
Retinitis pigmentosa (RP) is a term for a group of geneti-
cally heterogeneous retinal degenerations characterized by 
early rod photoreceptor dysfunction, followed by progres-
sive rod and cone photoreceptor dysfunction and death. This 
results in nyctalopia, progressive contraction of the visual 
field, and eventual loss of central vision and blindness. RP is 
among the leading causes of acquired blindness in the devel-
oped world, with a prevalence of 1 in 3,000–4,500 people. 
Currently, there is no established effective treatment to slow 
down the progression of RP [1].

Despite its genetic heterogeneity, RP leads to similar 
phenotypic retinal degenerative changes. Alterations in 
the photoreceptor function and environment caused by the 
genetic abnormalities found in RP result in progressive retinal 
degeneration [2,3]. Photoreceptors are metabolically highly 
active, and 10% of the outer segment of the rod photoreceptor 
is renewed and shed daily. The surrounding retinal pigment 
epithelium (RPE) cells phagocytose the large quantities of 
visual transduction proteins contained in the outer segment 
discs. This process requires high amounts of cellular traf-
ficking, protein synthesis, mitochondria, and oxygen, as 

well as mechanisms to counter oxidative stress and prevent 
apoptosis.

One approach to elucidating the link between the genetic 
mutation and the apoptotic death of photoreceptors is to 
examine the lipid profile alteration under retinal degenera-
tion. Phospholipids play a vital role in the cellular structure 
and physiology of the retina. They form the lipid bilayers 
that maintain cell boundaries, in addition to serving as an 
energy reservoir and precursors for downstream signaling 
molecules [4]. As such, alterations in the cellular environment 
may be performed by or reflected in the lipid species present 
during a disease process. For instance, in a study of diabetic 
retinopathy, a diabetic-specific increase in vitreous lipid auta-
coids, including arachidonate- and docosahexaenoate-derived 
metabolites, was found, supporting the role of inflammation 
in diabetic retinopathy [5].

Previous studies have demonstrated the potential of 
lipid analysis to illuminate the disease process of RP. Sphin-
golipid ceramides function as mediators of apoptosis in 
several neurodegenerative and neuroinflammatory diseases, 
including RP [6,7]. The retinal rod outer segment (ROS) 
membranes are rich in phospholipids that contain docosa-
hexaenoic acid (DHA), and the blood levels of DHA and other 
long chain polyunsaturated fatty acids are significantly lower 
in patients with RP as compared to corresponding controls 
[8]. Furthermore, studies into the relationship between DHA 
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and phospholipids have indicated that the reduction in DHA 
in the ROS membranes of animal models of retinal degenera-
tion is due to decreased incorporation into newly synthesized 
phospholipids [9]. Therefore, investigation of the phospholipid 
profile during retinal degeneration may provide insight into 
the molecular events that occur during RP.

Recent advances in mass spectrometry have enabled 
highly sensitive and accurate quantification and identification 
of different lipid species. The mechanism behind RP can be 
investigated in transgenic animal models that are representa-
tions of retinal degeneration in humans. One such model is the 
S334ter rat line, which expresses a rhodopsin mutation found 
in human patients [10]. In this study, we present the results of 
profiling for the phospholipid classes of phosphatidylcholine 
(PC), phosphatidylethanolamine (PE), phosphatidylserine 
(PS), and phosphatidylinositol (PI), during the progression 
of retinal degeneration in the S334ter line 3 (S334ter-3) rat 
model of RP.

METHODS

Tissue preparation and lipid extraction: At postnatal day (P) 
20, P30, and P60, Sprague-Dawley (SD) and S334ter-3 rats 
were euthanized by CO2 asphyxiation, and the eyes enucle-
ated under an Institutional Animal Care and Use Committee 
(IACUC)-approved protocol adhering to the tenets of the 
Association for Research in Vision and Ophthalmology 
(ARVO) statement for use of animals in research. The anterior 
segments were removed and the neural retinas were sepa-
rated from the RPE and flash frozen at −80 °C. Three retinal 
samples were used for each group—control and all ages (P20, 
P30, and P60) of S334ter-3 rats. Retinal lipids were extracted 
using a modified Bligh and Dyer method [11]. The isolated 
retinal tissue was alternatively thawed in a 37  °C water 
bath and flash frozen at −80 °C for 5 min, for a total of five 
freeze–thaw cycles. The tissue was then flushed with argon 
gas, suspended in 400 µl of 1:1 methanol/chloroform (Sigma-
Aldrich, St. Louis, MO), and homogenized for 2 min using a 
hand-held homogenizer (VWR, Radnor, PA). Following the 
addition of 350 µl of chloroform, the solution was homog-
enized for an additional 30 s and subsequently centrifuged 
at 4 °C for 15 min at 10,000 ×g. The upper aqueous phase 
containing nonlipid polar molecules was retained for further 
analysis by PHAST gel, while the lower lipid fraction was 
flushed with argon gas and the chloroform removed using a 
Speedvac (Eppendorf, Westbury, NY).

Mass spectrometric analysis: Extracted lipids were resus-
pended in 1:1 acetonitrile/isopropanol (Sigma-Aldrich) and 
analyzed in infusion mode using a Triversa Nanomate nano-
spray (Advion, Ithaca, NY) source on a triple quadrupole 

mass spectrometer (TSQ Quantum Access Max, Thermo 
Scientific, San Jose, CA) using previously described param-
eters appropriate for each of the phospholipid classes [12,13]. 
For lipid analyses, positive ion–mode precursor ion scan (PIS) 
was used for PC, negative ion–mode neutral loss scan (NLS) 
was used for PS, and negative ion–mode PIS was used for 
PI and PE. Samples were infused with a Triversa Nanomate 
with a flow rate of 10 µl/ min and scanned for a total of 2.00 
min. Scans typically ranged from 200 m/z to 1,000 m/z unless 
specified otherwise. A peak width was set at 0.7 and collision 
gas pressure was set at 1 mTorr. Sheath gas (nitrogen) was 
set to 20 arbitrary units. Auxiliary gas (argon) was set to 5 
arbitrary units. For analyses of different phospholipid classes, 
collision energy (CE), spray voltage, and ion mode were set 
for each phospholipid class based on established parameters 
[12], which have been used in our previous studies [13,14]. 
Briefly, for PC, a CE of 35 V and PIS for m/z 184 was applied. 
Analyses of PS used NLS for 87.1 at a CE of 24. The PE and 
PI analyses used CE of 50 and 45 and PIS for m/z 196 and 
241.1, respectively. The positive ion mode used formic acid 
generating protonated species. The Nanomate used 1.6 kV 
and 0.4 psi of pressure and 1.3 kV and 0.6 psi of pressure for 
the positive and negative ion modes, respectively. Standards 
used for each of the phospholipid classes were as follows: PC: 
1,2-ditridecanoyl-sn-glycero-3-phosphocholine, product m/z 
of 184; PE: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, 
product m/z of 196; PS: 1,2-dioleoyl-sn-glycero-3-phospho-
L-serine, product m/z of 87.1; PI: 1,2-dioleoyl-sn-glycero-3-
phospho-(1’-myo-inositol), product m/z of 241. These were 
all procured from Avanti Polar Lipids (Alabaster, AL). The 
additional internal standards 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine-N-(7-nitro-2–1,3-benzoxadiazol-4-yl) and 
1,2-dioleoyl-sn-glycero-3-phospho-L-serine-N-(7-nitro-
2–1,3-benzoxadiazol-4-yl) were also used for PE and PS, 
respectively.

Bioinformatics analysis: Identification of lipid species 
obtained from mass spectrometric analysis was performed 
using a custom phospholipid database created from Lipid-
Maps (Lipidmaps structure database, LMSD; Nature Lipi-
domics Gateway, La Jolla, CA) in MZmine 2.10 software. 
In brief, Thermo RAW files were imported into MZmine 
and filtered using scan-by-scan filtering, with a range of 
200–1,000 m/z for PE, PS, and PI, and 400–900 m/z for 
PC. Noise (less than E2) was removed and chromatograms 
constructed using a minimum time span of 0.01 and a toler-
ance of 1.000 m/z. The CSV files were exported and analyzed 
using MATLAB to calculate the peak area and standard 
deviation of the lipid species amounts found in the different 
S334ter-3 and control groups. Each sample was run with and 
without internal standards. The internal standards were used 
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in at least three concentrations added in three independent 
aliquots of sample and analyzed independently. The resulting 
data were then analyzed using in-house written Excel macros 
to determine the presence of phospholipids that were unique 
to different control or experimental subgroups. All data were 
normalized to the total amount of phospholipid and are shown 
as phospholipid ratios.

RESULTS

Lipid profiles for four classes of phospholipid (PC, PE, PS, 
PI) were obtained for both control and S334ter-3 rats at P20, 
P30, and P60. A representative PC profile of the control retina 
with and without internal standard was shown (Figure 1). As 
mentioned above, lipid amounts were normalized to the total 
amount of phospholipid, as is shown in the phospholipid 
ratios. For both control and S334ter-3 retinas, the proportions 
of PC and PS decreased over time, while the proportion of 
PE was highest at P30. The proportion of PI increased from 
P30 to P60 for both control and S334ter-3 retinas (Figure 2). 
Further analysis of the side chain length of different lipid 
species was performed, demonstrating that the elevated PE at 
P30 was largely due to lipid species with a side chain length 

of 30–39 carbons in both the control and S334ter-3 retina. A 
progressive decrease in the proportion of the longer (40–52 
carbons) PS side chains was observed in the control retina 
(Figure 3). The lipid species identified using the LMSD and 
MZmine 2.10 were further analyzed using in-house Excel 
macros to determine whether certain lipid species were 
common or unique to the control and S334ter-3 samples 
(Appendix 1). Various comparisons between different 
control and S334ter-3 groups showed that most of the lipid 
species identified were common between both the control and 
S334ter-3 groups, with only a few species that were unique to 
each group (Figure 4). For all phospholipid classes, there were 
several species unique to each time point for both the control 
and S334ter-3 retina, with the exception of PI in the S334ter-3 
group at P30 (Appendix 1). Overall, it was found that the 
proportions of PC and PS were higher in the control retina as 
compared to the S334ter-3 retina, and that the proportions of 
PE and PI were higher in the S334ter-3 retina as compared to 
the control (Figure 5).

Figure 1. Representative electrospray ionization tandem mass spectrometric analysis of phosphatidylcholine (PC) extracted from control 
rats in positive ion mode. A: Representative precursor ion scan (PIS) scanning for m/z 184, characteristic of the PC class of lipids. B: 
Representative PIS scanning for m/z 184, including an internal standard (m/z ratio of 650) for ratiometric quantification. 
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DISCUSSION

In this study, we presented a comprehensive profile of the 
phospholipid species in the S334ter-3 rat model of RP, which 
highlighted the differences in membrane composition caused 
by retinal degeneration; this may ultimately improve our 
understanding and treatment of the disease. There have been 
several studies using different neurotrophic factors such as 
ciliary neurotrophic factor (CNTF), glial-derived neuro-
trophic factor (GDNF), brain-derived neurotrophic factor 
(BDNF), and fibroblast growth factors (FGF) such as FGF-5 
and FGF-18, in an effort to prevent photoreceptor cell death 
in different animal models of retinal degeneration [15-17]. 
Several have had promising results, with the increased 
expression of neurotrophic factor resulting in decreased 

photoreceptor cell death, although this sometimes failed to 
correlate with increased electroretinogram activity. This 
discrepancy between the structural and functional results 
warrants further investigation into the mechanism of the 
protective effect these neurotrophic factors exert, largely 
through the receptor tyrosine kinase (RTK) pathway. RTKs 
have been known to associate with lipid rafts, which are 
composed of a variety of cholesterols, phospholipids, and 
sphingolipids. The different lipid compositions of these rafts 
have an impact in determining the location and number of 
associated RTKs, and how well they function [18].

Our results indicate a progressive decrease in the 
proportion of PCs over time in the S334ter-3 retina, which 
could reflect progressive photoreceptor cell death. PCs are 

Figure 2. Total phospholipid in control and S334ter-3 rats over time. Proportions of phosphatidylcholine (PC), phosphatidylethanolamine 
(PE), phosphatidylserine (PS), and phosphatidylinositol (PI) found in control and S334ter-3 rats at postnatal day (P) 20, P30, and P60 (n = 
3) are shown as percentages. The mean ± standard deviation results derived from n = 3 samples are shown.

Figure 3. Phospholipid side chain distribution over time. Proportions of phosphatidylcholine (PC), phosphatidylethanolamine (PE), phos-
phatidylserine (PS), and phosphatidylinositol (PI) species found in control and S334ter-3 rats shown as percentages, distributed according 
to the number of carbons present in each of the side chains at postnatal day (P) 20, P30, and P60. The mean ± standard deviation results 
derived from n = 3 samples are shown.
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vital to maintain the structural integrity of the lipid bilayer 
membrane. Although a similar decrease was observed 
in the control retina, the proportion of PC starting at P20 
was greater in the control mice, and decreased to a lesser 
degree over time. Previous studies on the rd11 mouse model 
of retinal dystrophy have also shown the importance of 
PCs in retinal degeneration. Through linkage analysis, it 
was found that mutation of the rd11 locus led to a truncated 

lysophosphatidylcholine acyltransferase-1 (LPCAT1) protein, 
which carries out the conversion of palmitoyl-lysophosphati-
dylcholine to dipalmitoyl-PC (DPPC) [19]. This demonstrates 
that mutations in a metabolic pathway of PC can have a large 
role in photoreceptor function and their potential role in 
retinal degeneration may be of interest. Although the rd11 
mice did in fact have lower levels of DPPC suggesting a link 
to the retinal degeneration, follow-up screening in patients 

Figure 4. Venn diagrams comparing phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), and phosphati-
dylinositol (PI) species in control and S334ter-3 retinas. The numbers represent the PC, PE, PS, and PI species found to be unique or common 
in control and S334ter-3 rat retinas at postnatal day (P) 20, P30, and P60. The red and green circles represent the first versus second described 
organism below each circle respectively.

Figure 5. Total phospholipid in 
control and S334ter-3 rats. Propor-
tions of phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), 
phosphatidylserine (PS), and phos-
phatidylinositol (PI) are shown as 
percentages. Control and S334ter-3 
species are represented by gray 
and black bars, respectively, as 
indicated. The mean ± standard 
deviation results derived from n = 
3 samples are shown.
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with RP and similar degenerative disorders such as Leber 
congenital amaurosis did not demonstrate any striking patho-
genic mutations in LPCAT1. Our analyses, however, did not 
identify DPPC species in either the control or experimental 
animals. This does not appear to be the result of our analytical 
method, as a synthetic standard was correctly identified by 
our instrument using these parameters.

Overall, PEs were significantly higher in the S334ter-3 
samples, initially increasing from P20 to P30, and then 
decreasing from P30 to P60. This may be due to mutations 
in the ABCA4 protein, a member of the family of ATP 
binding cassette transporters that has been implicated in RP 
and other retinal degenerative diseases, such as cone–rod 
dystrophy, Stargardt macular degeneration, and age-related 
macular degeneration [1,20-22]. Studies have shown that 
ABCA4 facilitates the clearance of all-trans retinal (ATR) 
from photoreceptors following photoexcitation, which 
prevents the potentially toxic build-up of ATR. Specifically, 
it binds N-retinylidene-PE, which is the Schiff’s base adduct 
of retinal and PE, and then pumps it from the lumenal to 
the cytoplasmic side of the disc membranes. Knockout mice 
that lack ABCA4 accumulate toxic levels of ATR, PE, and 
N-retinylidene-PE in their retinal tissue, resulting in a buildup 
of lipofuscin in RPE cells and compromised dark adaptation. 
If an ABCA4 mutation was present in the S334ter-3 model of 
RP, this may explain the significantly higher levels of PE at 
P30 as N-retinylidene-PE built up, and the decrease in PE at 
P60 as that toxic build-up led to cell death.

PSs were found to be slightly lower overall in the 
S334ter-3 group. This may be explained by the higher overall 
PE also found in the S334ter-3 group. PS can be converted to 
PE in the mitochondria via PS decarboxylase 1. The resulting 
PE produced can then be exported to constitute other 
membranes within the cell [20-23]. Further study is needed 
to investigate whether or not those enzymes responsible for 
the PS to PE conversion are upregulated in RP.

PI increased from P30 to P60 for both control and 
S334ter-3 retina, but to a greater degree in the S334ter-3 
retina. Previous studies on Drosophila melanogaster have 
demonstrated that phospholipase D (Pld)-null flies are more 
susceptible to retinal degeneration [24]. Pld, an enzyme also 
found in mammalian retina and ROSs, regenerates the supply 
of PI available to generate PI 4,5-bisphosphate (PIP2), a key 
signaling compound. The proposed mechanism is that Pld 
generates phosphatidic acid from PCs, which can then be 
converted to PI. Since those flies lacking Pld are prone to 
retinal degeneration, seemingly due to a lack of PIP2 forma-
tion, it is possible that the significantly increased PI in the 

S334ter-3 rats was due to the decreased hydrolysis of PI to 
form PIP2, which may contribute to retinal degeneration.

As lipids play a crucial role in the structure, function, 
and maintenance of homeostasis in the retina, it is of interest 
to profile the different lipid species present in the retina of 
nontreatable causes of blindness such as RP. Although the 
functions of many of the phospholipid species identified 
in this paper have yet to be determined, their presence or 
absence may elucidate the molecular changes in signaling 
present in RP, identify new targets for further investigation, 
and ultimately improve our understanding and treatment of 
this disease.

APPENDIX 1.

To access the data, click or select the words “Appendix 1.”
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