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Abstract
Purpose—To identify and compare the phosphorylated lipids in normal and dry eye rabbit tears
using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF
MS).

Methods—MALDI-TOF MS studies were performed on tear samples from normal and dry eyes of
female New Zealand White rabbits. Experimental dry eye was induced by complete removal of the
main and accessory lacrimal glands and nictitating membranes. A solid ionic crystal MALDI matrix
of paranitroaniline and butyric acid was used to enhance the mass spectral responses of the
phospholipids. In addition, a novel lipid isolation, preconcentration, and clean-up method using
pipettes containing immobilized metal ion affinity chromatography (IMAC) medium was used.

Results—The polar phospholipids present in the normal and dry eye rabbit tears showed both
similarities and differences. Species related to platelet-activating factor (PAF) and/or
lysophosphatidylcholine (lyso-PC), phosphatidylcholine (PC), and sphingomyelin (SM) were found
in both the normal and dry eye rabbit tears. However, the number of types and the concentrations of
SM molecules were markedly greater in the dry eye tears than in the normal tears. In addition,
phosphatidylserine (PS) species that were readily detectable in dry eye tears were not found in normal
tears.

Conclusions—The combination of immobilized metal ion affinity chromatography and the solid
ionic crystal matrix for MALDI enabled the detection and study of phosphorylated lipids in the tears.
Specific differences between phospholipid levels in normal and dry eye tears were observable with
this methodology. The appearance of various SM species only in the dry eye tears may provide
markers for this disease state in the future.

The development of dry eye syndrome in people is associated with a number of physiological
and environmental conditions,1 including aging,2 hormonal imbalance,3 disease,4 surgery,5,
6 smoke, wind, heat, and/or low humidity1,7,8 which alter the composition of the tear film.
However, the ability to classify patients with dry eye within specific etiological categories,
except for those with specific diseases such as Sjögren’s syndrome,4 is difficult because the
exact effect of the various causative conditions on the compositional structure of the tear film
is unknown.

The normal tear fluid volume is approximately 7 μL in both rabbits and humans. The structure
of the tear fluid is generally divided into three layers: the innermost epithelial-glycocalyx layer,
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an intermediate aqueous-mucin layer,9,10 and an outermost lipid layer.11 The components of
the tear film are supplied by several ocular tissues. The innermost glycocalyx layer is secreted
by the stratified squamous cells of the conjunctiva and cornea. Its primary functions are to
protect the ocular surface cells from bacterial binding and smooth out any small surface
irregularities. The aqueous-mucin layer, composed of mucins, proteins, and electrolytes, is
secreted by the main and accessory lacrimal glands and the conjunctival goblet cells. The
various proteins found in the aqueous layer perform a myriad of functions vital to maintaining
the health of the ocular surface, regulating surface cell function, and maintaining the tear film
structure.12 The outer lipid layer is secreted by the meibomian glands, which are located in
the eyelids; its main function is to retard the evaporation of the aqueous layer.13,14 Because
the cells of the ocular surface function within a narrow range of pH, osmolarity, and ionic
compositions, it is vital that the tears maintain the appropriate concentrations of constituents
in each of the three layers. Instability of the outer lipid layer of the tear film caused by changes
in the polar lipid concentration has been identified as a potential factor in the development of
dry eye syndrome.15,16

Most of the polar lipids are supplied to the tear film by the meibomian glands. The chemical
composition of the human meibomian gland secretions is a complex mixture of cholesterol and
wax esters, triacylglycerols, free fatty acids, diesters, free cholesterol, hydrocarbons, and polar
lipids.17-21 The polar lipids found in meibomian gland secretion contain 70% phospholipids
and 30% sphingolipids; the phospholipid portion consists of 38% phosphatidylcholine (PC),
18% phosphatidylethanolamine (PE), 7% sphingomyelin (SM), and 39% unknowns.17 Polar
lipids make up approximately 6% to 16% of the compounds found in the liquid phase of the
tear film.17,22,23 Based on these data, the percentages of phosphorylated lipids in the lipid
phase of the tear film would be 1.6% to 4% PC, 0.8% to 2% PE, and <1% SM. Analysis of the
rabbit meibomian gland cells and secretions by Greiner et al.22,23 has shown the polar lipid
content to be similar to that of humans, with PC and PE making up the majority (∼60%) of the
phospholipids secreted. The ability to identify specific phospholipid changes in tears of known
dry eye origin would enhance our knowledge of dry eye development and potential treatments.

However, previous investigations into molecular changes in tear film structure have been
hampered by the need to pool tears to make up a sample large enough to allow detection by
analytical methods such as one- or two-dimensional electrophoresis.24-26 Another problem
has been the requirement that the tear components be derivatized before they are subjected to
gas chromatography (GC), mass spectrometry (MS), or both.17,27 The chemical composition
of the human meibomian gland liquid secretions has been characterized by high-pressure liquid
chromatography (HPLC),28 pico-nuclear magnetic resonance (p-NMR),22 and thin-layer
chromatography (TLC),29 and fatty acid fragment profiles have been obtained by HPLC-MS.
30 During the past several years, the analysis of phospholipids in general has been reported by
HPLC31 and micellar electrokinetic chromatography (MEKC),31,32 capillary
electrophoresis-electrospray-mass spectrometry (CE-ES-MS),33 electrospray tandem mass
spectrometry (ES-MS/MS),34-41 and to a lesser extent matrix-assisted laser desorption/
ionization-Fourier-transform ion cyclotron resonance (MALDI-FTICR)42 and MALDI-time-
of-flight (TOF) MS.43-47 With the advent of soft ionization techniques such as ES-MS and
MALDI-MS, the derivatization of volatile lipids is no longer essential.48 In this article, we
report a MALDI-TOF MS study of the phosphorylated lipids of normal and dry eye rabbit tears
using an immobilized metal ion affinity chromatography (IMAC; ZipTipMC Millipore,
Bedford, MA) clean-up method coupled with a newly synthesized solid ionic crystal MALDI
matrix to detect nanogram-to-picogram quantities of phosphorylated lipids in small-volume
tear samples. Comparison of the types and relative quantities of the polar phospholipids in
normal and dry eye rabbit tears should provide insight into the effect of polar lipid changes on
the stability of the tear film.
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Materials and Methods
Animals

Six female New Zealand White rabbits (7-8 lb. body weight; Harlan, Indianapolis, IN) were
used. All animal studies were conducted in accordance with the ARVO Statement on the Use
of Animals in Ophthalmic and Vision Research.

Rabbit Tear Samples
A nonevaporative rabbit dry eye model was created in female New Zealand White rabbits by
two sequential surgical procedures. First, the main lacrimal gland was removed from the
experimental eye; the contralateral eye was used as the normal control. Approximately 2 weeks
later, the accessory lacrimal gland and nictitating membrane were removed from the
experimental eye. Because the aqueous phase of the mammalian tear film is produced by the
combined activity of the main and accessory lacrimal glands,1,12 removal of these glands
reduces the total tear volume and protein content. The resultant dry eye condition is
qualitatively different from an “evaporative” dry eye, in which the decreased concentration of
the lipids and/or the instability of the lipid layer allows for enhanced evaporation of the tear
film.15 In our rabbit dry eye model, the meibomian gland remained intact and was thus believed
to be responsive to the normal physiological stimulus for lipid expression. The harderian gland,
which is present in rabbits but not in humans, also provides lipids to the tears. Although the
gland itself was not removed in our model, the ducts from this gland, which traverse the
nictitating membrane, were removed completely along with the membrane, thereby eliminating
any tear lipid contribution from this source. Thus, only lipids produced by the meibomian
glands were analyzed.

Corneal and ocular health was determined by slit-lamp evaluation on a weekly basis after
surgery. Tear breakup time (TBUT) was measured daily (Tearscope; Keeler Instruments,
Broomall, PA). When the TBUT of the surgical eye was half or less that of the control eye, the
surgical eye was considered to be dry. Baseline tears (representing tears produced under
nonirritating conditions) were collected daily from the normal and surgically induced dry eyes
with 5-μL silanized microcapillary pipettes.29 The tear samples were immediately placed in
tubes (Eppendorf, Fremont, CA) and stored at -70°C.

Chemicals
Lyso-1-palmitoylcholine, dimyristoyl phosphatidylcholine (DMPC), 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine, 1-palmitoyl-2-hydroxysn-glycero-3-phosphocholine, and
SM were purchased as standards (Avanti Polar Lipids, Alabaster, AL). Methanol and
chloroform solvents of HPLC/spectroscopy grade were purchased from EM Science (Darm-
stadt, Germany). All other chemicals were of analytical-reagent grade. All standards and
chemicals were used as received without further purification. Distilled and deionized (dd) water
(18 MΩ, Milli-Q Water Purification System; Millipore) was used throughout standard and
sample preparations.

Extraction of Nonpolar and Polar Lipids
The nonpolar and polar lipid fractions were extracted from tear samples with a two-phase
(chloroform, water) extraction technique. The resultant aqueous phase contained the tear
proteins, and the chloroform phase contained the lipids.49,50 Briefly, tear samples collected
from a single eye over a 1-week period were pooled and diluted to 300 μL with ddH2O. The
aqueous tear solution was then extracted three times with 500 μL of chloroform. The
chloroform extracts were combined and evaporated to near dryness. At least three sets of
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samples from each eye were analyzed using the MALDI-TOF method described later in the
article (ZipTipMC; Millipore).

To extract the phosphorylated lipids from the lacrimal glands, the gland was homogenized with
100 mL of chloroform. The extract was filtered, and the volume of the solution was reduced
to approximately 20 mL using low heat and a gentle stream of nitrogen. Aliquots were diluted
1:10 with matrix solution (see description of MALDI-TOF MS later) and spotted directly onto
the MALDI target for analysis. At least three aliquots per sample type were analyzed by
MALDI-TOF.

Cleanup and Preconcentration of Polar Lipids
A modified phosphopeptide enrichment method, developed in this laboratory51 using pipette
tips (ZipTipMC; Millipore) containing an IMAC medium (iminodiacetic acid, IDA resin;
Millipore), was used to concentrate the phosphorylated lipids. The method suggested by the
manufacturer (Millipore) was followed, except for two key solutions: The binding solution
was changed to 0.1% acetic acid in 1:1 methanol-acetonitrile, and the elution solution was
changed to 0.3 N ammonium hydroxide in 1:1 methanol-acetonitrile. The IMAC medium was
found to be soluble in chloroform; therefore, care was taken to remove all chloroform from the
extracted lipids before application of the IMAC medium. The lipids were reconstituted in 5
μL of the binding solution, aspirated through the matrix for binding, washed, and eluted with
3 μL of elution solution.

MALDI-TOF MS
MALDI-TOF mass spectra were acquired with a MALDI-rTOF mass spectrometer with
delayed extraction (Voyager Elite; Applied Biosystems, Inc. [ABI], Framingham, MA). A UV
light, 337 nm emission wavelength, nitrogen laser was used for irradiation. A typical spectrum
was collected at an extraction voltage of 20 kV. Delayed (175 ns) extraction mode was used
for all acquisitions. The laser power was adjusted to a level just above the threshold for signal
appearance to minimize head group loss. Each phospholipid mass spectrum was collected by
averaging data from 250 laser shots. For sample plate spotting, 3 μL of IMAC-eluted
phospholipids was mixed with 3 μL of matrix, deposited onto the MALDI plate, and allowed
to air dry. The MALDI matrix used in all studies was a recently developed solid ionic crystal
matrix consisting of 20 mg of paranitroaniline (PNA) and butyric acid in a 1:2 molar ratio
dissolved in ethanol.51

All spectra were collected using a two-point calibration of protonated lyso-PC at a mass/charge
ratio (m/z) of 496.34 and protonated DMPC at m/z 678.51. Phospholipids in the biological
samples were assigned according to their molecular weights, as derived from either the
monoisotopic protonated molecules, monoisotopic sodium adducts, and/or postsource decay
(PSD) product ions in MALDI-TOF mass spectra.

Results
Rabbit Eyes and Tear Samples

All the rabbit eyes remained healthy throughout the study period; the corneas and conjunctivas
of both the normal and dry eyes were healthy and showed no epithelial staining. The
experimental dry eyes had TBUTs approximately one third those of the corresponding
contralateral control eyes. The usual tear volume obtained from a single normal eye was 3
μL, whereas only 1 μL was typically obtained from a dry eye.
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MALDI-TOF MS Analysis of Tear Phospholipids
By inducing dry eye in only one eye of each rabbit, we were able to compare lipid expression
in dry eye and normal tear samples from the same animal, thereby reducing or eliminating the
effect of physiological variation from rabbit to rabbit. The polar phospholipids present in the
normal and dry eye rabbit tears showed both similarities and differences.

Figure 1 shows composites of normal (Fig. 1A) and dry eye (Fig. 1B) tear mass spectra obtained
by our method. In general, the normal eye tear spectra showed six major peaks (m/z 494, 522,
550, 577, 610, and 638) and seven minor peaks (m/z 637, 642, 659, 678, 695, 866, and 936).
The dry eye tear spectra showed 10 major peaks (m/z 494, 522, 550, 577, 605, 610, 621, 637,
642, and 659) and four minor peaks (m/z 678, 695, 828, and 886) assignable within their mass
spectra. Five of the major peaks (m/z 494, 522, 550, 577, and 610) and two of the minor peaks
(m/z 678 and 695) were consistently found in the same relative abundance in both types of
tears.

Assignment of specific proteins to peaks was made using PSD spectra, m/z number, and
molecular weight. Table 1 lists the phosphorylated lipid species observed in the tear extracts
and their relative abundances in normal versus dry eye tears. Peaks without reliable PSD spectra
for specific identification are listed as unidentifiable and require further study. The major peak
assignments corresponded to types of platelet-activating factor (PAF)-, lyso-PC-, and SM-
related compounds, with minor peaks corresponding to PC and phosphatidylserine (PS).

The m/z 494, 522, and 550 species in the tear mass spectra did not have reliable PSD spectra
for their specific identification. However, it is likely that they are phosphorylated and contain
one nitrogen. For the m/z 494 species, possible assignments, based on molecular weight alone,
could be a C14:1-2:0 PAF or a C16:1 lyso-PC, both with a molecular formula of
C24H48NO7P. The m/z 522 and 550 species appear to be related to the m/z 494 species by the
addition of one and two (-CH2CH2-) groups, respectively.

The m/z 577, 605, 621, 637, and 659 species (Fig. 1B) exhibited affinities to the IMAC resin,
indicating that they are phosphorylated lipids. The odd numbered m/z values pointed to an even
number of nitrogen atoms (e.g., two) in each of the compounds. The PSD spectra of the m/z
577, 605, and 621 species indicated an m/z 184 head group. These findings support the
hypothesis that the five compounds are related to SM. Notably, the peaks at m/z 605, 621, 637,
and 659 appeared as impurities in a C18:1 SM standard (Fig. 1C). PSD was performed on the
m/z 605 species from the SM standard (Fig. 2). Informative product ion peaks include the PC
head group at m/z 184, a pyrophosphate PC head group at m/z 280, neutral loss of the long
chain substituent at m/z 335 (M+H-C17H34O2)+, and loss of the epoxide oxygen at m/z 589 (M
+H-O)+. From the derived molecular weights and PSD spectra, tentative assignments of these
compounds, based on SM structures, can be made (Fig. 3). The m/z 605, 621, and 637 species
are proposed to be related structures, where the m/z 605 species is a protonated, oxidized,
pyrophosphate-SM-related compound with a molecular formula of C24H50N2O11P2, probably
resulting from epoxidation of the unsaturation on the long chain substituent. The m/z 621
species may represent a further oxidized form of the same molecule, resulting in peroxide
formation with a molecular formula of C24H50N2O12P2. The m/z 637 species is a further
oxidized form of m/z 605 via formation of an epoxide of the m/z 621 species, with a molecular
formula of C24H50N2O13P2. Finally, the m/z 659 species (structure not shown) could represent
the sodium adduct form of the m/z 637 protonated species, with the former having a molecular
formula of C24H50N2O13P2Na. It does not seem unreasonable that these same assignments
could apply to the dry eye tear extract spectrum shown in Figure 1B.

The PSD spectra for the m/z 610 and 638 species (Fig. 4) indicate a relationship between the
two, but these compounds remain unassigned. M/z 678 (Fig. 5A) has been assigned as
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C14:0-14:0 PC based on its molecular weight and the PSD spectrum, which illustrates the m/
z 184 product ion indicative of the presence of a PC head group. The PSD spectrum of the m/
z 828 species (Fig. 5B) indicates that it may be a PS, as supported by a diagnostic neutral loss
of 57 Da producing a peak at m/z 741. The m/z 695, 866, 886, and 936 species are unidentified.

Major differences in the normal and dry eye tear mass spectra were found in the peaks
corresponding to SM and PS molecules. Two major SM peaks not found in the normal tears
were present in the dry eye tears, and two minor SM peaks found in the normal tears were
major peaks in the dry eye tears. A minor peak corresponding to PS was identifiable in the dry
eye tears, but was not seen in the normal tears. In addition, a minor peak in the normal tears
possibly corresponding to an oxidized form of PC was seen as a major peak in dry eye tears,
and two of the minor, unidentifiable peaks in the normal tears were not present in the mass
spectra of dry eye tears.

MALDI-TOF MS Analysis of Extracted Lacrimal Glands
Figure 6 is a representative MALDI-TOF MS spectrum of the extracted lipids from the main
lacrimal glands of the rabbits. The predominant set of phosphorylated lipids, which is located
in the region between m/z 700 and m/z 850, consists mainly of PCs, with some
phosphatidylethanolamines (PEs). Table 2 lists the major peaks observed in the lacrimal gland
extracts and their assignments. In addition to PC and PE molecules, peaks corresponding to
PAF or lyso-PC (m/z 496) and pyrophosphate SM (m/z 577) were found. No peaks
corresponding to PS were identified.

Discussion
Current tear film models suggest that a chemically stable, lamellar layer of polar phospholipids
lies anterior to the aqueous fluid and binds the nonpolar meibomian oil to the aqueous layer.
11,23,52,53 The presence of this polar phospholipid interface is thought to be critical to the
spreading of the nonpolar lipid film over the aqueous layer. Shine and McCulley16 found that
specific changes in the content of the polar phospholipid interface correlate directly with the
presence of dry eye in patients with chronic blepharitis. However, in that the causes of most
kinds of dry eye are unknown, conclusions regarding the origin of tear content differences are
speculative. We used a nonevaporative dry eye rabbit model with specific glandular differences
to determine the efficiency of our analysis method to identify tear content differences.

Although the meibomian gland supplies most of the lipids to the tear film, the lacrimal gland
also provides some lipids, as well as most of the tear proteins. An early study (Stuchell RN, et
al. IOVS 1984;25:ARVO Abstract 2) reported that the lipid composition of lacrimal gland
secretions consisted of 55.0% glycolipids, 44.1% other neutral lipids, and 0.9% phospholipids.
However, the types of phospholipids were not reported. In our study, we found that rabbit
lacrimal glands had significant amounts of the same polar phospholipids found in the human
tear fluid, although the degree to which these phospholipids are excreted into the tears is
unknown.

In addition to the meibomian and main and accessory lacrimal glands, the rabbit has a harderian
gland that contributes to the tear film components.27,54 The harderian gland lies in the nasal
region of the orbit with its secretions flowing through ducts within the nictitating membrane.
Analysis of the harderian gland has shown that tear proteins, mucins, and lipids are produced
within the gland, although the degree to which these molecules are actively secreted is
unknown.21,54-56 In our dry eye model, both the main and accessory lacrimal glands were
removed, and the ducts from the harderian gland were severed and cauterized. Only the
meibomian glands remained intact to supply lipids to the tear film.
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Analysis of the rabbit meibomian gland phospholipids by Greiner et al.22,23 using NMR
techniques revealed a higher concentration of zwitterionic and neutral phospholipids compared
with anionic phospholipids. Rabbit meibomian oil was determined to contain 40% PC, 18%
PE, 9% SM, 9% ethanolamine plasmalogen (EPLAS), 7% PS, and 6% dihydrosphingo-myelin
(DHSM), with less than 3% other minor phospholipids.22,23 Our analysis of rabbit tear
phospholipids also found a predominance of zwitterionic and neutral phospholipids, although
the specific composition of phospholipids was slightly different. However, the ratio of
zwitterionic and neutral phospholipids to anionic phospholipids was closer to that found for
tarsal and meibomian gland tissue versus that found in expressed meibomian oil.23 Rabbit
tears were found to contain high concentrations of SM, PAF, and lyso-PC with minor amounts
of PC and PS.

Some strong similarities were found between the polar phospholipids of the normal and dry
eye tears, using our novel analytical method. Phospholipid species related to PAF and/or lyso-
PC, PC, and SM were found in similar quantities in both the normal and dry eye rabbit tears.
Although specific identification as to which phospholipid (PAF, lyso-PC, or both) is
represented by the m/z 486 peak remains to be determined, it would not be unreasonable to
find either species, or both, present in the tears. PAF is a tear lipoprotein component known to
be involved in the human lipid-mediated inflammatory response and such specific ocular
conditions as allergic conjunctivitis57 and contact lens-induced acute red eye (CLARE).58
Lyso-PC, a species of PC with only one long carbon chain on the glycerol backbone, is
generally associated with cell membrane stabilization, but has also been identified in
meibomian gland secretions and may be present in the lipid layer of the tear film as a stabilizing
factor. PAF and lyso-PC are also major cellular phospholipid components and could indicate
possible cellular contamination in the tear samples. However, cell counts of tear samples
revealed that, whereas only very small numbers of cells (<50 per sample) were present in the
tear samples, there were almost three times as many cells in the dry eye tears as in the control
tears. If the contribution from the cell components was significant, we would expect to see a
larger amount of PAF and/or lyso-PC in the dry eye samples. Thus, the similar degree of
expression of the peaks associated with PAF and lyso-PC may indicate that neither an
inflammatory response nor an increased release of cell membrane phospholipids was associated
with our dry eye model.

In addition, some significant differences in polar phospholipids were found in normal and dry
eye rabbit tears using our novel analytical method. The number of types and the concentrations
of SM molecules were significantly greater in the dry eye tears than in the normal tears. The
normal rabbit tears showed the presence of three types of SM, with one major type present in
a markedly higher concentration than the other two. The dry eye tears showed the same three
SMs as in the normal tears, plus two additional SMs, all in substantially higher concentrations.
SMs are zwitterionic phospholipids that have been suggested to play a significant role in
maintaining the interfacial layer between the aqueous and lipid layers of the tear film. The
polar head groups of zwitterionic and neutral phospholipids are known to align themselves
head-to-tail, creating an interfacial layer between meibomian oil nonpolar lipids and aqueous
tears that is chemically stable and resistant to mechanical rupture.11,23 A decrease in the
percentage of SMs in the tear film has been correlated with the presence of dry eye in patients
with chronic blepharitis, although the different SM species within the tear film were not
identified.16 The presence of different SM species in the dry eye tears may indicate a
compensation mechanism provided by the rabbit meibomian glands to stabilize the tear film
in the absence of lacrimal and harderian gland secretions.

Previous work has shown that PE is one of the major phospholipids found in meibomian gland
secretions, both human and rabbit, and may play a significant role as a zwitterionic
phospholipid in the maintenance of tear stability.16,23 PE was not found in either the normal
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or dry eye rabbit tears examined. However, PS, a precursor in PE synthesis in mammalian cells,
was found in significant quantities in the dry eye tears. PS is an anionic phospholipid and, as
such, aids in the spreading of the meibomian oil film within the lipid interfacial layer through
the mutual repulsion of negative charges.

The nonevaporative dry eye rabbit model used in this study allows us to analyze the
physiological changes in the tear film when there is little or no lacrimal gland secretion. Many
tear proteins produced by the lacrimal glands, such as tear lipocalin, play important roles in
maintaining the continuity of the aqueous/lipid tear film layers. Changes in the phospholipid
content may reflect attempts by the ocular system to stimulate meibomian gland secretions to
stabilize the aqueous-protein-deficient tear film. Specifically, the presence of more precursor-
like molecules, such as the oxidative SM species and PS found in this study, could indicate the
overstimulation of the meibomian glands and premature release of cellular phospholipid
reaction products.

The total chloroform extract of the tear layer constitutes a complex mixture of biological
compounds that includes nonpolar and polar lipids and some lipoproteins. The polar lipid
components make up a very small fraction of the total extract, rendering their analysis difficult
by mass spectrometry alone. Combining the use of IMAC with the optimized solid ionic crystal
MALDI matrix, paranitroaniline/butyric acid, enabled the detection and comparison of the
lipoprotein and phosphorylated lipid components of normal versus dry eye rabbit tears.

Our analytical method not only allowed the assignment of the types of polar phospholipids
present in the tear film, but also allowed assignment of specific molecular compositions within
the phospholipid groups. Comparative analysis of polar phospholipids in rabbit tears from
normal and dry eyes points to the importance of SM and PS in stabilizing the tear film in the
rabbit dry eye model. Further development and application of this technique to human tears
may allow identification of individual tear components and precise diagnosis of dry eye
conditions.
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Figure 1.
(A) Composite spectra of normal eye tear lipid extracts. (B) Composite spectra of dry eye tear
lipid extracts. (C) SM standard.
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Figure 2.
PSD spectrum of m/z 605 species in the SM standard.
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Figure 3.
Proposed structures of (A) the SM standard and (B) pyrophosphate SMs.
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Figure 4.
PSD spectrum of species found in MALDI-TOF mass spectra of tears. (A) PSD spectrum of
m/z 610 species found as a major component in both normal and dry eye tears. (B) PSD
spectrum of m/z 638 species, found as a major component only in normal tears.
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Figure 5.
PSD spectra and molecular structures of species found in MALDI-TOF mass spectra of tears.
(A) PSD spectrum and molecular structure of m/z 678 species (PC), found as a minor
component in both normal and dry eye tears. (B) PSD spectrum and molecular structure of
m/z 828 species (PS), found as a minor component in dry eye tears only.
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Figure 6.
MALDI-TOF spectrum of phosphorylated lipids from rabbit lacrimal gland.
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