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ABSTRACT

Lipidomics is the new frontier in biomolecular structural
studies. Not only are lipids the main components in mem-
branes that define the contours of the cell and its organelles,
but they are also used for storage. Lipids form stable nonco-
valent complexes with proteins as well as with many drugs.
Lipids are a storage depot for drugs and certain types of
organic molecules. To study lipid composition and distri-
bution, complex and time-consuming techniques are used.
However, recent advances in mass spectrometry, mainly
matrix-assisted laser desorption/ionization (MALDI) have
made it possible to directly probe tissues to study structural
components, as well as for the localization of drugs. Direct
tissue imaging is a powerful tool as it gives a more complete
and accurate structural picture and can trace and follow
where drugs localize in tissue with minimal anatomical dis-
ruption and a minimum of manipulations. Hence, we believe
that in addition to its accuracy and efficiency, this new
approach will lead to a better understanding of physiologi-
cal processes as well as the pathophysiology of disease.
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INTRODUCTION

After water, lipids are the most common biomolecules found
in the brain (12%) and make up 50% of its dry weight. They
perform numerous tasks in the body such as storage of
energy, are the major building blocks of cell membranes,
and aid in signal transduction across biological membranes.
A brief perusal of the physiology, anatomy, and pathophysi-
ology of the brain illustrates the importance of lipids. Altered
levels of phospholipids in tissue are associated with Farber
disease, Gaucher disease, Niemann-Pick disease, Alzheimer
disease, and Down syndrome.!** Furthermore, sphingo-
myelin and other glycolipids have been shown to form
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noncovalent complexes with chlorisondamine, a nicotinic
antagonist,>% as well as with acetylcholine and peptides
containing 2 or more adjacent Arg residues.” Brain lipids con-
sist mainly of 3 major categories: cholesterol, sphingolipids
(sphingomyelin, cerebrosides, sulfatides, gangliosides), and
glycerophospholipids (phosphatidylcholine, phosphatidyl-
ethanolamine, phosphatidylinositols).®

The interest in genomics started to wane to some extent in
the nineties with the completion of the genome projects, fol-
lowed by the meteoric rise of Proteomics. In the melee that
ensued, the scientific community at large, which has always
looked on lipids as those compounds that fill fat cells and
make up the least interesting part of the plasma membrane,
further ignored lipids. However lipids researchers in their
usual quiet way proved that lipids are important in immu-
nology,? and in interactions with proteins!? and drugs.!!

MALDI MS

Matrix-assisted laser desorption/ionization mass spectrom-
etry (MALDI-MS), a modification of laser desorption/
ionization mass spectrometry (LDI-MS), has emerged as a
powerful method that allows for the analysis and detection
of a wide range of biomolecules.!? In MALDI, the analyte
is mixed with an excess of chemical matrix, usually a small
organic acid, prior to analysis (molar matrix to analyte ratio:
103-105:1). In this technique, the matrix absorbs the laser
energy and when it vaporizes, it carries off the analyte mol-
ecules. The matrix also aids the ionization of analyte mole-
cules in the gas phase.!2 MALDI has low attomole sensitivity,
a mass range up to hundreds of thousands of Daltons and is
routinely used for the analysis of peptides and proteins.
However, several good studies have been conducted for
lipid analysis.!3-18

Caprioli et al!® were the first to demonstrate that biomole-
cules, mainly proteins, could be directly detected in tissue
using MALDI, followed by Rubakhin et al?® who probed
peptides in neurons and ganglia. In this technique, matrix
solution is directly deposited onto a tissue section, which is
then mass analyzed with no additional sample preparation.
Direct tissue analysis using MALDI produce mass spectral
profiles, which can map the location and distribution of bio-
molecules in tissue. MALDI is well suited for biomolecular
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analysis in tissue because of its high sensitivity, large toler-
ance for salts and other contaminants, and a wide mass
range with little fragmentation. Despite the success of
MALDI for the direct analysis of peptides and proteins in
tissue, very little work has been undertaken for the direct
tissue analysis of lipids, probably because most of the lipids
in tissue have a molecular weight below 1000 d. In this mass
range, identification of analytes can be difficult because of
matrix ions or background interference ions from the prepa-
ration of tissue sections (ie, stains, optimal cutting tempera-
ture compound [OCT], etc). However, recently MALDI-MS
has been employed for the direct analysis of lipids in dif-
ferent tissue types.2!"2> An example of the application of
MALDI-MS for the direct probing of the distribution of
glycerophospholipids and sphingolipids in rat brain tissue
is discussed below.

Brain tissue lipidomics is needed because it allows precise
anatomic localization of lipid species in various areas of the
brain. Lipids are important as many therapeutic and drugs
of abuse localize in certain areas of the brain, where they
interact noncovalently with lipids in the cell lipid mem-
brane. Furthermore, these interactions control the rate of
release of the drugs, thus playing a very important role in
drug delivery and drugs effects.

In these studies,?!"23 male Spray-Dawley rats (300 to 420 g)
were used. The rats were killed with intraperitoneal injec-
tion (>65 mg/kg) of sodium pentobarbital and were decapi-
tated upon cessation of respiration. The brains were quickly
removed from the skull and frozen in dry-ice-chilled iso-
pentane for 15 seconds, prior to storage at —80°C. Frozen
brain tissue was cut into thin sections (14 pwm thickness) in
a cryostat. The tissue samples were attached to the cryostat
sample stages using ice slush made from distilled water.
The ice slush only came in contact with the tissue blocks at
the surface opposing the sample stages and was frozen into
a thin layer of ice within 5 seconds. OCT was not used
because of past studies showing that OCT interference
reduced the quality of mass spectra.2® Serial brain sections
were alternately collected onto a MALDI sample target and
poly-L-lysine-coated microscopic slide. After collection,
tissue sections were stored at 4°C until MALDI analysis.
The following MALDI matrices were used in this study:
6-aza-2-thiothymine (ATT); 2,6-dihydroxyacetophenone
(DHA); a-cyano-4-hydroxy cinnamic acid (CHCA); 2,5-
dihydroxybenzoic acid (DHB); and sinapic acid (SA). All
matrices were initially prepared as a saturated solution in
50% ethanol. Upon further testing, DHA at a concentration
of 30 mg/mL in 50% ethanol was shown to yield optimal
mass spectral results for lipid analysis.

Figure 1 illustrates the basic structure of common classes of
glycerophospholipids (phosphatidylcholine [PC], phospha-
tidylethanolamine [PE], phosphatidylinositol [PI], phospha-
tidylserine [PS]) and sphingolipids (sphingomyelin [SM]
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Figure 1. Major classes of brain glycerophospholipids and
sphingolipids.

and sulfatides [ST]). Note in Figure 1 the different head
groups for each lipid class, which greatly affect the ioniza-
tion efficiency of the lipids by MALDI-MS. PCs and SMs
are easily ionized in positive ion mode, while PlIs, PSs, and
STs are easily ionized in negative ion mode. PEs can be
analyzed in both positive ion and negative ion mode. The
lipid nomenclature used below is as follows: PC, PE, PI,
and PS species numbers (x:y) denote the total length and
number of double bonds of both acyl chains, respectively,
except for PE plasmalogen species (denoted with p) in
which the acyl chain at the sn-1 position is replaced with
an alkenyl. SM and ST species numbers correspond to
the length and number of double bonds of the acyl chain
attached to the sphingosine base. Hydroxylated ST species
are denoted with OH.

DETECTION OF BASIC PHOSPHOLIPIDS AND
SPHINGOLIPIDS

Figure 2 shows MALDI mass spectra of rat brain tissue in
positive ion reflectron mode with DHA matrix. The mass
spectrum illustrated in Figure 2A was obtained from the
cerebellar cortex (gray matter region), while the mass
spectrum illustrated in Figure 2B was acquired from the
cerebellar peduncle (white matter region). Lipid species
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Figure 2. MALDI mass spectra of PC, PE, and SM species in
the (A) cerebellar cortex and (B) cerebellar peduncle regions in
rat brain with DHA matrix in positive-ion mode.

corresponding to PCs, PEs, and SMs were detected.
For each phospholipid specie identified, 3 molecular ions,
[M+H]", [M+Na]*, and [M+K]" were seen. The mass
spectra in Figure 2 are dominated by phosphatidylcholine
species. Although phosphatidylcholines and phosphatidyl-
ethanolamines are present in similar amounts in brain tis-
sue, the relative abundance of phosphatidylethanolamine
species is weak compared with phosphatidylcholine in the
mass spectral profiles, owing to the presence of the posi-
tively charged quaternary ammonium group in the choline
head of phosphatidylcholines, which immensely facilitates
molecular ions formation in positive ion mode.

Comparison of the cerebellar cortex and cerebellar peduncle
mass spectra shows similar phospholipid species. However,
the relative abundance of the various species varies greatly
because of the presence of different fatty acids at the sn-1
and sn-2 positions on the glycerol backbone. In the cerebel-
lar cortex, the major mass peaks detected correspond to PC
32:0 and PC 34:1 species, while in the cerebellar peduncle,
the major mass peaks detected correspond to PC 34:1 and
PC 36:1 species. The major difference in the lipid profile
between the 2 regions is the relative abundance of PC 32:0,
in which a strong signal peak was observed in the cerebellar
cortex, while only a weak signal peak was observed in

the cerebellar peduncle. Previous studies of phosphatidyl-
choline species distribution in the rat brain have measured
PC 34:1 as the most abundant specie followed by PC
32:0.27:28 These earlier studies involved extraction from
brain homogenate, which does not allow the spatial distri-
bution afforded by in situ MALDI analysis. Phosphatidyl-
choline distribution profiles obtained from direct tissue
analysis by MALDI were in relative agreement with these
previous studies if the 2 regions probed are grouped together;
however these results demonstrate the potential spatial vari-
ation of lipid species in the brain.

DETECTION OF ACIDIC PHOSPHOLIPIDS AND
SPHINGOLIPIDS

In order to overcome the innate advantage that lipid classes
containing quaternary amines have, negative ion mode was
used to detect the other lipid classes. Figure 3 shows MALDI
mass spectra of rat brain tissue in negative ion reflectron
mode with DHA matrix. The mass spectrum shown in
Figure 3A was recorded from the cerebellar cortex, while
the mass spectrum shown in Figure 3B was acquired from
the cerebellar peduncle (white matter region). Lipid species
corresponding to PEs, PIs, PSs, and STs were detected.
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Figure 3. MALDI mass spectra of PE, PI, PS, and ST species in
the (A) cerebellar cortex and (B) cerebellar peduncle regions in
rat brain with DHA matrix in negative-ion mode.
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Mass spectra of the cerebellar cortex in negative ion mode
are dominated by mass peaks attributed to PI 38:4 and PS
species with less intense signals observed for peaks associ-
ated with ST and ST(OH) species, while mass spectra of the
cerebellar peduncle in negative ion mode is dominated by
mass peaks assigned to PS, ST and ST(OH) species with a
weak signal observed for the peak associated with PI 38:4.
Previous distribution profiles of phosphatidylinositol spe-
cies have measured PI 38:4 as the dominant specie, which is
in agreement with our results.2’-28 Furthermore, the detec-
tion of sulfatides in negative mode is expected since they
constitute ~6% of the total lipid in adult brain and contain a
negatively charged sulfate group, which aids ionization in
negative mode.?’ In addition, sulfatides are known to be
concentrated in white matter, while phospholipids such as
phosphatidylinositols are more widely represented in gray
matter than in white matter, which also agrees with our mass
spectral results.®

Gangliosides are complex sphingoglycolipids that contain
one or more negatively charged sialic acids and have been
implicated in brain development, neuritogenesis, memory
formation, synaptic transmission, and aging.?’ The main
gangliosides in the central nervous system of higher verte-
brates are GM1, GD1a, GD1b, and GT1b, which account
for ~80% to 90% of the total gangliosides and are illustrated
in Figure 4.3 Figure 5 shows MALDI mass spectra of the
cerebellar cortex and cerebellar peduncle regions in the
mass range of the most common brain gangliosides in nega-
tive ion mode with DHA matrix. The mass spectrum shown
in Figure 5A was recorded from the cerebellar cortex, while
the mass spectrum shown in Figure 5B was acquired from
the cerebellar peduncle. In the cerebellar cortex, mass peaks
assignedto GM 1, GD1,and GT1 gangliosides were detected,
while in the cerebellar peduncle only mass peaks associated
with GM1 were observed. Although GD1 gangliosides were
detected, we were unable to distinguish between GD1a and
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Figure 4. Major brain gangliosides.
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Figure 5. MALDI mass spectra of gangliosides in the (A)
cerebellar cortex and (B) cerebellar peduncle regions in rat brain
with DHA matrix in negative-ion mode.

GD1b gangliosides because they are structural isomers dif-
fering only in the position of one sialic acid. Recent studies
using immunostaining techniques have shown similar
results in the rat cerebellum in which GM1 is concentrated
in white matter regions, while GD1a and GD1b are more
prevalent in gray matter regions.3!-32

FUTURE OUTLOOK

The outlook for in situ lipid analysis using MALDI is highly
dependent on 2 factors. One factor is the ability to deposit
small amounts of matrix solution (nanoliters), hence highly
localizing the area to be probed. In our work, the major
limitation to spatial resolution is the size of the initial wet
matrix spot size, not the dry crystalline matrix spot. We have
observed that the presence of organic solvents in the matrix
will cause extraction of biomolecules from the tissue sec-
tions causing them to migrate, thus losing spatial resolution.
The advent of chemical inkjet printing technology to spot
matrix is one possible solution. The other is the use of UV
lasers, which have highly focused spots able to probe min-
ute sites. MALDI analysis with submicron lateral resolution
is currently being developed.33 Nevertheless, direct probing
of tissues in general and brain tissue in particular has proven
to be a very successful technique for studying the lipid
makeup of various brain regions.
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