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pigmentosa and age-related macular degeneration ( 1–3 ). 
Very few effective therapies exist for this heterogeneous 
group of diseases because of the complex pathophysiology 
associated with genetic and environmental factors. Re-
searchers are looking for cellular second messengers in-
volved in the process of cell death which can be targeted 
for therapies. The sphingolipid metabolite ceramide is a 
deadly second messenger in the cell and can induce apop-
tosis through various mechanisms ( 4 ). Recently, increases 
in ceramide levels have been shown to be associated with 
photoreceptor and retinal pigment epithelium (RPE) cell 
death ( 5–8 ). Here we investigated whether ceramide is in-
volved in photoreceptor cell death in light-induced retinal 
degeneration (LIRD). 

 LIRD is a useful model for studying the mechanism of 
photoreceptor cell death because intense light exposure 
induces oxidative stress-mediated apoptosis of photore-
ceptor cells and causes retinal degeneration ( 3, 9 ). Since 
its development in 1966 by Noell et al. ( 10 ), this model, in 
combination with genetic knock-out models ( 1–3, 11–14 ), 
has been extensively used to discover many fundamental 
mechanisms of photoreceptor function and to test various 
neuroprotective compounds ( 15–21 ). 

 However, the precise mechanism of light-induced reti-
nal degeneration is currently unclear ( 3, 13 ). In past de-
cades, accumulating evidence suggested that ceramide, 
the core lipid of sphingolipid metabolism, is a key factor in 
apoptotic cell death ( 4, 22–25 ). Various external stressors, 
such as hypoxia, chemotherapeutic agents, heat, ultravio-
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After light damage, the rats were returned to their native dim 
cyclic room, and retinas to be used for RNA, protein, and lipid 
analysis and eyes to be used for cryosectioning were collected at 
different time points following exposure. Retinas were harvested 
by “Winkling” as described by Winkler ( 41 ) and snap frozen in 
liquid nitrogen. For cryosections, rat eyeballs were fi xed in 4% 
paraformaldehyde and embedded in Tissue Tek ®  OCT, and 
10  � m cryosections were prepared for immunolocalization stud-
ies. For intraperitoneal injection, FTY720 (Selleck Chemicals; 
Houston, TX) was dissolved in a vehicle containing sterile DMSO 
(100%) (Sigma; St Louis, MO) and saline (0.9%) 1:1 (v/v). A dose 
response was determined using 2.5, 5.0, and 10.0 mg of FTY720/
kg of body weight injected 0.5 h before the start of light expo-
sure. We tested a treatment of three doses of 2.5 mg/kg FTY720 
at 16 h before, 0.5 h before, and immediately (0 h) after the 6 h-
long light damage. A temporal effect was tested using a single 
dose of 10 mg of FTY720/kg body weight administered at several 
time points (16 h, 24 h, 48 h) before light exposure and immedi-
ately (0 h) after exposure. 

 Electroretinography 
 After light exposure, rats were returned to dim cyclic light 

(5–10 lux) for 7 days before electroretinography (ERG) record-
ings were performed. Flash ERGs were recorded with the Diag-
nosys Espion E2 ERG System (Diagnosys, LLC; Lowell, MA) as 
described in previous publications ( 15, 16 ). For the assessment of 
rod photoreceptor function (scotopic ERG), four strobe fl ash 
stimuli were presented at fl ash intensities of  � 2.3,  � 1.3, 0.7, and 
2.7 log cd.s/m 2 . The amplitude of the a-wave was measured from 
the prestimulus baseline to the a-wave trough at the highest light 
intensity. The amplitude of the b-wave was measured from the 
trough of the a-wave to the peak of the b-wave. 

 Possible defects in the visual cycle were analyzed by measuring 
the time course of dark adaptation (recovery of rod photorecep-
tor sensitivity) following a bleaching light exposure. Rats were 
fully dark-adapted and injected intraperitoneally with FTY720 
(10 mg/kg) or vehicle (50% DMSO). Full-fi eld scotopic ERGs for 
both eyes were recorded for a single test fl ash of 2.3 log cd.s/m 2  
10 min after injection of FTY720. Rats were then exposed to a 
steady fi eld of log 2.3 cd.s/m 2  for 2 min in the Ganzfeld dome to 
bleach rod photoreceptors. Immediately following the bleaching 
period (time = 0 min), and every 10 min thereafter (time = 10, 
20, 30, 40, 50, 60, 70, and 80 min), the same test fl ash of 2.3 log 
cd.s/m 2  was presented. The a-wave responses at the indicated 
times after bleaching were normalized to the initial dark-adapted 
response for each rat. 

 Histology 
 After ERG recordings, rats were euthanized by carbon dioxide 

asphyxiation for light microscopic evaluation of retinal structure 
following previously published methods ( 15, 16 ). In brief, eyes 
were harvested and marked with a tattoo dye at the 12 o’clock 
position on the limbus and fi xed. Five micron-thick sections were 
cut along the vertical meridian through the optic nerve head 
(ONH). On hematoxylin and eosin-stained sections, the thick-
ness of the outer nuclear layer (ONL) was measured at 0.5 mm 
distances from the center of the ONH to the inferior and supe-
rior ora serrata and plotted as a spider diagram. 

 Apoptosis detection by terminal deoxynucleotidyl 
transferase dUTP nick end labeling assay 

 DNA fragmentation as an earlier marker of apoptosis was de-
termined by terminal deoxynucleotidyl transferase dUTP nick 
end labeling (TUNEL) assay using a commercial kit from Takara 
(Clontech; Mountain View, CA). Frozen sections of rat retina 
harvested at different time points after light damage were used 

let radiation, and lipopolysaccharides, have been shown to 
increase intracellular ceramide levels and to signal for cell 
death ( 26 ). The earliest connection between ceramide 
and photoreceptor apoptosis was described in Drosophila 
models of photoreceptor degeneration in which decreas-
ing ceramide levels prevented photoreceptor apoptosis 
( 27 ). We hypothesized that light stress can induce ceramide 
increases in the retina to activate apoptotic photoreceptor 
cell death, and that blocking this ceramide increase will 
protect photoreceptors against light stress. Myriocin and 
fumonisin 1B are the most-common de novo ceramide bio-
synthetic inhibitors, but they are highly toxic. We searched 
for a compound with less in vivo toxicity that could be de-
livered systemically, and found FTY720, which was derived 
from myriocin, to reduce its toxicity ( 28 ). FTY720 has been 
tested through three phases of human clinical trials for 
relapsing multiple sclerosis due to its immunosuppressive 
properties ( 29–32 ). FTY720 is a structural analog of sphin-
gosine (Sph); the mechanism of action of FTY720 as deci-
phered in MS studies is through its phosphorylation to 
FTY720-P by sphingosine kinase 2 (Sphk2), similar to Sph 
conversion to sphingosine-1-phosphate (S1P). As a mimic 
of S1P, FTY720-P modulates S1P receptor signaling in 
lymphocyte homing and traffi cking and thus acts as an im-
munosuppressor for MS ( 33, 34 ). FTY720 was recently re-
ported to inhibit Cer synthase (CerS) and to block de novo 
Cer production ( 35, 36 ). We used our light-stress model 
of albino rats to determine whether FTY720 can inhibit 
ceramide generation in light-stressed retinas. FTY720 has 
been used in several animal models, including rodent 
models of experimental autoimmune uveitis, due to its im-
munosuppressive properties ( 37–39 ). Its safety in animal 
and human uses and its ability to cross the blood-brain bar-
rier have been well documented ( 30, 32, 40 ). 

 In the current study, we established that retinal cer-
amide levels increased in the LIRD retinas before the onset 
of photoreceptor apoptosis and that systemic delivery of 
FTY720 effectively prevented ceramide increases in the 
retina and protected photoreceptors from apoptotic cell 
death. 

 EXPERIMENTAL PROCEDURES 

 Animals and materials 
 All procedures were performed according to the Association 

for Research in Vision and Ophthalmology (ARVO)   Statement 
for the Use of Animals in Ophthalmic and Vision Research and 
the University of Oklahoma Health Sciences Center Guidelines 
for Animals in Research. All protocols were reviewed and ap-
proved by the Institutional Animal Care and Use Committees of 
the University of Oklahoma Health Sciences Center and the 
Dean A. McGee Eye Institute. Sprague-Dawley albino rats (both 
male and female) were born and raised in dim cyclic light (5–10 
lux; 12 h dark/12 h light) until they were used in experiments. 
FTY720 was purchased from Selleck Chemicals (Houston, TX). 

 Light damage of Sprague-Dawley rats and treatment with 
FTY720 

 Eight-to-ten-week-old rats were exposed to damaging light 
(white cool light) for 6 h (9 AM to 3 PM) at an intensity of 2,700 lux. 
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ceramide species was performed on a Thermo-Fisher TSQ quan-
tum triple quadrupole mass spectrometer, operating in a multiple 
reaction monitoring positive-ionization mode, using a modifi ed 
version of a previously published protocol ( 47 ). Briefl y, 1–2 retinas/
sample were homogenized and extracted with ethyl acetate-
isopropanol-water (60:30:10) after being fortifi ed with the ISs C 17  
base  D -erythro-sphingosine (17CSph), C 17  sphingosine-1-phosphate 
(17CSph-1P),  N -palmitoyl- D -erythro-C 13  sphingosine (13C16-
ceramide), and heptadecanoyl- D -erythro-sphingosine (C17-
ceramide). After evaporation and reconstitution in 100  � l of 
methanol, samples were injected on the HP1100/TSQ quantum 
LC/MS system, and gradient was eluted from the BDS   (Base Deacti-
vated Silica) Hypersil C8 (150 × 3.2 mm × 3  � m particle size) column 
with 1.0 mM methanolic ammonium formate mobile-phase system. 
Ceramide, Sph, and S1P peaks were identifi ed based on reten-
tion time and mass fragments. Peaks corresponding to the target 
analytes and IS were collected and processed using the Xcalibur 
software system. These analyses were carried out at the lipidomics 
core at the Medical University of South Carolina in Charleston, SC. 

 Quantitative analysis was based on the calibration curves gen-
erated from external standards with known amounts of the target 
analyte synthetic standards and an equal amount of the IS. The 
target analyte/IS peak area ratios were plotted against analyte 
concentration. The target analyte/IS peak area ratios from the 
samples were similarly normalized to their respective ISs and 
compared with the calibration curves using a linear regression 
model. Finally, the quantity of the sphingolipid species was nor-
malized with the content of inorganic phosphate (represents 
phospholipids) in the extracted lipid. 

 Gene expression analysis by quantitative RT-PCR 
 RNA was isolated and purifi ed from frozen rat tissues using 

PureLink TM  Micro-to Midi Total RNA Purifi cation System from 
Invitrogen (Carlsbad, CA) following the manufacturer’s proto-
col. Equal quantities (1.0  � g) of total RNA from each tissue were 
converted to fi rst-strand cDNA using SuperScript III First-Strand 
Synthesis SuperMix (Invitrogen) for RT-PCR. First-strand cDNA 
was used for quantitative RT-PCR (qRT-PCR). Primers for qRT-
PCR were designed in such a way that they spanned at least one 
intron, which eliminated the chance of amplifi cation from re-
sidual genomic DNA contamination. Sequences of the primers 
may be obtained from the corresponding author upon request. 
Quantitative PCR and melt-curve analyses were performed using 
iQ SYBR Green Supermix (Bio-Rad; Hercules, CA) and an iCycler 
machine. Relative quantities of expression of the genes of inter-
est in different samples were calculated by the comparative Ct 
(threshold cycle) value method ( 16, 48–50 ). 

 Immunohistochemistry 
 Immunolabeling of frozen sections was performed as described 

previously ( 49–52 ) using a monoclonal anti-ceramide antibody 
(Sigma-Aldrich; St. Louis, MO). Frozen sections were thawed, re-
hydrated, and treated with 1% NaBH4 to reduce autofl uorescence. 
Nonspecifi c labeling was blocked using 10% normal goat serum + 
5% BSA + 1% fi sh gelatin + 0.5% Triton X-100 in PBS (“blocker”). 
Excess blocker was removed, and primary antibody was applied 
overnight at 4°C. Sections were rinsed and incubated in anti-mouse 
secondary antibody (Sigma-Aldrich) conjugated to FITC (diluted 
1:200 in blocker; Sigma-Aldrich) for 1 h at room temperature to 
visualize labeling. Sections were rinsed and cover-slipped with 
ProLong Gold antifade reagent with 4, 6-diamidino-2-phenylin-
dole (DAPI)   (Invitrogen). Substituting normal mouse serum for 
mouse monoclonal primary antiserum or omission of primary an-
tiserum eliminated immunolabeling, indicating that labeling meth-
ods produced only specifi c labeling. 

for the assay, along with controls that were not light damaged. 
Fluorescent signals were imaged on an Olympus Fluoview FV500 
confocal microscope. 

 Quantitation of rhodopsin 
 To measure the effect of FTY720 on the rate of rhodopsin re-

generation, dark-adapted rats were injected intraperitoneally 
with FTY720 (10 mg/kg) or vehicle 0.5 h prior to a 1 h bleach in 
room light ( � 400 lux). Immediately following the bleach (time = 
0 min), a group of FTY720- and vehicle-treated rats were eutha-
nized, and retinas were removed and snap frozen. The remaining 
rats were dark-adapted and retinas were collected under dim red 
light at 1, 2, 3, and 6 h after the bleach. An additional group of 
rats was dark-adapted overnight, injected with FTY720 or vehicle, 
and maintained in darkness for 2 h to serve as dark-adapted con-
trols and to determine if FTY720 had a direct effect on the bind-
ing of chromophore to rhodopsin. 

 Rhodopsin measurements were performed as described previ-
ously ( 15, 42 ). Briefl y, under dim red light, each retina was homog-
enized in 400 µl of buffer containing 10 mM Tris-HCl (pH 7.4), 
150 mM NaCl, 1 mM EDTA, 2% (w/v) octylglucoside, and 50 mM 
hydroxylamine. Homogenates were centrifuged at 16,000  g , and 
soluble lysates were scanned from 270–800 nm in a spectrophotom-
eter (Ultrospec 3000 UV/Vis Spectrophotometer; GE Healthcare, 
Piscataway, NJ). Samples were then bleached under room light for 
10 min and scanned again. The difference spectra at 500 nm be-
tween pre- and postbleached samples were used to determine rho-
dopsin content using a molar extinction coeffi cient of 42,000 M  � 1  
( 43 ). The data are presented as rhodopsin content/retina. 

 GC-MS quantifi cation of cellular free ceramide 
 Total lipids were extracted from frozen retinas using the Bligh 

and Dyer method, and free ceramides were isolated using methods 
described by Zhang et al. ( 44 ). An internal standard (IS) (1.0  � g 
C17 ceramide) (Matreya; Pleasant Gap, PA) was added to the chlo-
roform extract of total lipids, and the lipids were applied to solid-
phase extraction cartridges (100 mg Extract-Clean Silica, Alltech; 
Deerfi eld, IL) saturated with chloroform. Free ceramides were 
eluted with 2.5 ml of chloroform-methanol (98:2, v/v) (Fraction 2) 
after the neutral lipids had been eluted with 2 ml of chloroform 
(Fraction 1). The remaining lipid was then eluted twice with 2 ml 
of chloroform-methanol (1:1, v/v) to the Fraction 1. Fraction 2 
containing free ceramide was dried under nitrogen and deriva-
tized with 1% trimethylchlorosilane in  N,O  bis (trimethylsilyl) trif-
luoroacetamide and analyzed by GC-MS (Agilent Technologies 
6890N gas chromatograph with 5975B inert XL EI/CI mass selec-
tive detector, 7683B injector, and Agilent Technologies HP-5MS 
30 m × 0.25 mm × 0.25  � m column) with electron impact ioniza-
tion in selected ion monitoring (SIM)   mode. External standards 
containing serially diluted known amounts of C16, C17, C18, and 
C24 ceramide were processed and analyzed in a similar fashion. 
The analytes of interest were monitored as follows:  m/z  311 and 
370 for C16 ceramide;  m/z  311 and 384 for C17 ceramide;  m/z  311 
and 398 for C18 ceramide; and  m/z  311 and 482 for C24 ceramide. 
The peaks were quantifi ed by comparison to external standards. 

 Fraction 1, which contains total lipids minus the free cer-
amides, was subjected to strong acid hydrolysis (16% HCl in 
methanol, 70°C, 4 h) and the FA methyl esters generated were 
analyzed by GC-fl ame ionization detector ( 45, 46 ). This analysis 
provided the nanomole and microgram values of total FAs used 
to normalize the samples. 

 Electrospray ionization tandem mass spectrometry 
analysis of cellular sphingolipids 

 Electrospray ionization tandem mass spectrometry (ESI-MS/
MS) analysis of endogenous sphingosine bases (Sph), S1Ps, and 
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in complete loss of photoreceptor cells from the central 
superior retina within 7 days ( 15, 16, 20, 58, 59 ). We mea-
sured retinal free ceramide levels at different time points 
after light damage prior to (0 h, 3 h, and 6 h after expo-
sure) and after the onset of apoptosis (12 h, 24 h, 48 h). 
Quantitative GC-MS analysis of three ceramide species 
[C16 + C18 + C24, which constitutes >80% of retinal cer-
amides ( 45 )] showed a signifi cant increase in cellular free 
ceramide content in the light-stressed retina from 3 h to 
24 h after exposure, with the maximum increase ( � 2-fold) 
at 6 h after exposure  (  Fig. 1A  ). We further analyzed retinal 
levels of all the ceramide species up to 26 carbons by a 
more-sensitive ESI-MS/MS method. Six hours after light 
stress, the level of most ceramide species as well as total 
ceramide had increased signifi cantly ( Fig. 1B ). 

 The upregulation of ceramide was further verifi ed on 
retinal sections using monoclonal anti-ceramide antibody. 
In retinas incubated with anti-ceramide antibody preab-
sorbed with a mixture of ceramide, no labeling was de-
tected ( Fig. 1C ). In control retinas not exposed to damaging 
light, ceramide labeling was very low and barely detected 
( Fig. 1D ). However, the intensity of fl uorescence labeling 
increased in the light-damaged retina in almost all the lay-
ers, with specifi c increased labeling in the photoreceptor 
and RPE layers ( Fig. 1E , arrowheads). 

 Pathway of ceramide generation in light-induced retina 
 Cellular ceramide accumulation occurs through two 

major but distinct pathways ( 60 ). The fi rst is the de novo 
biosynthesis pathway, which initiates in the endoplasmic 
reticulum (ER) by condensing  L -serine and palmitoyl-CoA 
by SPT, generating dihydrosphingosine (dh-Sph), followed 
by acylation of dh-Sph to dihydroceramide by one of the 
six known CerSs  (  Fig. 2  ). The fi nal reaction by dihydrocer-
amide desaturase creates a double bond at positions 4–5 to 
produce ceramide ( 60 ). The second pathway is the sphingo-
myelinase pathway, which produces ceramide by hydrolyz-
ing the most-abundant sphingolipid in cells, sphingomyelin, 
by sphingomyelinases (SMases) on the cell membrane or 
in lysosomal compartments ( Fig. 2 ). 

 Gene expression assays 
 To identify the mechanism or pathway of ceramide gen-

eration in the light-stressed retina, we investigated changes 
in gene expression and the activity of major ceramide bio-
synthetic enzymes. We performed a detailed gene expres-
sion analysis of the ceramide metabolic genes ( Fig. 2 ) by 
qRT-PCR in light-stressed retinas harvested at 0, 3, 6, 12, 
24, and 48 h. We observed that expression of genes in-
volved in de novo biosynthesis of ceramide, such as  CerS4  
( Ceramide synthase 4) , increased signifi cantly (>3-fold) at 0 h 
after light stress (data not shown), and that both  Spt2  ( Serine-
palmitoyl transferase 2;  >4-fold) and  CerS4  (>3-fold) were 
upregulated signifi cantly 6 h after light damage  (  Fig. 3A  ). 
The expression of  Sphk1  ( Sphingosine kinase 1)  was signifi -
cantly higher (4–5-fold) immediately and 6 h after light 
damage ( Fig. 3A ). 

 RPE cells play a crucial role in photoreceptor survival 
and ceramide signaling in the RPE, and RPE stress may 

 Confocal microscopy was performed using an Olympus Fluo-
View FV500 microscope (Olympus Microsystems; Center Valley, 
PA). To ensure quantitative image quality, laser power, pinhole 
settings, photomultiplier tube settings, and intensity thresholds 
were kept constant for each retinal section imaged. 

 Assay for serine palmitoyltransferase activity 
 Serine palmitoyl transferase (SPT) (EC 2.3.1.50) is the rate-

limiting and the fi rst committed enzyme of ceramide biosynthe-
sis that catalyzes the condensation of palmitoyl CoA and  L -serine 
to produce 3-ketosphinganine. The SPT activity was measured 
based on the conversion of water-soluble [ 3 H]serine to the chlo-
roform-soluble product 3-ketosphinganine using the protocol 
developed by Williams, Wang, and Merril ( 53 ), with some modi-
fi cation as described by Dickson, Lester, and Nagiec ( 54 ). A sample 
containing 400 µg of retinal protein was incubated with 300 µl 
reaction buffer containing 100 mM HEPES (pH 8.3), 5 mM DTT, 
2.5 mM EDTA, 50  � M pyridoxal phosphate, 200  � M palmitoyl 
CoA, 2 mM  L -serine (cold), and 1 mM [ 3 H]  L -serine (specifi c ac-
tivity: 10–30 mCi/mmol) for 30 min at 37°C with intermittent 
shaking. The reaction was terminated by 1.5 ml of chloroform-
methanol (1:2, v/v), followed by the addition of 25  � g of carrier 
sphinganine, alkalization with 2.0 ml 0.5 N NH 4 OH, and 1 ml 
chloroform. Two phases were generated by centrifugation, and 
the lower chloroform phase was washed twice with water and 
counted in a scintillation counter. SPT activity was determined 
from the picomoles of product formed/min/mg of protein. 

 Assays for acidic and neutral sphingomyelinase activity 
 Acidic and neutral sphingomyelinase (aSMase and nSMase) 

activity was indirectly measured in the retinal protein using the 
Amplex Red sphingomyelinase assay kit from Invitrogen. Retinas 
were homogenized in T-PER buffer (Pierce; Rockford, IL) with 
protease inhibitor cocktail and centrifuged at 17,000  g  for 10 min 
at 4°C. The protein concentration in the supernatant fraction 
was measured with the BCA protein assay (Pierce), and the activ-
ity of aSMase and nSMase was determined by modulating the pH 
of the reaction buffer and following the manufacturer’s protocol. 
Fluorescence intensity was measured at 30 min for aSMase activ-
ity and at 30 and 60 min for nSMase at 590 nm (excitation at 
540 nm) using a FLUOstar Omega 96-well plate reader (Cary, NC). 

 Counting lymphocyte numbers 
 Two to four milliliters of blood was collected from rats by car-

diac puncture immediately after euthanasia by carbon dioxide 
asphyxiation. Complete white count was obtained from a local 
veterinary diagnostic lab (Vance Veterinary Clinic; Oklahoma 
City, OK). 

 Statistical analyses 
 Statistical analyses were performed using GraphPad Prism 5.0 

software (GraphPad Software, Inc.; La Jolla, CA). The quantita-
tive data are expressed as mean ± SE for each group. One-way or 
two-way ANOVA and Student’s and paired  t -tests were performed 
to assess differences between means. 

 RESULTS 

 Light stress increases ceramide content in the retina 
 Continuous exposure of albino rats to intense visible light 

causes synchronous photoreceptor cell death by apoptosis 
( 1–3, 55 ). The pyknosis of nuclei and DNA fragmentation 
usually begins 8–12 h after the 6 h period of light exposure 
at 2,700 lux intensity ( 15, 16, 56, 57 ) and eventually results 
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also be important for photoreceptor cell death. Our results 
show prominent ceramide immunoreactivity in the RPE 
following light stress ( Fig. 1C ). Because “winkled” retinas 
may contain some detached RPE cells, we assayed for the 
expression of the RPE-specifi c RPE65 gene in retinas and 
found 2.9–5.7% of RPE65 expression comparing to the 
corresponding eye cups in non-light-damaged samples. 
In light-damaged retinas, the level of RPE65 mRNA was 
not signifi cantly different from those in non-light-damaged 
retinas. Although a small amount of RPE material is prob-
ably present in our retinal dissections, it is unlikely to 
signifi cantly contribute to the measured increases in cer-
amide levels in light-damaged retinas, as whole retinas were 
used for lipid extraction and the modest 3–6% of RPE cells 
in that tissue pool is a very small fraction with respect to 
the neuroretinal cells. 

 When we analyzed expression of major genes in rat eye 
cups at two time points (0 h and 12 h) after light stress, we 
found that at 0 h after light damage, there were no major 
changes in the expression of any of the genes tested in the 
retina; however, in both retina and eyecup, the expression 
of almost all of the ceramide metabolic genes, including 
RPE65 ( � 2-fold), decreased signifi cantly after 12 h, the 
time point at which most of the photoreceptor cells en-
tered apoptosis (data not shown). 

 Activity of SPT, nSMase, and aSMase enzymes 
 Although gene expression studies provided some indi-

cation of the proteins induced in light-stressed retinas that 
resulted in increased ceramide production, there also may 
be changes in enzyme activity that may not be predicted by 
gene expression assays. We therefore measured the activity 
of three major enzymes involved in ceramide metabolism. 
Activity of the fi rst committed enzyme of de novo ceramide 
biosynthesis, SPT, was increased by 20% immediately after 
light damage and by 50% 6 h after damage ( Fig. 3B ). We 
also observed a slight increase ( � 20%) in nSMase activity 
3 h after damage ( Fig. 3C ). Interestingly, we found signifi -
cant reduction in the activity of aSMase at all time points 
after exposure ( Fig. 3D ). Acid SMase ( aSMase ) is the major 
SMase in the retina, with mRNA expression 20–50-fold 
higher than neutral SMase ( nSMase ) (Mandal et al., un-
published observations). Blockage of this enzyme activity 
could be related to a cellular protective mechanism that 
reduces any further production of ceramide from sphin-
gomyelins. However, the mechanism by which this enzyme 
is regulated in the retina is not known. 

 In summary, our gene expression and enzyme activity 
data suggest that de novo ceramide biosynthesis, as well as 
the break-down of SM specifi cally by nSMase, could be the 
probable pathways for increased levels of retinal ceramides 
in the light-stressed retina ( Fig. 2 ). 

 Quantifi cation of intermediary metabolites of 
ceramide synthesis 

 Of the major pathways that generate ceramide, it is the 
de novo pathway that generates dh-Sph and dihydroceramide, 
not the SMase pathway ( Fig. 2 ). We, therefore, measured the 
level of these intermediates by ESI-MS/MS in light-stressed 

  Fig.   1.  Ceramide levels increase in the retina after light stress. 
Retinas were harvested at different time points after light dam-
age with 2,700 lux light for 6 h. LD+0, LD+3, LD+6, LD+12 and 
LD+24 represent samples harvested at 0 h, 3 h, 6 h, 12 h, and 
24 h after light damage, respectively. A: Retinal free ceramide 
levels (C16+C18+C24) were measured by GC-MS analysis and 
presented as fold over control retinas (no light-damaged retina) 
(mean + SE, n = 6). (*  P  < 0.01; **  P  < 0.001; Student’s  t -test, statisti-
cal signifi cance are by comparison to the fi rst bar on the left). 
B: Various species of ceramides were measured by ESI-MS/MS from 
the retina harvested at 6 h after light damage and presented as 
fold over control retinas (no light-damaged retina) (mean + SE, 
n = 4). (*  P  < 0.01; **  P  < 0.001; Student’s  t -test). Cryosections pre-
pared from control (no light-damaged) (C, D) and light-damaged 
(E) retina. Retinal section labeled with preabsorbed antibody 
shown in C and without preabsorption in D and E; ceramide 
labeling intensity increased in light-damaged retina (E, arrow-
heads) in all the retinal layers. RPE, retinal pigment epithelium; 
PR, photoreceptors; OS, outer segments; IS, inner segments; 
ONL, outer nuclear layer; OPL, outer plexiform layer; INL, in-
ner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell 
layer.   
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in total ceramide content along with reductions in dihy-
droceramide and dh-Sph levels ( Fig. 4B ). These data indi-
cate that FTY720 indeed can act as a de novo ceramide 
biosynthesis inhibitor in the in vivo retina, and vehicle 
(50% DMSO) has no effect on retinal ceramide metabo-
lism in relation to light stress ( Figs. 1, 3, 4 ). 

 FTY720 protects retina from light-induced degeneration 
 We further tested the effect of FTY720-mediated reduc-

tion in ceramide content in the light-stressed retina. Be-
cause human clinical trials used a dose of 1 to 5 mg/kg of 
FTY720/day, we tested three single doses (2.5, 5.0, and 
10.0 mg/kg) by intraperitoneal injection at 0.5 h before 
the start of light exposure. FTY720 treatment preserved 
rod a-wave responses in a dose-dependent manner, with a 
dose of 10 mg/kg providing maximal protection  (  Fig. 5A  ; 
data for 5.0 mg/kg are not shown). Rod b-wave responses 
were completely preserved by 10 mg/kg FTY720 to the ex-
tent that there was no signifi cant difference between light-
damaged and non-light-damaged controls ( Fig. 5B ). When 
we administered 2.5 mg/kg at three time points at 16 h 
before, 0.5 h before, and 0 h after light treatment, we ob-
served 70–80% preservation of rod function ( Fig. 5C, D ). 
A single dose of 2.5 mg FTY720 administered 16 h before 
light treatment was not effective, but 10 mg/kg adminis-
tered 16 h before light treatment showed slight protection 
( Fig. 5C, D ). However, the same 10 mg/kg at 24 h and 
48 h before the exposure to light did not have any pro-
tective effect (data not shown). Interestingly, 10 mg/kg 
FTY720 administered immediately after light damage also 
could not protect from the retinal functional loss in LIRD 
( Fig. 5C, D ). 

retinas. The levels of both dh-Sph and dihydroceramide 
were signifi cantly higher in light-stressed retinas ( Fig. 3E ). 
The level of sphingosine, which is produced from the hy-
drolysis of ceramide and participates in ceramide forma-
tion in the salvage pathway ( Fig. 2 ), is not changed in the 
light-stressed retina ( Fig. 3E ). The cellular level of S1P 
also increased by 2-fold ( Fig. 3E ), which could be related 
to the increase in expression of the  Sphk1  gene ( Fig. 3A ). 

 We therefore conclude that the de novo pathway is the 
predominant pathway of ceramide accumulation in the 
light-stressed retina and that this accumulation occurs be-
fore the induction of active apoptosis, suggesting a proba-
ble causal role of this accumulated ceramide in activating 
photoreceptor apoptosis in this model. Thus, blocking of 
this pathway experimentally would be predicted to reduce 
photoreceptor cell death in LIRD. 

 De novo ceramide biosynthetic inhibitor FTY720 reduces 
the light-induced increase in retinal ceramide 

 FTY720, a recently discovered inhibitor of ceramide syn-
thase ( 35, 36 ), is safe, crosses the blood-brain barrier, and has 
been tested up to a maximum dose of 5 mg/kg/day in hu-
mans ( 30–32, 40 ). We administered a single dose of FTY720 
at 10 mg/kg to Sprague-Dawley rats intraperitoneally 0.5 h 
before light damage and measured the retinal free ceramide 
content (C16+C18+C24) by GC-MS at 6 h after light damage. 
Light stress increased ceramide levels by 2-fold in vehicle-
treated retinas  (  Fig. 4A  ), similar to the results obtained 
from untreated light-stressed retinas ( Fig. 1 ). However, 
FYT720 administration signifi cantly blocked the increase 
in free ceramide levels in the retina ( Fig. 4A ). The more-
sensitive method of ESI-MS/MS revealed similar changes 

  Fig.   2.  Ceramide metabolic pathways in mammalian cells. Here we constructed a simplifi ed pathway of 
ceramide metabolism in the cell. Ceramides are the simplest sphingolipids and are at the center of sphingo-
lipid metabolism. There are two major pathways for ceramide synthesis in a cell: de novo biosynthesis and 
hydrolysis from complex sphingolipids. Also shown in the fi gure is the ceramide catabolic pathway, along 
with specifi c enzymes, expression of which has been studied. SPT, serine palmitoyl transferase; CerS, cer-
amide synthase; SMase, sphingomyelinase; Gba, glucosidase,  � , acid; GCS, glucoceramide synthase; ASAHs, 
acyl-sphingosine amidohydrolases (ceramidases); SPHKs, sphingosine kinases; S1PP, sphingosine-1-phosphate 
phosphatase; SGPL, sphingosine-1-phosphate lyase; CERK, ceramide kinase; C1PP, ceramide-1-phosphate 
phosphatase.   
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signifi cantly (6F, arrows showing the protected ONL). By 
quantitative morphometry, we measured the ONL thick-
ness of the entire retina from superior end to inferior end 
through the vertical meridian and plotted the values as a 
spider graph ( Fig. 6G ). We observed a slight thinning in a 
small region of the superior central retina in rats treated 
with 10 mg/kg FTY720 ( Fig. 6G , FLD-10 in green tracing). 
The loss of one to two layers of photoreceptors in this 
small area was not refl ected in the full-fi eld ERG responses, 
which showed complete functional protection ( Fig. 5A, B ). 
The three doses of 2.5 mg also showed protection of most 
of the retina, except for a 30–50% loss of photoreceptor 
cells in an  � 1 mm 2  area of the superior central retina 
( Fig. 6G , 2.5-FLDx3 in blue tracing). A single dose of 
2.5 mg/kg before light exposure ( Fig. 6G , FLD-2.5 purple 
tracing) and 10 mg/kg FTY720 after light exposure (not 

 Representative H and E-stained sections of the retina 
7 days after light damage are shown in    Fig. 6A–F  . By 7 days, 
the dead photoreceptors were cleared by macrophages, and 
the remaining nuclei in the ONL represent the surviving 
photoreceptors. In  Fig. 6A, C, E , we show representative 
low-magnifi cation images of vehicle-treated no-light-dam-
aged, light-damaged, and FTY720-treated light-damaged 
retinas, respectively. The corresponding higher magnifi ca-
tion images of the superior-central retina (boxed area), 
the area that is affected the most in light damage ( 15, 16, 
20, 58, 59 ), are presented in  Fig. 6B, D, F , respectively. Light 
damage caused signifi cant loss of photoreceptors (number 
of nuclei in the ONL or ONL thickness) all over the retina 
and almost a complete loss in the central retina ( Fig. 6D , 
arrow). Treatment of FTY720 (10 mg/kg) 0.5 h before the 
start of the light damage protected the photoreceptor cells 

  Fig.   3.  Pathways of ceramide generation in light-
stressed retina. A: Expression of ceramide meta-
bolic genes after light stress. Sprague-Dawley rat 
retinas were harvested 6 h after light damage 
(LD+6), and expression data were calculated by 
delta threshold cycle (dCt)   methods after normal-
izing with three housekeeping genes and presented 
as fold over Control (Con). (*  P  < 0.01; n = 4–6; 
Student’s  t -test). Spt, serine palmitoyl transferase; 
CerS, ceramide synthase; aSMase, acid sphingomy-
elinase; nSMase, neutral sphingomyelinase; Gcs, glu-
coceramidesynthase; Gba, glucosidase,  � , acid; Ck, 
ceramide kinase; Asah, acyl-sphingosine amidohy-
drolases (ceramidases); Sphk, sphingosine kinases. 
B: SPT activity. The activity of SPT (pmol of product 
formed/min/mg of protein) is presented as fold 
over no light-damaged control (Cont). (LD+0, LD+6, 
LD+24 represent samples harvested at 0 h, 6 h, and 
24 h after light damage, respectively). (**  P  < 0.01; 
n = 4; Student’s  t -test). C: nSMase; D: aSMase activity. 
The activity of nSMase (C) and aSMase (D) is pre-
sented as percentage (%) over control (Cont). (LD+0, 
LD+3, LD+6, LD+12, LD+24 represent samples har-
vested at 0 h, 3 h, 6 h, 12 h, and 24 h after light damage, 
respectively). (*  P  < 0.1, **  P  < 0.01; n = 4; Student’s 
 t -test). E: ESI-MS/MS measurement of dihydrocer-
amide (dhCer), dihydrosphingosine (dh-Sph), sphin-
gosine (Sph), and sphingosine-1-phosphate (Sph-1P) 
levels. Levels of various species of dhCer, total levels 
of dh-Sph, Sph, and Sph-1P were measured in the 
retina harvested 6 h after light damage (LD) and 
compared with no light-damaged control (Con). 
(*  P  < 0.01; **  P  < 0.001; n = 4; Student’s  t -test).   
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light for 1 h, which resulted in a complete bleach of rho-
dopsin in both vehicle- and FTY720-injected rats ( Fig. 7A , 
time = 0 min). When rats were returned to darkness, rho-
dopsin levels recovered to the dark-adapted level (dotted 
line,  Fig. 7A ) by 3 h in both vehicle- and FTY720- treated 
rats. The rate of recovery of rod photoresponse as mea-
sured by ERG in FTY720-treated rats was also not different 
from the vehicle-treated rats at up to 80 min of dark adap-
tation ( Fig. 7B ). Collectively, these results indicate that 
the protective effects of FTY720 in light damage are not 
the result of effects on rhodopsin regeneration kinetics or 
visual cycle activity. 

 Effect of FTY720 on retinal gene expression 
 To further understand the effect of FTY720 on light 

stress-induced retinal changes, we performed gene expres-
sion assays by qRT-PCR in retinas harvested 6 h after light 
damage from the rats treated with 10 mg/kg of FTY720 
0.5 h before the start of the 6 h light treatment. FTY720 
did not affect the expression of de novo ceramide biosyn-
thetic genes, which were upregulated by light ( Spt2 ,  Cers2 , 
 CerS4 )  (  Fig. 8A  ). Interestingly, the expression of both acid 
and neutral SMase genes was induced by 1.5-fold ( Fig. 8A ). 
However, FTY720 signifi cantly inhibited the light stress-
mediated upregulation of  Sphk1  and  S1P3  genes ( Fig. 8B ). 
Induction of  Sphk1  and the receptors of S1P in light-stressed 
retina could be downstream of ceramide increase, which 
may explain why their expression goes down when cer-
amide increase is inhibited by FTY720. 

 The expression of a number of apoptotic and infl amma-
tion-related genes, such as  Fosl1, Icam1, Ccl2, CxCl10, Il1b , 
and  Il6 , which were upregulated by light stress, was also 
found to be suppressed signifi cantly in FTY720-treated 
retinas ( Fig. 8C ). This also indicates that ceramide action 
is involved in some of the upstream events for the induc-
tion of apoptotic and infl ammatory genes in the light-
stressed retina, and that is why suppressing its increase 
suppresses the expression of the downstream genes. 

shown) failed to protect against light-induced loss of pho-
toreceptor cells. 

 In summary, these data showed that FTY720 acted as a 
de novo ceramide biosynthesis inhibitor in the in vivo ret-
ina and reduced the ceramide increase that occurred dur-
ing light stress. Furthermore, a signifi cant reduction in 
photoreceptor apoptosis was found after the inhibition of 
ceramide increase by FTY720. However, FTY720 is also 
known to have a pleiotropic effect in cellular function and 
signaling that includes interaction with G-protein-coupled 
receptors ( 61, 62 ). We, therefore, investigated its role in the 
process of LIRD and in systemic immune suppression, the 
property for which it is used as multiple sclerosis therapy. 

 Rhodopsin content and regeneration rate are not 
affected by FTY720 

 Activation of rhodopsin, which is a G-protein-coupled 
receptor, is essential for light-induced rod photoreceptor 
cell death, and the severity of photodamage depends 
on the rate of regeneration of the active photopigment 
( 11, 63 ). Compounds or enzymes that intervene or par-
ticipate in rhodopsin activation and regeneration are 
known to modulate the retinal susceptibility to light stress 
( 11, 14, 19 ). FTY720 can bind and modulate the activity 
of G-protein-coupled S1P receptors; we, therefore, tested 
whether FTY720 has any effect on rhodopsin activation 
and regeneration. In rats maintained in the dark, FTY720 
did not cause any changes in the total rhodopsin content 
when measured 2 h after administration (1.9 ± 0.1 vs. 2.0 ± 
0.1 nmol/retina), showing that FTY720 did not directly 
displace the chromophore from the visual pigment. We 
then tested whether FTY720 affected the rate of regenera-
tion of functional photopigment by measuring rhodopsin 
content at several time points before, during, and after a 
complete photobleach. As indicated in    Fig. 7A  , rhodopsin 
recovery was not signifi cantly affected by administration 
of FTY720. FTY720 was administered to fully (overnight) 
dark-adapted rats that were subsequently exposed to room 

  Fig.   4.  FTY720 inhibits de novo ceramide biosynthesis in the light-stressed retina. Rat retinas were ana-
lyzed for three major species of ceramides (C16, C18, and C24) quantitatively by GC-MS. After removing the 
free ceramides, the rest of the lipid was analyzed by GC-FID, and the total amount of FA was used to normal-
ize the ceramide values. A: The ceramide level increased signifi cantly in vehicle-treated light-damaged (VLD) 
rat retinas harvested at 6 h after light damage. Treatment of FTY720 at 10 mg/kg 0.5 h before light damage 
(FTY-LD) blocked the light-induced ceramide increase in the retina (n = 8; **  P  < 0.001; Student’s  t -test). 
B: ESI-MS/MS analysis of dhC16-Cer, dhSph, Sph, and Sph-1P (S1P) in FTY720-treated (FTY-LD) and 
vehicle-treated light-damaged (VLD) and non light-damaged (NLD) samples (n = 4; *  P  < 0.01; **  P  < 0.001; 
Student’s  t -test).   
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FTY720 treatment. In rats euthanized immediately after 
light damage, a single dose of FTY720 at 2.5 mg/kg 16 h 
before the start of light treatment led to a 50% reduction 
in circulating lymphocytes  (  Fig. 9A  ). However, this dose of 
FTY720 could not prevent retinal degeneration ( Fig. 5A ). 
A combination of three 2.5 mg/kg doses given at 16 h be-
fore, 0.5 h before, and 0.0 h after light damage, and a single 
10 mg/kg dose (data not shown) given at 0.5 h before light 
stress, caused lymphocyte suppression to similar extents 
( Fig. 9A ); however, it had variable effect on retinal protec-
tion from LIRD ( Fig. 5C, D, 6G ; 2.5-FLDx3). The circulat-
ing lymphocytes remain suppressed for a week ( Fig. 9B ), 

 Effect of FTY720 on circulating lymphocytes 
 FTY720 is approved as a drug for multiple sclerosis for 

its immunosuppressive properties ( 34 ). Systemic FTY720 
is phosphorylated to FTY720-P, and as a mimic of S1P, 
FTY720-P modulates S1P receptor signaling in lymphocyte 
homing and traffi cking. Treatment with FTY720 causes 
lymphopenia by signifi cantly reducing the number of circu-
lating lymphocytes, which accumulate in the lymph nodes 
( 61, 64, 65 ). We tested whether suppression of the immune 
system in the rat may be responsible for protection of retina 
from light-induced damage by measuring the number of 
circulating lymphocytes in the peripheral blood after 

  Fig.   5.  FTY720 protects rat retinal function: ERG analysis. Scotopic a-wave (A, C) and b-wave (B, D) were 
measured by light stimulus of increasing fl ash intensity from -2.3 to 2.7 log cd.s/m 2 . A, B: FTY720 adminis-
tered at different doses 0.5 h before the start of light damage. A dose of 10 mg/kg (FLD-10) of body weight 
provided >90% protection of the retina but no protection at 2.5 mg/kg (FLD-2.5). C, D: FTY720 adminis-
tered at different time points before and/or after light damage. When FTY720 was administered at 2.5 mg/kg 
at three time points (2.5-FLDx3) 16 h before, 0.5 h before, and 0.0 h after light damage, it protected the 
retina signifi cantly. A single dose of either 2.5 mg or 10.0 mg of FTY720 16 h before light damage (2.5-
FLD-16 hB and 10-FLD-16 hB) did not show any protection. FTY720 at 10 mg/kg at 0.0 h after light damage 
(10-FLD-0 hA) also failed to show any protection (n = 8–10/group; **  P  < 0.001; Student’s  t -test).   
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by administering FTY720 before light stress effectively 
blocked ceramide increase and preserved retinal structure 
and function. We determined that the protection of the 
retina by FTY720 was not related to regeneration kinetics 
of rhodopsin in light-stressed retina or to the inhibition of 
lymphocytes in the circulation. 

 Our study is the fi rst to present direct evidence that cer-
amide acts as a mediator for LIRD in animal models. LIRD 
is a very useful model for retinal degeneration research. 
LIRD models have been used in important discoveries and 

which does not correlate with retinal protection from light 
damage, as 10 mg/kg FTY720 at 24 h and 48 h before light 
stress could not protect the retina. 

 DISCUSSION 

 In this study, we found that light stress in the retina in-
creased cellular free ceramides. We also found that this 
increased ceramide acts as a mediator for photoreceptor 
apoptosis, because blocking de novo ceramide biosynthesis 

  Fig.   6.  FTY720 protects rat retinas from LIRD: his-
tological analysis. Representative sections from each 
treatment: A, B: Vehicle-treated, no light-damaged 
control; C, D: Vehicle-treated and light-damaged; E, 
F: FTY720-treated (10 mg/kg) and light-damaged. 
Portions of the superior central retina (boxed) of 
Figs. A, C, and E are magnifi ed in Figs. B, D, and F, 
respectively, and outer nuclear layer (ONL) thick-
ness was demarcated by arrows, which represent the 
surviving photoreceptor cells. Light damage causes 
complete loss of photoreceptors (ONL) in this re-
gion (D, arrow); however, pretreatment with FTY720 
preserved it signifi cantly (Fig.F, arrows). G: Quantita-
tive morphometric measurement of ONL thickness 
from H and E-stained slides (n = 8–10). NLD, no 
light-damage; VLD, vehicle-treated and light-dam-
aged; FLD-2.5, single dose of 2.5 mg/kg of FTY720 at 
0.5 h before light exposure; FLD-10, single dose of 
10 mg/kg of FTY720 at 0.5 h before light exposure ;  
2.5-FLDx3, FTY720 administered at 2.5 mg/kg at 
three time points, i.e., 16 h before light damage, 0.5 h 
before light damage, and 0.0 h after light damage. 
Abbreviations of retinal layers are defi ned in  Fig. 1 .   

  Fig.   7.  Effect of FTY720 on visual cycle and rhodopsin regeneration. A: Effect of FTY720 on rhodopsin 
regeneration. Values represent the mean pmol rhodopsin/retina, and the error bars represent the SE. The 
horizontal dotted line represents the mean rhodopsin content of fully dark-adapted rats injected with FTY720 
or vehicle (n = 4). The curved lines represent the rate of rhodopsin regeneration over time. No signifi cant 
differences were observed between FTY720-and vehicle-treated rats in their timing to reach a fully dark-
adapted state. B: Effect of FTY720 on recovery of rod responses after bleaching measured by ERG. Recovery 
of rod photoresponses after bleaching (2.3 log cd/m 2  for 2 min) in FTY720- (n = 5) and vehicle-treated (n = 
4) rats was shown by percentage of a-wave recovered. FTY720 administration had no signifi cant effect on the 
recovery of rod responses after bleach.   
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have enhanced our understanding of the mechanism of 
photoreceptor cell death ( 1–3, 11–14 ) and the screening 
of putative neuroprotective compounds ( 15–21 ). Retinal de-
generation is a heterogeneous group of diseases; mutations 

in more than 150 genes have already been found for mono-
genic retinal dystrophies (http://www.sph.uth.tmc.edu/
retnet/), the proteins of which are involved in a multitude 
of structural and functional aspects of photoreceptor, RPE, 
and other retinal neurons. Therefore, identifi cation of 
some intermediary metabolite or second messenger that 
can be targeted for therapies is of great importance. Identi-
fi cation of ceramide as a novel mediator of LIRD will not 
only aid in other areas of investigations to understand the 
complex mechanisms of retinal degenerations, but also will 
serve as a target for therapeutic intervention. In in vitro 
studies, ceramide produced by the SMase pathway has been 
shown to induce apoptosis in mouse photoreceptor-derived 
661W cells ( 66 ). Association of ceramide with apoptosis has 
also been observed in paraquat-induced cell death of cul-
tured rat retinal neurons ( 5 ). In in vivo retinal degenera-
tion studies, ceramide is reported to be the causal agent for 
inducing photoreceptor apoptosis in mutant models of 
Drosophila ( 27 ), the rd10 mouse model ( 7 ), and in a model 
of rabbit retinal detachment ( 6 ). The mechanism by which 
ceramide induces photoreceptor cell death is therefore an 
important area of investigation for understanding the com-
plexity of various types of retinal degeneration that are be-
ing pursued actively in our current studies. In this present 
study, we focused on understanding the mechanism of cer-
amide production in the retina under light stress with an 
objective of testing the feasibility of targeting a second-
messenger-like ceramide in degenerating retina to prevent 
or delay the progress of degeneration. 

  Fig.   8.  Effect of FTY720 on retinal gene expression. Retinas were 
harvested from vehicle-treated no light-damaged (NLD) rats, vehicle-
treated light-damaged (VLD) rats, and FTY720-treated light-damaged 
(FTY-LD) rats 6 h after light damage from all the light-treated rats. 
Gene expression was measured by qRT-PCR, normalized by using 
three housekeeping genes ( Rpl19 ,  Hgprt , and  Gapdh ) and presented 
as a fold over the control group, i.e., NLD. A: Expression of cer-
amide biosynthetic genes  ; B: Expression of S1P metabolic and re-
ceptor genes; C: Expression of apoptotic and infl ammatory genes 
(n = 4; *  P  < 0.1; **  P  < 0.01; Student’s  t -test). Full names of the 
genes are presented in supplementary Table I.   

  Fig.   9.  Effect of FTY720 on circulating lymphocytes. Total white 
cells were presented as percentage of the numbers of lymphocytes 
from untreated rats. Blood was drawn and counted immediately at 
the end of the light damage (A) or 7 days after light damage (B). 
A: Single (black bar) or triple (patterned bar) dose of FTY720 at 
2.5 mg/kg caused a 60–75% reduction of circulating lymphocytes 
in 6–22 h [6 h when a single dose was administered prior to 6 h-
long light damage; 22 h when three doses were administered: the 
fi rst at 16 h before, the second at 0.5 h before, and the third at 0 h 
after the 6 h-long light damage. The blood was collected immedi-
ately after light damage; therefore, the longest duration of FTY720 
treatment was 22 h (16+6)]. B: Both single dose and triple dose of 
FTY720 could keep the circulating lymphocytes suppressed to 
 � 50% for 7 days, and there were no observed differences between 
them (n = 5–6; *  P  < 0.01; **  P  < 0.001; Student’s  t -test; statistical 
signifi cances are by comparison to the fi rst bar on the left).   
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stress provided the strongest protection (Figs. 5, 6), the 
same dose at 16 h before light exposure provided only a 
very slight protection, and at 24 and 48 h before light ex-
posure provided no protection, even though the lympho-
cytes were still inhibited in all these treatment groups 
during and after the light stress. Thus, we conclude that 
the neuroprotective effect of FTY720 is independent of its 
immunosuppressive effect. 

 Light signaling started by rhodopsin activation is essen-
tial for light-induced rod photoreceptor cell death, and 
the severity of damage depends on the rate of regeneration 
of active rhodopsin ( 11, 63 ). Therefore, the compounds 
that interfere with the rhodopsin activation and regenera-
tion process can modulate retinal sensitivity of light stress 
( 15, 19 ). We found that the rhodopsin-mediated visual cy-
cle was not affected by systemic administration of FTY720 
( Fig. 7 ). However, it is not known whether FTY720P can 
bind to the S1P receptors present in photoreceptor and 
RPE cells (Mandal et al., unpublished observations) and 
affect the visual cycle. 

 In conclusion, through this study, we found a novel 
opportunity to target the ceramide synthesis pathway for 
various human retinal degeneration diseases in which 
photoreceptor cell death occurs by apoptosis. Our data 
also suggest that FTY720 and related compounds might 
be developed as therapeutic drugs for retinal degenera-
tive diseases in which cell death involves ceramide in-
crease. However, in human clinical trials for relapsing MS, 
FTY720 was found to cause macular edema in 0.5–1.0% 
of the population. The incidence was higher with higher 
doses (1.25 vs. 0.5 mg/kg/day) and resolved in 1–6 
months after discontinuation of the drug ( 30, 72 ). The 
most-accepted etiology of macular edema is nonspecifi c 
infl ammation ( 32, 73, 74 ). Ceramides and many of their 
metabolites are well known as inducers of infl ammation 
( 75, 76 ). We now have evidence that FTY720 can modu-
late ceramide synthesis in the retina ( Fig. 4 ) and we have 
convincing evidence from unpublished results that an 
imbalance in the “sphingolipid rheostat,” i.e., the regu-
lated balance between ceramide and S1P ( 77 ) in the eye, 
causes retinal infl ammation. In healthy retinas, FTY720 
may change the ceramide level and thus disturb the sphin-
golipid rheostat, which in turn causes nonspecifi c in-
fl ammation and macular edema. However, in stressed/
degenerating retinas where photoreceptor cells die due 
to an increase in ceramide levels, FTY720 will still be use-
ful to protect them from degeneration. Ceramide me-
tabolism is complex ( 67 ), and FTY720 has pleotropic 
action; therefore, further studies are needed to deter-
mine the effects of FTY720 in stressed retinas as well as 
in healthy retinas.  
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 Ceramide metabolism is complex, and there could be as 
many as 200 species of ceramides in a cell ( 67 ); there are 
several pathways that exist for ceramide generation in a 
cell under various stresses ( 4 ). Under light stress, we found 
the de novo pathway of ceramide generation by activating 
the fi rst committing enzyme (SPT); ceramide synthases 
are predominant (Figs. 2, 3), and the major retinal SMase 
(aSMase) activity was signifi cantly inhibited ( Fig. 3D ). 
Because aSMase is the major retinal SMase, we speculated 
that this cessation of aSMase activity was a cellular auto-
protective mechanism to reduce further production of ce-
ramide from sphingomyelin. In pilot studies, we found 
very limited use of classical de novo ceramide biosynthetic 
inhibitors such as myriocin and fumonisin B in this rat 
model of LIRD because of toxicity from systemic adminis-
tration. We therefore tested FTY720, which was developed 
from myriocin to reduce its in vivo toxicity and was re-
cently characterized as a ceramide synthase inhibitor ( 35, 
36 ). In this study, we determined that systemic FTY720 
does indeed inhibit ceramide formation in the retina from 
light-induced stress ( Fig. 4 ), and that the resulting reduc-
tion in ceramide levels prevented photoreceptor neurons 
from cell death ( Figs. 5, 6 ), further confi rming the hy-
pothesis that de novo ceramide production mediates reti-
nal degeneration in the LIRD model. 

 In the past two decades, FTY720, which causes a signifi -
cant reduction in the number of peripheral blood lym-
phocytes, has been studied extensively for its potent 
immunosuppressive activity. As an analog of sphingosine, 
the mechanism of FTY720 by which it suppresses the 
immune system is through its phosphorylation to FTY720-
phosphate (FTY720-P) by cellular sphingosine kinase, 
similar to phosphorylation of sphingosine to S1P. As a 
mimic of S1P, FTY720P can bind to S1P receptors, espe-
cially S1P1, on the surface of T lymphocytes. Activation 
of these receptors determines T-cell egression from the 
lymph node and migration into the blood, responding to 
an S1P gradient ( 61, 62, 68 ). However, recent fi ndings 
showed that FTY720 has a pleotropic effect in cell action 
and signaling, such as inhibiting ceramide synthesis, in-
hibiting the cannabinoid CB1 receptor, and inhibiting 
S1P lyase ( 35, 36, 69, 70 ). 

 In our study, we found that the neuroprotective action 
of FTY720 is different from its systemic immunosuppres-
sion effects. In the dose effect study, when we injected 
FTY720 0.5 h before light exposure, we found a single dose 
of 2.5 mg/kg had no protection, 5.0 mg/kg had moderate 
protection, and 10 mg/kg had signifi cant protection of 
retina from light damage ( Fig. 6G ); however, inhibition of 
the circulatory lymphocytes from these three doses showed 
no differences among them. In rats, FTY720 is known to 
reduce blood lymphocytes to a minimum level within 3 h 
after administration; the lymphocytes maintain this mini-
mum level for up to 3 days and slowly recover over a 
period of 2 weeks ( 71 ). It can be deduced that if the sup-
pression of lymphocytes played a role in protecting the 
retina, then its protective effect should manifest during 
the period of maximum inhibition of lymphocytes. Al-
though a single dose of 10 mg/kg at 0.5 h before light 
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