS
r 0
N18:0-d35+Li*
f . e
NS 8 Nzg-‘ﬁ_'}' Fig. 6. Partial two-dimensional (2D) ESI mass spectra of
an equimolar mixture of galactocerebrosides in positive-
and negative-ion mode. An equimolar mixture of GalCer
molecular species (i.e., N18:0, N18:0-d35, and N24:1 Gal-
Cer; 10 nM each) was prepared and directly infused into
the ESI ion source using a Harvard syringe pump at a flow
L " NL 162 rate of 2 pl/min, as described in Materials and Methods.
T ol = T T A: A conventional ESI mass spectrum in positive-ion mode
700 750 800 850 900  was acquired as described for Fig. 4A before analysis in the
m/z second dimension by neutral loss (NL) of 162.1 u. Simi-
B larly, a conventional ESI mass spectrum in negative-ion
N18:0-d35+CI° mode was acquired under identical conditions to those de-
2 100 N18:0+CI° 797.8 N24:1+CI scribed for Fig. 2A before analysis in the second dimen-
g 762.6 ) 2k
2 g0 : 844.7 sion by NL of 36.0 u. B: Each NL scan was acquired by si-
[ multaneously scanning the first and third quadrupoles at a
o 60+ fixed mass difference (NL) at a rate of 300 u/s while the
:—:) 40 - first quadrupole was scanned over m/z 700-900. The hori-
2 zontal lines indicate the peak intensities after correction
% 20 ESUMS for the different '3C-isotopomer intensities of GalCer mo-
e 0- lecular species relative to the internal standard.
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762.6 —
X ) _NL 36
T T 1 T T
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m/z
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NL of 36.0 u may be used to analyze cerebroside molecu-
lar species in negative-ion mode.

For an equimolar mixture of GalCer molecular species
(identical to those used in Figs. 2, 4), positive-ion ESI tan-
dem mass spectra with NL values of 162.1 (Fig. 6A) and
210.1 u (spectra not shown) and negative-ion ESI tandem
mass spectra with NL of 36.0 u (Fig. 6B) were acquired.
Each of three NL tandem mass spectra displayed essen-
tially identical molecular ion intensities after correction
for ¥C-isotopomer distributions (Fig. 6, horizontal lines).
The acquired NL mass spectra of 210.1 u were essentially
identical to those acquired from the NL of 162.1 u (spec-
tra not shown). It should be noted that the sodium ad-
ducts of GalCer molecular species in the NL mass spectra
were minimal and could be neglected in most cases. This
was likely attributable to the combination of both the low
abundance of sodiated molecular ions and the lower rates
at which these fragment ions were generated from sodium
GalCer adducts compared with the corresponding lithium
adducts (see above). Therefore, complications (such as
the coexistence of sodium GalCer adducts with lithium

% N1B:0-d35Li* &
e 100 769.8 %
z 3
— =]
2 @
[0} z
768.8
E 50 785.8 816.7
© 832.7
2 734.6 750.6 848.7 Positive-ion
= N ESHYMS
® 0
[+

734.6
750.6 NL 162

adducts of 20H GalCer in a nominally isobaric peak) in-
duced by the presence of the sodium adduct of cerebro-
side in mass spectrometry could be resolved through the
performance of NL MS/MS. Any residual portion of so-
dium adduct can be subtracted from the ion peak inten-
sity according to the ratio of other sodiated ion peaks.
Furthermore, it should also be noted that the 37C1—isotope
effect was no longer present in the negative-ion ESI tan-
dem mass spectra of NL scanning for H3*Cl (Fig. 6B).
The developed methodology was first applied to the quan-
titative analyses of commercially available bovine brain
GalCer. Figure 7 partially shows both positive- and nega-
tive-ion 2D ESI mass spectra for the analyses of bovine brain
GalCer with an internal standard (i.e., N18:0-d35 GalCer).
Although many major GalCer molecular species could be
quantitated in the first-dimensional spectra by compari-
son of the peak intensity of individual GalCer species with
that of the selected internal standard, minor GalCer mo-
lecular ions were unable to be identified and/or quanti-
tated because of either the presence of sodium GalCer ad-
ducts in the positive-ion mode (Fig. 7A) or the presence

Fig. 7. 2D ESI mass spectra of bovine brain galactocere-
brosides in both positive- and negative-ion mode. Bovine
brain galactocerebrosides (total, 100 pmol) were mixed
with an internal standard (i.e., N18:0-d35 GalCer; 50 pmol).
The mixture was extracted by a modified Bligh and Dyer
method (37) in the presence of 20 mM LiCl and then re-
suspended in 1 ml of chloroform-methanol (1:1, v/v).
The solution of the GalCer mixture was directly infused
into the ESI ion source using a Harvard syringe pump at a
flow rate of 2 wl/min. A: A conventional ESI mass spec-

700 750 800 850
m/z
N18:0-d35+Cl1”
100 797.8

50

762.6 778.6
SI/MS

750 800 850

Negative-ion

900

i trum in positive-ion mode was acquired before analysis in
the second dimension by NL of 162.1 or 210.1 u (unified
atomic mass). B: Similarly, a conventional ESI mass spec-
trum in negative-ion mode was acquired before analysis
in the second dimension by NL of 36.0 u. Each NL scan
was acquired by simultaneous scanning of the first and
third quadrupoles at a fixed mass difference (NL) at a
rate of 300 u/s while the first quadrupole was scanned
over the indicated m/z range. The broken lines in B indi-
cate the ion clusters of hydroxy GalCer molecular species.
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of the ¥Cl isotope peak (Fig. 7B). Furthermore, 20H Gal-
Cer molecular species were not yet identified in the first-
dimensional spectra. Therefore, 2D ESI/MS analyses of
bovine brain GalCer were performed with NL values of
162.1 and 210.1 u in positive-ion mode (Fig. 7A) and 36.0 u
in negative-ion mode (Fig. 7B).

Positive-ion ESI/MS analyses using NL values of 162.1
and 210.1 u for bovine brain GalCer molecular ions dem-
onstrated essentially identical mass spectra (Fig. 7A). These
spectra were also closely analogous to the ion patterns in
both the positive- and negative-ion ESI mass spectra of bo-
vine brain GalCer (Fig. 7). Moreover, the positive-ion NL
mass spectra were simplified with the minimized sodium
adduct peaks of GalCer compared with their parent mass
spectra (Fig. 7A). For example, the peak intensity of the
ion at m/z785.8 (i.e., N18:0-d35 + Na') was reduced from
40% in positive-ion ESI mass spectra to ~5% in tandem
mass spectra of NL 162.1 and 210.1 u (i.e., a reduction of
~90%) (Fig. 7A). Peaks at m/z 750.6 and 832.7 represent
examples of nominally isobaric peaks of sodiated GalCer
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ESI/MS

Fig. 8. Partial 2D ESI mass spectra of chloroform ex-
tracts of rat spinal cords in both positive- and negative-
ion mode. Lipid samples from rat spinal cords (~10
mg of wet tissue of each) containing an internal stan-
dard (i.e., N18:0-d35 GalCer) were extracted by a
Folch method (38) followed by a back-extraction us-
ing a modified Bligh and Dyer method (37) in the
presence of 20 mM LiCl. Aliquots of the extracts in
chloroform-methanol (1:1, v/v) containing less than
10 pmol/pl total lipids were infused directly into the
ESI source using a Harvard syringe pump at a flow
rate of 2 pl/min. A: A conventional ESI mass spectrum
in positive-ion mode was acquired before analysis in
the second dimension by NL of 162.1 u. B: Similarly, a
conventional ESI mass spectrum in negative-ion mode
was acquired before analysis in the second dimension
by NL of 36.0 u. Each NL scan was acquired by simul-
taneous scanning of the first and third quadrupoles at
a fixed mass difference (NL) at a rate of 300 u/s while
the first quadrupole was scanned over the indicated
m/zrange. The asterisks in both A and B and the bro-
ken lines in B indicate the ion clusters of hydroxy Gal-
Cer molecular species. PC, choline glycerophospho-
lipid; PE, ethanolamine glycerophospholipid; SM,
sphingomyelin; ST, sulfatide.

900

ions and lithiated 20H GalCer ions (Fig. 7A). The intensi-
ties of these peaks in the corresponding NL mass spectra
were substantially lower compared with those in the posi-
tive-ion ESI/MS mass spectra (Fig. 7A). The contribution
of sodiated GalCer to these peak intensities was less than
10% (as seen from the sodiated internal standard peak);
therefore, it could be neglected in the quantitation of
lithiated hydroxy GalCer molecular species. It should also
be noted that the baselines in the tandem mass spectra
were substantially improved compared with their parent
mass spectra (Fig. 7A).

Negative-ion NL mass spectra of bovine brain GalCer
were not complicated by the *’Clisotopomers that were
present in their parent negative-ion mass spectra (Fig.
7B). As anticipated, the negative-ion mass spectra of bo-
vine brain GalCer with NL of 36.0 u (Fig. 7B) displayed a
substantially different ion pattern compared with either
positive-ion tandem mass spectra in NL mode (Fig. 7A) or
both positive- and negative-ion ESI/MS mass spectra of
the sample (Fig. 7). This was attributable to the dramati-
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TABLE 1. GalCer content in rat spinal cord and brain tissues

Cortex White Cortex Gray
GalCer M + Li]* Spinal Cord Matter Matter Cerebellum
N18:0 734.6 6.7 = 0.7 6.6 = 0.6 1.1 £0.1 3.8 0.3
20H N18:0 750.6 9.2 £ 0.6 8.5 +0.2 0.6 £0.1 49 £0.5
N20:0 762.6 4.7+ 0.4 3.8+0.2 0.2 0.1 1.2 0.1
20H N20:0 778.6 2.3 £0.3 2.9 +0.3 0.2 £0.1 1.1 £0.2
N22:1 788.6 3.5%0.3 1.1 £0.1 0.1 =0.1 0.3 0.1
N22:0 790.6 7.6 0.5 8.8+ 0.7 1.6 £ 0.1 3.8£0.2
20H N21:0 792.6 45 *+0.4 8.7+ 0.6 1.1 £0.2 43 *+0.4
N23:0 804.6 2.1 £0.2 1.4 £0.1 0.3 £0.1 0.7+ 0.1
20H N22:0 806.6 9.5 * 0.6 8.7+ 0.1 1.9 0.3 8.2+ 0.5
N24:1 816.7 30.7 £ 3.5 26.6 = 2.8 4.6 £0.4 9.2 + 0.7
N24:0 818.7 15.8 £ 1.8 20.6 = 2.5 2.6 £0.2 7.3*05
20H N23:0 820.7 6.3 £0.5 9.1 £0.8 0.7 +£0.1 4.0 £0.4
20H N24:1 832.7 20.2 + 1.7 18.6 = 1.5 1.5 £0.2 8.1 0.7
20H N24:0 834.7 19.0 £ 1.6 15.6 £ 1.6 2.2 +0.3 135 £ 1.6
N26:1 844.7 1.4£0.2 43+ 0.3 0.3 £0.1 1.2 0.2
N26:0 846.7 0.3 £0.1 0.6 £0.1 0.6 £0.1 0.7+0.1
Total 143.8 = 9.3 1459 =94 19.6 £ 2.2 723 + 5.1
Total 20H GalCer 71.0 £ 3.2 72.1 = 4.6 82*1.3 44.1 = 3.2

GalCer, galactosylceramide; Nm:n, the acyl amide chain of cerebroside molecular species containing m car-
bons and n double bonds; 20H, 2-hydroxy. Lipids of rat nerve samples were extracted by the Folch method (38)
and back-extracted by a modified Bligh and Dyer method (37). GalCer molecular species were identified and
quantified by two-dimensional electrospray ionization mass spectrometry as described in the text. The results are
expressed in nmol/mg protein and represent means * SD of lipid extracts from at least six separate animals.

cally increased loss of hydrochloride from 20H GalCer
molecular species compared with nonhydroxy GalCer mo-
lecular species (see above), whereas all chlorine adducts
of nonhydroxyl GalCer molecular species showed equal
ionization sensitivity, as demonstrated with the equimolar
mixtures of GalCer (Fig. 6B). These substantially intensi-
fied ion peaks were present at m/z 778.6, 834.7, 860.7,
862.7, 886.7, and 888.7, corresponding to 20H N18:0,
20H N22:0, 20H N24:1, 20H N24:0, 20H N26:2, and
20H N26:1 GalCer molecular species, respectively (Fig.
7B). Therefore, all GalCer molecular species were ident-
fied in negative-ion MS/MS by a NL of 36.0 u and were
quantitatively refined as their lithium adducts by positive-
ion MS/MS with a NL of 162.1 or 210.1 u after major and
nonoverlapping GalCer molecular species were quanti-
tated either in positive- or negative-ion mode or both.

Quantitation of GalCer molecular species in chloroform
extracts of rat brain tissues by shotgun lipidomics

Next, we applied the developed methodology to the di-
rect quantitation of GalCer molecular species in chloro-
form extracts of rat spinal cord and brain tissues, including
cortex gray matter, cortex white matter, and cerebellum,
without prior chromatographic separation. Because the
mass content of GlcCer compared with GalCer in normal
nerve tissues is negligible (15), only GalCer molecular
species were analyzed in this study. Initial ESI/MS analysis
revealed severe overlapping of chlorine GalCer adducts
with sulfatide, phosphatidylserine, and/or phosphatidyl-
inositol molecular ions in negative-ion spectra (Fig. 8A)
and overlapping of lithium adducts of GalCer molecular
species with choline glycerophospholipids in positive-ion
ESI mass spectra (Fig. 8B). Therefore, direct quantitation
of all GalCer molecular species using only ESI/MS was not
feasible.

These difficulties were resolved by the utility of 2D ESI/
MS. First, nonhydroxy GalCer and 20H GalCer molecular
species were distinguished and identified in negative-ion
2D ESI/MS with NL scanning of 36.0 u (Fig. 8A). As antic-
ipated, the negative-ion mass spectra of tissue extracts
with NL of 36.0 u (Fig. 8A) displayed a substantially differ-
ent ion pattern compared with positive-ion tandem mass
spectra in NL mode (Fig. 8B). These substantially intensi-
fied ion peaks were present at m/z 778.6, 834.7, 860.7, and
862.7, corresponding to 20H N18:0, 20H N22:0, 20H
N24:1, and 20H N24:0 GalCer molecular species, respec-
tively (Fig. 8A). Thus, all GalCer molecular species, in-
cluding hydroxy GalCer species, were identified and tabu-
lated (Table 1). Next, abundance and nonoverlapping
lithium adducts of GalCer species, including at m/z 734.6,
816.7, 818.7, 832.7, and 834.7, corresponding to N18:0,
N24:1, N24:0, 20H N24:1, and 20H N24:0, respectively,
were first quantitated in positive-ion ESI/MS by compari-
son of each ion peak intensity with that of the internal
standard after correction for '*C-isotopomer distributions
(Fig. 8B, Table 1). Finally, other low-abundance GalCer mo-
lecular species were quantitated using positive-ion MS with
a NL of 162.1 u (Fig. 8B, Table 1) by linear comparisons
with their neighboring GalCer molecular ions (as quanti-
fied above) after correction for '*C-isotopomer distributions.

ESI/MS analyses demonstrated that N24:1 GalCer was
the major GalCer molecular species in all analyzed sam-
ples except cerebellum, in which 20H N24:0 was the ma-
jor GalCer species (Table 1). Hydroxy GalCer species con-
stituted 49.3, 49.4, 41.8, and 61.0 mol% of the total
GalCer present in rat spinal cord, cortex white matter, cor-
tex gray matter, and cerebellum, respectively (Table 1).
The ratios of hydroxy GalCer mass content vs. nonhy-
droxy GalCer mass content (i.e., ~~1) in this study agree
well with previous findings (7, 15, 47). The GalCer molec-
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ular species profile of rat spinal cord in this study is also in
close agreement with the profiles obtained using reversed-
phase HPLC after separation by straight-phase HPLC
(47). Both the total content and the molecular species
profiles of GalCer present in spinal cord and cortex white
matter were similar (Table 1). Interestingly, GalCer con-
tent was not abundant in the cortex gray matter of rat
brain, suggesting that GalCer molecular species were pre-
dominantly present in myelin sheaths. The total GalCer
content in rat cerebellum was approximately half of that
found in rat spinal cord and cortex white matter. This
likely resulted from the preparation of the samples, in
which white and gray matter were not separated for cere-
bellum as was done for cortex.

Collectively, this report describes the identification of
structural information about cerebroside molecular spe-
cies, including fatty acyl amide substituents, hexose moi-
eties, and the presence of hydroxyl groups, using ESI/
MS/MS in positive- and/or negative-ion modes. Further-
more, accurate quantitation of cerebroside molecular spe-
cies was achieved directly from chloroform extracts of bio-
logical samples by shotgun lipidomics based upon 2D
ESI/MS. It can be speculated that this methodology will
be useful for a wide range of physiological and pathologi-
cal studies. Al
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