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signals to the visual centers of the brain ( 1 ). The central re-
gion is made up of several layers that include the horizontal, 
bipolar, and amacrine cells, which collectively process visual 
information from the photoreceptors, transmitting these sig-
nals to the ganglion cells. The outermost retinal neurons, the 
photoreceptors, are responsible for phototransduction ( 2 ). 
There are two types of photoreceptors, which include rods 
that are present in the peripheral retina and cones that are 
present in the central (macular) region of the retina. Rods 
function in dim light and manage peripheral and night vi-
sion, whereas cones are responsible for central high acuity 
bright light vision. The outermost layer of the retina, the reti-
nal pigment epithelium (RPE), serves many functions, in-
cluding the isomerization of all- trans  retin ol  into 11- cis  retin al  
in the visual cycle, phagocytosis and degradation of shed pho-
toreceptor tips, and the phagocytic clearance of cellular de-
bris resulting from apoptotic and necrotic processes ( 3 ). 

 The lipids present in the retina are highly unique and 
play a critical role in retina function and disease. The ret-
ina is a tissue that is highly enriched in PUFAs with DHA 
(22:6) (22 carbons with 6 double bonds) accounting for 
approximately 50% of the fatty acids in the photorecep-
tors ( 4 ). This large amount of DHA results in a highly fl uid 
membrane that permits effi cient conformational changes 
to occur in rhodopsin and its associated G-protein during 
phototransduction ( 5 ). Moreover, DHA is converted into 
neuroprotectin D1, a potent mediator that evokes coun-
teracting cell-protective anti-infl ammatory pro-survival re-
pair signaling, including the induction of anti-apoptotic 
proteins and inhibition of pro-apoptotic proteins, activat-
ing signaling pathway(s) that modulate(s) pro-apoptotic 
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 The retina is a light-sensitive multi-layered tissue that lines 
the back of the eye and is responsible for converting light 
into a neural signal. The innermost layer of the retina, which 
is closest to the lens, contains ganglion cells that are the out-
put neurons which comprise the optic nerve and conduct 
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 Human eyes 
 Human eyes (whole globes) were obtained from the National 

Disease Research Interchange (Philadelphia, PA) and the Lions Eye 
Institute (Tampa, FL). Retinal tissue used in this study was from the 
right and left eyes of nine individuals, including a 45-year-old Cauca-
sian female, a 47-year-old Caucasian male, a 55-year-old Hispanic 
male, a 56-year-old Caucasian female, a 60-year-old Caucasian male, 
a 73-year-old Caucasian female, a 79-year-old Black female, an 
81-year-old Caucasian male, and an 82-year-old Caucasian female 
(  Table 1  ).  At procurement, globes were removed, wrapped in moist 
gauze, placed in “eye bank” plastic containers on wet ice in Styro-
foam coolers, and sent to Louisiana State University for arrival at the 
laboratory by 10:00 AM the following day  . Upon arrival, globes were 
immediately dissected and prepared (unfi xed) for cryosectioning, 
or tissue samples collected for mass spectrometry. Frozen sections 
were placed on glass coverslips and immediately stored at  � 80°C. 
Frozen sections were then moved to plastic containers on dry ice 
and shipped to the University of Denver for delivery the following 
morning. These coverslips were kept frozen until processing for 
MALDI imaging began. Tissue samples for mass spectrometry were 
placed in 1.5 ml microtubes in methanol containing butylated hy-
droxytoluene (0.1%), and stored at  � 80°C until extraction. 

 Preparation of human retinas 
 The anterior segment was removed, radial cuts were made to fl at-

ten each eye, and a horizontal strip containing the optic nerve and 
macular region was obtained and embedded in modifi ed OCT. The 
preparation of modifi ed OCT has been described in detail previ-
ously ( 34 ). The embedded tissue was frozen, attached to a section-
ing stub, and cryosectioned to obtain 20  � m-thick vertical sections 
showing all layers of the retina, choroid, optic nerve, and sclera 
(  Fig. 1B  ).  Sections were attached to glass coverslips and stored at 
 � 80°C until needed for MALDI imaging. Alternate sections from 
each block were placed on conventional microscope slides and 
stained with hematoxylin and eosin (H&E) for orientation pur-
poses. Rod and cone density across the human retina varies with 
photoreceptor type and location; cones are concentrated within 
the central macular region while rods occupy the peripheral ret-
ina ( Fig. 1A ) ( 35 ). Regions of interest within the eye, such as retina, 
optic nerve, sclera, accessory tissue, and RPE/choroid complex, as 
well as specifi c retinal layers, were labeled. For example,  Fig. 1B  
shows an H&E-stained section that represents a typical tissue sam-
ple in this study  . In total, more than 30 individual sections of eye 
tissue from the nine human subjects listed above were analyzed in 
both positive and negative ion mode by MALDI IMS for this study. 

 Matrix application 
 The glass coverslips containing the tissue sections were at-

tached to stainless steel MALDI plate inserts (OptiToF, Applied 
Biosystems) using copper tape, and the matrix was deposited by 
sublimation ( 36 ). The sublimation of 2,5-dihydroxybenzoic acid 
and DHAP matrix onto tissues has been described in detail previ-
ously ( 34 ). 

 MALDI IMS 
 A quadrupole-TOF tandem mass spectrometer with an orthogo-

nal MALDI source (QSTAR XL; Applied Biosystems/MDS Sciex, 
Thornhill, Ontario, Canada) was used to acquire mass spectral 
data from which images were constructed. MALDI mass spectra 
were obtained using a solid state laser (355 nm) at an energy of 7.4 
 � J and a pulse rate of 200 Hz for positive ion MALDI imaging, and 
an energy of 7.6  � J and a pulse rate of 500 Hz for negative ion im-
aging. The energy and pulse rate of the laser were selected to maxi-
mize the lipid signal from the tissue slice. Both the positive and 
negative ion MALDI imaging experiments had an accumulation 

signals, promoting cell survival ( 6–8 ). Another unique fea-
ture of retinal lipids is the abundance of phospholipids 
containing two PUFAs esterifi ed to the glycerol backbone, 
where a very long chain (24–36 carbons) (VLC)-PUFA) is 
located at the sn-1 position and DHA is esterifi ed at the 
sn-2 position ( 9 ). The functional importance of VLC-PUFAs 
in the retina is not well understood but VLC-PUFAs are 
reduced in retinas undergoing age-related macular degen-
eration (AMD) ( 10 ), and a key role for VLC-PUFAs has been 
suggested in both phototransduction regulation and pho-
toreceptor survival ( 11, 12 ). 

 Retinal phospholipids also play an important role in the 
visual cycle and the conversion of all- trans  retinal to 11- cis  
retinal. In some cases, the N-retinylidene-glycerophosphati-
dylethanolamine (PE) formed during the visual cycle reacts 
with a second molecule of all- trans -retinal instead of hydro-
lyzing to PE and all- trans -retinal, and leads to the formation 
of the cytotoxic compound N-retinylidene-N-retinyleth-
anolamine (A2E) ( 13 ). This side reaction product can 
progressively accumulate with age in the RPE and may 
contribute to retinal degenerative diseases such as AMD 
( 14, 15 ). Additionally, the production of ceramides, which 
are bioactive sphingolipids that are critical mediators for 
initiating oxidative stress-induced apoptotic cell death of 
both photoreceptors and RPE cells, may lead to several ret inal 
diseases including retinitis pigmentosa and AMD ( 16–19 ). 

 Retinal phospholipids have been well-characterized by 
gas chromatography-mass spectrometry ( 20–22 ) and elec-
trospray mass spectrometry ( 23–26 ) of extracted tissue, 
but the regional distribution of phospholipid molecular 
species in the various regions within the human retina has 
remained uncertain. MALDI imaging mass spectrometry 
(IMS) has been developed as a powerful method for inves-
tigating the distribution of phospholipids within tissues 
( 27 ). Phospholipid molecular ions are produced directly 
from a tissue section coated with MALDI matrix, and se-
quential mass spectra are acquired by rastering the laser 
beam across the tissue surface; images can be obtained by 
plotting the intensity of the analytes of interest as a func-
tion of the  x-y  coordinates. Previously, MALDI IMS has 
been applied to the porcine lens ( 28 ), to salamander ( 29 ), 
rat, and mouse retinas ( 30–32 ), and to mouse optic nerve 
tissue ( 33 ), with the major focus generally on the localiza-
tion of glycerophosphatidylcholine (PC) lipid molecular 
ions. In the current study, MALDI IMS is used to report 
the localization of PC, PE, glycerophosphatidylinositol 
(PI), and glycerophosphatidylserine (PS) lipid molecular 
species, as well as sphingolipids present in the human 
retina. 

 METHODS 

 Reagents 
 Polyvinyl alcohol 6-98, 2,5-dihydroxybenzoic acid, and 2,6-di-

hydroxyacetophenone (DHAP) were purchased from Sigma-
Aldrich Chemical Co. (St. Louis, MO). OCT compound was 
obtained from Ted Pella, Inc. (Redding, CA). Polypropylene gly-
col, average molecular weight 2,000 g/mol, was purchased from 
Fisher Scientifi c   (Fair Lawn, NJ). 
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from accessory tissue (e.g., adipose and connective tissue) 
indicated unique ions in these regions of the ocular section 
( Fig. 2B ) with the most intense ion at  m/z  881.8. The posi-
tive ion MALDI image of  m/z  881.8 suggested that this ion 
was present within the tissue behind the sclera (outside the 
eye ball) and surrounding the optic nerve ( Fig. 2E ). The 
black areas in the image within this region of tissue are 
cross-sections of blood vessels. The CID of the tissue-derived 
MALDI ion at  m/z  881.8 (supplementary Fig. IA,   Table 2  )  
revealed product ions at  m/z  625.5, 603.5, 599.5, and 577.5, a 
behavior that was consistent with this ion being the [M+Na] +  
of a TAG, specifi cally a mixture of TAGs that had 52 acyl 
group carbon atoms with two double bonds residing collec-
tively in the three fatty acyl groups and denoted as TAG(52:2) 
( 38 ). Additionally, other sodiated TAG lipids were found 
with very similar regional distributions to  m/z  881.8, in-
cluding  m/z  851.8 [TAG(50:3)+Na], 853.8 [TAG(50:2)+Na], 
855.8 [TAG(50:1)+Na], 877.8 [TAG(52:4)+Na], 879.8 
[TAG(52:3)+Na], and 883.8 [TAG(52:1)+Na] (data not 
shown). The positive ion MALDI mass spectrum of this ac-
cessory tissue ( Fig. 2B ) revealed the presence of other lip-
ids in this region, such as  m/z  782.6, that were not unique 
to this location. The CID of  m/z  782.6 resulted in product 
ions at  m/z  146.9, 184.1, and 599.6 (neutral loss of phos-
phocholine) (supplementary Fig. IB,  Table 2 ) that are 
characteristic of a sodiated PC lipid and are consistent 
with the identifi cation of  m/z  782.6 as the [M+Na] +  of 
PC(34:1) ( 39 ). The positive ion MALDI image of  m/z  782.6 
( Fig. 2G ) indicated the presence of this ion in the optic 
nerve and accessory tissues, but with the highest signal in-
tensity occurring in the inner retina and the lumen of blood 
vessels behind the eye. 

 The presence of a wide variety of lipid molecular species in 
the optic nerve was revealed in the positive ion MALDI mass 
spectrum of this region of the ocular tissue section ( Fig. 2C ). 
The most abundant ion in the positive ion MALDI mass spec-
trum of the optic nerve was at  m/z  782.6 [PC(34:1)+Na] and 
the MALDI image suggested that the lipid generating this ion 
was uniformly distributed in the optic nerve with a slightly 

time of 243 ms per image spot. The MALDI plate was moved at a 
rate of 12.75 mm/min and after each horizontal line was com-
pleted the plate was moved vertically 50  � m. The lateral resolution 
of this MALDI IMS technique has been estimated to be approxi-
mately 50  � m. The mass spectrometric data were processed using 
a specialized script for Analyst software (Applied Biosystems/MDS 
Sciex) at a mass resolution of 0.1 amu, and images were visualized 
using TissueView software (Applied Biosystems/MDS Sciex). Colli-
sion-induced dissociation (CID) of selected ions in both positive 
and negative ion modes was carried out after the MALDI imaging 
experiments on the same tissue slice using relative collision energy 
of 40 V with argon as collision gas. The shorthand notation used 
for lipid species in this paper follows those outlined by Liebisch 
et al. ( 37 ). The lipids observed in positive ion mode [PC, SM, and 
triacylglycerol (TAG)] were identifi ed to the lipid species level by 
CID and are indicated by the number of acyl carbons and the num-
ber of double bonds, for example PC(34:1). The lipids observed in 
negative ion mode (PS, PI, and PE) were identifi ed to the fatty acyl 
level by CID and are indicated by the fatty acyl groups esterifi ed to 
the sn-1 and sn-2 position, such as PE(18:0/22:6). 

 RESULTS 

 Rod and cone density across the human retina varies with 
photoreceptor type and location; cones are concentrated 
within the central macular region while rods occupy the peri-
pheral retina ( Fig. 1A ). Regions of interest within the eye, such 
as connective tissue, sclera, optic nerve, RPE, choroid, and 
retina, as well as the retinal layers, are labeled in an H&E-
stained section which represents a typical tissue sample 
( Fig. 1B ). In this study the localization of lipid molecular spe-
cies was determined using MALDI IMS. The positive ion mass 
spectra in the mass range  m/z  650–900 (  Fig. 2B–D  )  and the 
negative ion mass spectra in the mass range  m/z  650–1,000 
(  Fig. 3B–D  )  in different regions of eye tissue (accessory tis-
sue, optic nerve, retina) demonstrated that the lipid molecular 
species varied extensively within discrete regions of eye tissue. 

 Positive ion data obtained for the MALDI IMS experi-
ments revealed the distribution of PC, SM, and TAG lipids 
in the ocular tissue. The positive ion MALDI mass spectrum 

 TABLE 1. Human donor information 

Age (years) Sex Race Cause of Death
Time from Death to 

Procurement (h: min)
Time from Death to Arrival 

at LSU (h: min) Source

45 F C Sepsis 5: 29 23: 00 Lions
47 M C Cardiac arrest 7: 00 21: 08 NDRI
55 M H Cardiac arrest 6: 00 24: 35 NDRI
56 F C Cardiac arrest 6: 20 28: 04 NDRI
60 M C Liver failure 5: 20 23: 40 Lions
73 F C Lung cancer 4: 00 29: 50 NDRI
79 F B Cardiac arrest 8: 00 24: 25 NDRI
81 M C Lung cancer 3: 25 29: 00 Lions
82 F C Cardiac arrest 4: 32 24: 42 Lions

At procurement, globes were removed, wrapped in moist gauze, placed in eye bank plastic containers on wet 
ice in Styrofoam coolers at NDRI or the Lions Eye Institute, and sent to Louisiana State University for arrival at the 
laboratory by 10:00 AM the following day. Upon arrival, globes were immediately dissected and prepared (unfi xed) 
for cryosectioning, or tissue samples collected for mass spectrometry. Frozen sections were placed on glass coverslips 
and immediately stored at  � 80°C. Frozen sections were then moved to plastic containers on dry ice and shipped to 
the University of Denver for delivery the following morning. These coverslips were kept frozen until processing for 
MALDI imaging began. Tissue samples for mass spectrometry were placed in 1.5 ml microtubes in methanol 
containing butylated hydroxytoluene (0.1%), and stored at  � 80°C. LSU, Louisiana State University; F, female; M, 
male; C, Caucasian; H, Hispanic; B, Black; Lions, Lions Eye Institute, Tampa, FL; NDRI, National Disease Research 
Institute, National Resource Center, Philadelphia, PA.
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the sclera, none of the positive ion MALDI images described 
above indicated that any of the lipid molecular species ob-
served in the optic nerve were exclusive to this region of ocu-
lar tissue. 

 The positive ion MALDI mass spectrum of the retina in-
dicated the presence of common, as well as some novel, 
phospholipid molecular species ( Fig. 2D ). The MALDI 
image of the most prevalent positive ion found in the 
retina,  m/z  782.6 [identifi ed as PC(34:1)+Na above], in-
dicated the presence of this ion with varying intensity 
throughout the entire retina, as well as the sclera, optic 
nerve, and accessory tissues ( Fig. 2G ). The most intense 
signal observed for  m/z  782.6 in the retina occurred in the 
rod photoreceptor-dominant periphery, but this ion was 
also present in the cone photoreceptor-dominant macular 
region ( Fig. 2G ). Discrete retinal layers were not observed 
in the positive ion MALDI image of  m/z  782.6, but the 
distribution of this ion was apparent within all the retinal 
layers. Many other ions present in the MALDI mass spec-
trum of the retina ( Fig. 2D ) were sodiated PC or SM lipids 
that contained saturated or monounsaturated fatty acids 

higher signal intensity at the optic disc ( Fig. 2G ). The pres-
ence of additional lipids in the optic nerve at  m/z  810.6 
[PC(36:1)+Na] and 832.6 [PC(38:4)+Na], which were identi-
fi ed as sodiated PC lipids by CID ( Table 2 ), is indicated in 
 Fig. 2C . The positive ion MALDI images of these sodiated PC 
ions also localized these lipids to the optic nerve, as well as 
sclera, and retina ( Fig. 2H , supplementary Fig. IIA). Addi-
tionally, the positive ion MALDI image of  m/z  753.6 indicated 
that this particular ion was uniformly distributed throughout 
the optic nerve as well as in the retina and sclera, but with 
lower intensity, and that this particular lipid molecular spe-
cies was not present at the optic disc ( Fig. 2F ). CID of  m/z  
753.6 yielded product ions at  m/z  570.6 (neutral loss of phos-
phocholine),  m/z  146.9 (sodiated cyclic 1,2-phosphodiester), 
and  m/z  184.1 (phosphocholine) ( Table 2 ), and was consistent 
with the identifi cation of  m/z  753.6 as SM(d18:1/18:0)+Na. 
Another sodiated SM at  m/z  723.6, which was identifi ed as 
SM(d18:1/16:1)+Na by CID ( Table 2 ), occurred with a simi-
lar distribution described above in the optic nerve, sclera, 
and retina (supplementary Fig. IIB). Unlike the sodiated 
TAG lipids that were uniquely observed in the tissue behind 

  Fig. 1.  Organization of the human retina  . A: Diagram illustrating the distribution of rod and cone photoreceptors. The origin of the 
optic nerve in the retina, the optic disk, lacks photoreceptors, thus creating a blind spot within the visual fi eld. Cone photoreceptors be-
come concentrated around the optic axis in a central region, the macula, which measures 4.5–6.0 mm in diameter. The center-most area 
of the macula, the fovea, contains the highest concentration of cones, which produce high acuity bright light color vision. As cones dimin-
ish peripherally, rod photoreceptors accumulate and extend to the retina margin. The peripheral regions of the retina function in dim 
light and produce monochromatic vision. Features along the retinal surface are measured in millimeters (retinal eccentricity) from the 
fovea. The vertical axis denotes photoreceptor density. [Redrawn and modifi ed with permission from ( 35 )]. B: H&E-stained retinal section 
(82-year-old Caucasian female). The orientation of the section is nasal to temporal to reveal both the optic nerve and the cone-rich macular 
region, surrounded by the rod-rich periphery. Guide lines relate relevant features on the histological section to corresponding areas on the 
diagram above. The fovea is indicated at the center of the macula and several retinal layers are indicated [ganglion cell/nerve fi ber layer 
(GC/NFL), INL, ONL, choriocapillaris (CC), sclera, and optic nerve].   
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 Some of the lipid molecular ions present in the retina 
were highly localized and are described below. Within the 
inner retina, the neuronal portion proximal to the photo-
receptor layer, a positive ion MALDI image of  m/z  810.6 
[identifi ed as PC(36:1)+Na above] indicated that the sig-
nal for this lipid molecular species was strong, with similar 
intensity in both the peripheral and macular regions, at 

( Table 2 ), such as  m/z  723.6 [SM(18:1/16:1)+Na],  m/z  
756.6 [PC(32:0)+Na], and  m/z  760.6 [PC(34:1)], and had 
a similar distribution to  m/z  782.6 [PC(34:1)+Na] in the 
retina (supplementary Fig. IIB–D). Additionally, none of 
these PC or SM lipids containing only saturated or mono-
unsaturated fatty acids esterifi ed to the glycerol backbone 
were uniquely present in the retina. 

  Fig. 2.  Positive ion MALDI IMS of PC and SM lipids in human ocular tissue. A: H&E stain of ocular tissue section immediately adjacent to 
the section used for MALDI imaging. Total positive ion MALDI mass spectra of the accessory tissue (B), optic nerve (C), and retina (D) were 
obtained directly from the ocular section. Extracted positive ion MALDI images of the [M+Na] +  of TAG(52:2) ( m/z  881.8) (E), SM(d18:1/18:0) 
( m/z  753.6) (F), PC(34:1) ( m/z  782.6) (G), PC(36:1) ( m/z  810.6) (H), PC(40:6) ( m/z  856.6) (I), and the [M+H-H 2 O] +  of Cer(d18:1/18:0) ( m/z  
548.5) (J). K: Merged positive ion MALDI image of Cer(d18:1/18:0) (blue), PC(40:6) (red), and PC(36:1) (green). GCL, ganglion cell layer.   
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[PC(36:1)] (supplementary Fig. IIA, E), which were iden-
tifi ed by CID ( Table 2 ). 

 Within the photoreceptor layer, the positive ion MALDI 
image of  m/z  856.6 indicated that this lipid was uniquely 

the optic disc, and within the astrocyte-rich optic nerve 
head and lamina cribrosa ( Fig. 2H ). Additionally, a similar 
localization in the inner retina was also observed in the 
MALDI images of  m/z  832.6 [PC(38:4)+Na] and  m/z  788.6 

  Fig. 3.  Negative ion MALDI IMS of PI, PS, and PE lipids in human ocular tissue. A: H&E stain of ocular tissue section immediately adja-
cent to the section used for MALDI imaging. Total negative ion MALDI mass spectra of the accessory tissue (B), optic nerve (C), and retina 
(D) were obtained directly from the ocular section. Extracted negative ion MALDI images of the [M-H]  �   of SM(d16:0/18:0)+DHAP ( m/z  
853.8) (E), PE(P-18:1/18:1) ( m/z  726.5) (F), PI(18:0/20:4) ( m/z  885.6) (G), PS(18:0/22:6) ( m/z  834.5) (H), PE(P-18:0/22:6) ( m/z  774.5) 
(I), and PE(18:0/22:6) ( m/z  790.5) (J). K: Merged positive ion MALDI image of PE(P-18:0/22:6) (green), PE(18:0/22:6) (red), and 
PS(18:0/22:6) (blue). GCL, ganglion cell layer.   
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section ( Fig. 3B ). The negative ion MALDI image of the 
most abundant [M-H]  �   in accessory tissue,  m/z  853.8, re-
vealed that this particular ion was present only in the sclera 
( Fig. 3E ). CID of  m/z  853.8 resulted in a product ion at  m/z  
151.1 and a product ion resulting from the neutral loss of 
choline (59 amu) (  Table 3  ).  Due to these product ions 
observed during CID, it was determined that this ion,  m/z  
853.8, was a DHAP matrix adduct of SM(d18:1/16:0). 
Additionally, a PC(16:0/18:1) standard was spotted on a 
MALDI plate followed by DHAP matrix sublimation and 
the only [M-H]  �   observed in the MALDI mass spectrum 
corresponded to PC(16:0/18:1)+DHAP (supplementary 
Fig. IIIA), and the CID spectrum of this DHAP adduct 
contained a product ion at  m/z  151.1 and a product ion 
corresponding to neutral loss of choline (supplementary 
Fig. IIIB). Furthermore, matrix adducts of PC lipids are 
quite common and have been reported previously in a 
negative ion MALDI MS analysis of human LDL ( 42 ). 

 Additional lipid molecular species were observed in the 
negative ion MALDI spectrum of accessory tissue, includ-
ing  m/z  788.5, 810.5, and 885.6 ( Fig. 3B ). CID of  m/z  788.5 
and 810.5 yielded product ions indicative of PS lipids 
( Table 3 ), identifying these lipid molecular species as 
PS(18:0/18:1) and PS(18:0/20:4), respectively ( 43 ). The 
product ions observed in the CID of  m/z  885.6 directly off 
the ocular tissue, identifi ed this lipid as PI(18:0/20:4) 
(supplementary Fig. ID;  Table 3 ) ( 44 ). The negative ion 
MALDI images of PI(18:0/20:4), PS(18:0/18:1), and 
PS(18:0/20:4) revealed that these lipid molecular species 
were not unique to the accessory tissues, but were wide-
spread across the entire tissue section ( Fig. 3G ; supplemen-
tary Fig. IVA, B). 

 The negative ion MALDI mass spectrum of the optic 
nerve in the mass range  m/z  650–1,000 indicated that a wide 
variety of lipid molecular species were present ( Fig. 3C ). 
The negative ion MALDI image of one of the most abun-
dant ions observed in the optic nerve,  m/z  726.5, indicated 
that the lipid generating this particular ion was located only 
in the optic nerve and was not present in the retina or the 

localized and was present with similar intensity in both the 
peripheral and macular regions ( Fig. 2I ). Also, this image 
indicates that this ion was not present at the optic disc. 
The CID spectrum of  m/z  856.6 obtained directly from the 
tissue contained product ions at  m/z  146.9, 184.1, and 
673.6 ( Table 2 ), indicating that this ion was derived from 
PC(40:6)+Na. Additionally, a similar localization in the 
retina was also observed in the MALDI images of  m/z  828.6 
[PC(38:6)+Na] and  m/z  834.6 [PC(40:6)] (supplementary 
Fig. IIF, G), which were identifi ed by CID ( Table 2 ). 

 The RPE, a monolayer of cells associated with the tips of 
the photoreceptors at the back of the retina, contained a 
lipid at  m/z  548.5 that demonstrated unique localization in 
the eye tissue ( Fig. 2J ). This lipid molecular ion displayed 
a higher intensity in the peripheral region compared with 
the macular region of the retina and was also notably ab-
sent at the optic disc. CID of  m/z  548.5 yielded a product 
ion at  m/z  264.4 (supplementary Fig. IC,  Table 2 ), which 
was characteristic of ceramide lipids and occurred from 
amide bond cleavage with neutral loss of the fatty acid 
from [M+H-H 2 O] +  ( 40 ). From this information, the ion 
at  m/z  548.5 was identified as the [M+H-H 2 O] +  of cer-
amide (Cer) (d18:1/18:0), which is consistent with a previ-
ous study which determined that ceramide lipids analyzed 
by MALDI yielded no molecular ions, but only the [M+H-
H 2 O] +  ion   ( 41 ). The merged images of the lipid molecular 
ions at  m/z  810.6 [PC(36:1)+Na],  m/z  856.6 [PC(40:6)+Na], 
and  m/z  548.5 [Cer(d18:1/18:0)-H 2 O] nicely demon-
strated the stratifi cation of these particular lipids in the 
retina ( Fig. 2K ). Specifi cally, PC(36:1)+Na was observed 
within the retinal ganglion cell layer, the axons of which 
comprise the optic nerve, PC(40:6)+Na had panretinal lo-
calization but was only found within the photoreceptor 
layer, and Cer(d18:1/18:0)-H 2 O was specifi cally located in 
the RPE/choriocapillaris complex. 

 Negative ion data obtained from the MALDI IMS ex-
periments revealed the distribution of many lipid classes, 
including PI, PS, and PE, in the ocular tissue. The negative 
ion MALDI mass spectrum of accessory tissue did not reveal 
many lipids that were unique to this region of the tissue 

 TABLE 2. Summary of the positive ion CID obtained directly from 
the ocular sections post-MALDI IMS 

Observed ( m/z ) Product Ions Identifi cation

548.5 264.4 Cer(d18:1/18:0)-H 2 O
723.6 146.9, 540.5, 184.1 SM(d18:1/16:1)+Na
753.6 146.9, 570.6, 184.1 SM(d18:1/18:0)+Na
756.6 146.9, 184.1, 621.5 PC(32:0)+Na
760.6 184.1 PC(34:1)
782.6 146.9, 184.1, 599.5 PC(34:1)+Na
788.6 184.1 PC(36:1)
810.6 146.9, 627.5, 184.1 PC(36:1)+Na
828.6 146.9, 645.5, 184.1 PC(38:6)+Na
832.6 146.9, 649.5, 184.1 PC(38:4)+Na
834.6 184.1 PC(40:6)
856.6 673.6, 146.9, 184.1 PC(40:6)+Na
881.8 599.5, 577.5, 625.5, 603.5 TAG(52:2)+Na
900.7 147.0, 717.6, 184.1 PC(44:12)+Na
1,040.7 147.0, 184.1, 857.6 PC(54:12)+Na
1,042.7 147.0, 859.6, 184.1 PC(54:11)+Na
1,044.7 147.0, 184.1, 861.6 PC(54:10)+Na
1,070.7 147.0, 184.1, 887.6 PC(56:11)+Na

 TABLE 3. Summary of the negative ion CID obtained directly from 
the ocular sections post-MALDI IMS 

Observed ( m/z ) Product Ions Identifi cation

700.5 281.1, 418.4, 436.4 PE(P-16:0/18:1)
726.5 281.1, 444.4, 462.4 PE(P-18:1/18:1)
728.5 281.1, 446.4, 464.4 PE(P-18:0/18:1)
750.5 259.1, 303.1, 446.4, 464.4 PE(P-18:0/20:4)
762.5 255.1, 283.1, 327.1, 452.5 PE(16:0/22:6)
766.5 259.1, 283.1, 303.1, 

462.4, 480.4
PE(18:0/20:4)

774.5 283.1, 327.1, 464.5 PE(P-18:0/22:6)
788.5 153.1, 281.1, 283.1, 419.3, 

437.3, 701.5
PS(18:0/18:1)

790.5 283.1, 327.1, 480.5 PE(18:0/22:6)
810.5 153.1, 283.1, 303.1, 419.3, 

437.3, 723.5
PS(18:0/20:4)

834.5 283.1, 327.1, 419.4, 
437.4, 747.5

PS(18:0/22:6)

853.8 151.1, 794.7 SM(d18:1/16:0)+DHAP
885.6 223.1, 241.1, 283.1, 303.1, 

419.3, 581.5
PI(18:0/20:4)

888.7 97.1, 153.1, 241.1 ST(d18:1/24:1)
904.7 97.1, 153.1, 241.1 ST(d18:1/h24:1)
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of these particular lipids in the retina ( Fig. 3K ). Specifi -
cally, PS(18:0/22:6) was located throughout both the in-
ner and outer retinal layers and was not specifi cally present 
in any one layer, PE(P-18:0/22:6) was specifi cally located 
in the retinal ganglion cells and the optic nerve head, and 
PE(18:0/22:6) was specifi cally located in the outer retinal 
layers, which include photoreceptors and the RPE cells 
( Fig. 3K ). 

 The retina is known to contain many dipolyunsaturated 
lipids, with the majority present as PC molecular species 
that contain VLC-PUFAs from the n-3 and n-6 series having 
24–36 carbon atoms and four to six double bonds in the 
mass range of  m/z  900–1,100 ( 11 ). The most abundant ions 
in the positive ion MALDI mass spectrum in the mass range 
of  m/z  900–1,100 occurred at  m/z  909.3, 951.3, 1009.3, and 
1067.3 (  Fig. 4C  )  and were determined to be nonlipid spe-
cies due to the low mass defect and the CID data that was 
not indicative of lipids (data not shown). It was thought that 
these ions originated from the embedding compound and 
the tissue preparation process as the MALDI ion images in-
dicate that these ions occur both on and off the tissue sec-
tion (supplementary Fig. VA–D). The positive ion MALDI 
mass spectrum of the retina in this higher mass range ( m/z  
900–1,100) revealed the presence of several ions with an 
even mass-to-charge ratio and a high mass defect of 0.6 or 
0.7 amu ( Fig. 4C ), indicative of lipid molecular species. The 
ions at  m/z  900.6 and 1,070.7 were collisionally activated af-
ter the MALDI IMS experiment and displayed product ions 
at  m/z  147.0 and 184.1 and a product ion corresponding to 
neutral loss of 183 (phosphocholine) ( Table 2 ). This CID 
data indicates that the ions at  m/z  900.6 and 1,070.7 were 
sodiated PC lipids and were therefore identifi ed as a dipoly-
unsaturated PC, PC(44:12)+Na, and a VLC-PUFA PC lipid, 
PC(56:11)+Na, respectively. The positive ion MALDI im-
ages of PC(44:12)+Na and PC(56:11)+Na indicate that these 
PC lipids were uniquely localized to the retina ( Fig. 4E, F ). 
When the positive ion MALDI images of PC(40:6)+Na 
(blue), PC(44:12)+Na (red), and PC(56:11)+Na (green) 
were merged, the colocalization of these lipids in the photo-
receptor layer was apparent ( Fig. 4G ). Additionally, the 
presence of DHA- and VLC-PUFA-containing PCs in the 
photoreceptor layer was further confi rmed in this particu-
lar section of tissue where the photoreceptor layer was de-
tached from the inner retina ( Fig. 4A, B , and arrows  Fig. 
4D–G ). This fortuitous tissue sectioning artifact allowed the 
photoreceptor layer to be distinguished and imaged/ana-
lyzed separately from the inner retina and aided in deter-
mining that DHA-containing and VLC-PUFA-containing 
PCs are indeed present in the photoreceptor layer. Addi-
tionally, similar distributions were also observed in the 
MALDI images of the VLC-PUFA PC lipids at  m/z  1,040.7, 
1,042.7, and 1,044.7 (supplementary Fig. VE–G), which 
were identifi ed as PC(54:12)+Na, PC(54:11)+Na, and 
PC(54:10)+Na ( Table 2 ). 

 The reaction of all- trans  retin al  with PE to form a Schiff 
base is the initial step in formation of the toxic  bis -retinoid, 
A2E ( 14 ), which has been found to accumulate in the RPE. 
Because this positive ion is of relatively low molecular 
weight, it seemed possible that it could be observed by 

sclera ( Fig. 3F ). CID of this lipid ion yielded product ions at 
 m/z  281.1 (oleic acid),  m/z  444.4 ([M-H-R 2 COOH]  �  ), and 
 m/z  462.4 ([M-H-R 2 C=O]  �  ) (supplementary Fig. IE;  Table 
3 ), and was identifi ed as PE(P-18:1/18:1) ( 45 ). Additionally, 
the negative ion MALDI images of other monounsaturated 
PE plasmalogen lipids,  m/z  700.5 [PE(P-16:0/18:1)] and 
 m/z  728.5 [PE(P-18:0/18:1)], and two sulfatide lipids,  m/z  
904.7 [ST(d18:1/h24:1)] and  m/z  888.7 [ST(d18:1/24:1)], 
occurred with a similar distribution described above for  m/z  
726.5, and were only present in the optic nerve (supple-
mentary Fig. IVC–F). Furthermore, these lipids were identi-
fi ed by CID directly from the optic nerve tissue ( Table 3 ). 

 The negative ion MALDI mass spectrum of the retina indi-
cated a wide variety of phospholipid molecular species ( Fig. 
3D ). The MALDI image of one of the most abundant nega-
tive ions found in the retina,  m/z  885.6, which was identifi ed 
above as PI(18:0/20:4), indicates that this particular ion is 
found in the optic nerve, retina, and sclera ( Fig. 3G ). Fur-
thermore, the negative ion MALDI image of  m/z  834.5 indi-
cated that this molecular species was present in the retina, 
except at the fovea, and at the optic disc ( Fig. 3H ). CID of this 
lipid ion at  m/z  834.5 resulted in product ions at  m/z  153.1, 
283.1, 327.1, 419.4, 437.4, and 747.5 (supplementary Fig. IF; 
 Table 3 ) and was identifi ed as PS(18:0/22:6). Another lipid 
at  m/z  750.5 had a similar distribution mentioned above and 
was present in both the optic nerve and the retina (supple-
mentary Fig. IVG), and this ion was identifi ed by negative ion 
CID as PE(P-18:0/20:4) ( Table 3 ). 

 The distributions of some of the lipid molecular species 
observed in the negative ion MALDI images of the retina 
were highly localized. The negative ion MALDI image of  m/z  
774.5 indicated that this ion was observed at the optic disc 
and within the inner retina, except for a notable absence of 
signal intensity at the fovea ( Fig. 3I ). CID of this ion at  m/z  
774.5 resulted in product ions at  m/z  283.1 (stearic acid),  m/z  
327.1 (DHA), and  m/z  464.5 ([M-H-R 2 C=O]  �  ) ( Table 3 ), and 
was identifi ed as PE(P-18:0/22:6) ( 45 ). Very similar localiza-
tion was also observed in the negative ion MALDI image of 
 m/z  766.5 (supplementary Fig. IVH), which was identifi ed as 
PE(18:0/20:4) by CID ( Table 3 ). The negative ion MALDI 
image of  m/z  790.5 indicated that this lipid molecular species 
was found only in the photoreceptor layer, including the fo-
vea, but not at the optic disc or the optic nerve ( Fig. 3J ). CID 
of this ion at  m/z  790.5 resulted in product ions at  m/z  283.1 
(stearic acid),  m/z  327.1 (DHA), and  m/z  480.5 ([M-H-
R 2 C=O]  �  ) ( Table 3 ), and was identifi ed as PE(18:0/22:6). 
This lipid is thought to be present uniquely in the photore-
ceptor cells due to its specifi c localization in the outermost 
retinal layers, but not in the optic nerve, optic disc, or inner-
most retinal layers where photoreceptors are absent. Further-
more another lipid at  m/z  762.5 had a similar distribution 
to PE(18:0/22:6) and was only present as a narrow line of 
signal intensity across the length of the retina, but not within 
the optic nerve or optic disc (supplementary Fig. IVI). This 
ion at  m/z  762.5 was identifi ed by negative ion CID as 
PE(16:0/22:6) ( Table 3 ). 

 The merged image of the lipid molecular ions at  m/z  
834.5 [PS(18:0/22:6)],  m/z  774.5 [PE(P-18:0/22:6)], and 
 m/z  790.5 [PE(18:0/22:6)] clearly revealed the stratifi cation 
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phospholipid classes and molecular species within the 
retina. The high concentration of DHA esters within the 
photoreceptor cells of the retina has been known for a 
considerable length of time ( 4, 21, 22, 47, 48 ), however 
the exact molecular species and diverse phospholipid 
classes of esterifi ed DHA has not been previously de-
scribed. MALDI IMS readily revealed the location of DHA-
containing phospholipids and indicated that most were 
only observed in the photoreceptor layer of the retina 
( Figs. 2I, 3J ). However, MALDI IMS revealed that there 
were some DHA-containing phospholipids that were ei-
ther in both the ganglion cell layer and the RPE/chorio-
capillaris complex, such as PS(18:0/22:6) shown in  Fig. 
3H , or highly localized to the ganglion cell layer and the 
optic disc, like PE(P-18:0/22:6) shown in  Fig. 3I . In addi-
tion to the glycerophospholipids that contain this omega-3 

MALDI IMS at  m/z  592.5. A signal for this ion was localized 
to the RPE and clearly separated from the photoreceptor 
layer as indicated by the ion abundance at  m/z  856.6 
[PC(40:6)+Na] and the neuronal layer indicated by  m/z  
810.6 [PC(36:1)+Na] (  Fig. 5  ).  However, the signal inten-
sity of this ion was too low to obtain CID data and the iden-
tifi cation of this ion as A2E is tentative. The molecular ion 
of A2E was also observed in the RPE in a MALDI IMS study 
in mice that directly correlated lipofuscin with A2E ( 46 ). 

 DISCUSSION 

 The lipid biochemistry present in the human retina is 
remarkable from many aspects, not the least of which is 
the unique accumulation of DHA (22:6) esterifi ed to various 

  Fig. 4.  Positive ion MALDI IMS of VLC-PUFA-containing PC lipids in human ocular tissue. A: H&E stain 
of ocular tissue section immediately adjacent to the section used for MALDI imaging. B: Inset enlarged from 
(A) showing a region where the photoreceptor layer is detached from the inner retina (arrow). C: Total posi-
tive ion MALDI mass spectra of the retina directly from the ocular section. The solid black diamonds indi-
cate background ions from the embedding agent. Extracted positive ion MALDI images of the [M+Na] +  of 
PC(40:6) ( m/z  856.6) (D), PC(44:12) ( m/z  900.6) (E), and PC(56:11) ( m/z  1,070.7) (F). G: Merged positive 
ion MALDI image of PC(56:11) (green), PC(44:12) (red), and PC(40:6) (blue). Arrows denote the layer of 
photoreceptors that have been detached from the inner retina. GCL, ganglion cell layer;   
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suggesting a dual role for ceramide in regulating cellular 
homeostasis. 

 MALDI IMS studies of nonhuman retinas have also re-
vealed stratifi cation of specifi c phospholipids. In salaman-
der retinas, PC(32:1), PC(32:0), and PC(34:1) are present 
in the outer and inner plexiform layers, and PC(36:4), 
PC(38:6), and PC(40:6) are found within the photorecep-
tor inner and outer segments, and the RPE ( 29 ). Due to 
the large size (10  � m or larger in diameter) of salamander 
photoreceptors this study was able to show that PC(36:4), 
PC(38:6), and PC(40:6) were differentially present within a 
single rod outer segment cross-section. Unfortunately, sin-
gle 1.5–2.0  � m diameter rods found in human retinas can-
not be detected by the method used in the current study, 
which has a resolution of 50  � m. A MALDI-based study of 
mouse retinas also demonstrated that PC(16:0/18:1) was 
localized to the inner nuclear layer (INL) and outer plexi-
form layer, PC(16:0/16:0) to the outer nuclear layer (ONL) 
and photoreceptor inner segment, and PC(16:0/22:6) and 
PC(18:0/22:6) to the photoreceptor outer segment and 
RPE ( 30 ), demonstrating 22:6 enrichment within photore-
ceptors as previously reported ( 4 ). 

 The accumulation of lipofuscin within the RPE occurs 
throughout life, is considered an indication of aging, and 
may correlate with the onset and/or progression of AMD 
( 54, 55 ). While the complete makeup of lipofuscin is not 
known, it is highly enriched in bis-retinoids where the reti-
noid visual cycle is most active ( 13 ). The most completely 
characterized of the intermediate retinaldehyde adducts is 
A2E. In animal models with increased photoreceptor reti-
naldehyde, lipofuscin and A2E are also increased, suggest-
ing that the A2E precursors, phosphatidylethanolamine 
and retinaldehydes, accumulate in the RPE from phago-
somes and undergo incomplete degradation with gradual 
formation and accumulation of A2E. Evidence associates 
A2E with retinal degeneration ( 56 ). Recent studies uti-
lizing MALDI imaging to compare lipofuscin and A2E 
localization in human and mouse RPE found good cor-
relation in murine RPE ( 45 ), but only minimal correla-
tion within human RPE ( 57 ). This would suggest that 
A2E metabolism may vary between human and mouse, 
and that variation in photoreceptor distribution may play 
a role in localization. 

 An additional MALDI IMS study utilized mice and rats 
to characterize lipids of the optic nerve ( 33 ). Mass spectra 
of optic nerve sections were generated from  m/z  700–970 
in both positive and negative ion mode, and peaks identi-
fi ed, revealing a wide variety of PC, PS, SM, and Cer lipids. 
Specifi cally, the sulfatide (d18:1/18:0) was localized to a 
region corresponding to the meninges around the nerve 
bundle and the sulfatide (d18:1/24:0) within the optic 
nerve, PC(18:1/18:0) was found around the optic nerve as 
it exited the retina, and PC(16:0/16:0) near the optic nerve 
head-vitreous interface. PC(18:0/20:4) was identifi ed in 
the meninges, the connective tissue surrounding the optic 
nerve, and within the wall of a blood vessel. Several PS and 
PI lipids were also imaged, indicating unique labeling 
patterns for each lipid, demonstrating the specifi city of 
MALDI IMS in revealing retinal lipid distribution. 

fatty acid, there were also VLC-PUFAs produced by the 
elongation of DHA to fatty acyl chains containing 26–40 
carbon atoms by the enzyme elongase of very long chain 
fatty acid 4 (ELOVL4) in the retina ( 49 ). While the struc-
ture of these VLC-PUFA-containing phospholipids has 
been previously established ( 22 ), determination of their 
exact location required careful dissection to uniquely iso-
late individual cellular structures within the retina. Our 
MALDI IMS studies did demonstrate the presence of VLC-
PUFA-containing PC lipids exclusively in the photorecep-
tor layer, but the signal intensity of these ions was not 
robust due to the relatively low abundance of these lipids 
in general in the retina ( 10 ). 

 Several unique features of the retina could be directly 
observed by the abundance of specifi c lipids. In tissues lo-
calized behind the eye, a high abundance of neutral lipids 
such as TAG molecular species could be observed, but 
there was little if any PUFA content in this region rich in 
adipose tissue ( Fig. 2E ). In the structures containing neu-
ronal cells, for example, the ganglion cell layer and optic 
nerve head, a relatively high concentration of phospholip-
ids containing fatty acyl chains derived from saturated and 
monounsaturated precursors was observed ( Fig. 2G, H ). 
These lipid molecular species, including the phosphatidyl-
choline lipid, PC(34:1), are typically observed as the most 
abundant molecular species in most other neuronal tis-
sues such as the brain ( 50, 51 ). Additionally, SM ( Fig. 2F ) 
lipids were also readily apparent in the retinal layers con-
taining the neuronal cells and the optic nerve. The phos-
pholipids that were unique to the photoreceptor layer of 
the retina contained DHA in several classes of glycero-
phospholipids including PC and PE. The highly unsatu-
rated species of PI and PS, containing esterifi ed DHA and 
arachidonate, were not found to be highly localized and 
were observed in all of the retinal layers ( Fig. 3G, H ). In 
the RPE/choriocapillaris complex, lipid mediators such as 
the bioactive sphingolipid ceramide could be detected. 
Ceramide has been shown to play a role in cell cycle arrest 
( 52 ) and, conversely, is critical as a key mediator of oxida-
tive stress-induced apoptosis in retinal photoreceptor cells 
( 17, 18 ). Of interest is increasing evidence that suggests 
that the phosphorylation of ceramide to ceramide-1-
phosphate regulates cell proliferation and apoptosis ( 53 ), 

  Fig. 5.  Merged positive ion MALDI image of A2E ( m/z  592.5) 
(RPE, green), PC(40:6)+Na ( m/z  856.6) (photoreceptors, red), and 
PC(36:1)+Na ( m/z  810.6) (inner retina, blue), illustrating stratifi ca-
tion of lipid species into discrete identifi able retinal layers.   
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where the engagement of lipids in the disease process has 
been implicated.  

 The authors would like to acknowledge the histological expertise 
of Cornelius E. Regan, Jr., for his preparation of retinal sections 
for orientation and MALDI IMS analysis. 
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