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Retinal degenerations (RDs), a heterogeneous group of 
diseases, are characterized by photoreceptor cell death by 
apoptosis. While the mechanism of disease development 
and  many  causative  mutations  have  been  identified  for 
RDs, very few new therapies have been developed due to 
the genetic diversity of this group of diseases. More than 
200 gene mutations are currently known for hereditary 
RDs (https://sph.uth.edu/Retnet/sum-dis.htm). Research 

Abstract Retinal degeneration (RD) affects millions of 
people and is a major cause of ocular impairment and blind-
ness. With a wide range of mutations and conditions leading 
to degeneration, targeting downstream processes is neces-
sary for developing effective treatments. Ceramide and 
sphingosine-1-phosphate, a pair of bioactive sphingolipids, 
are involved in apoptosis and its prevention, respectively. 
Apoptotic cell death is a potential driver of RD, and in order 
to understand the mechanism of degeneration and potential 
treatments, we studied rhodopsin mutant RD model, 
P23H-1 rats. Investigating this genetic model of human RD 
allows us to investigate the association of sphingolipid me-
tabolites with the degeneration of the retina in P23H-1 rats 
and the effects of a specific modulator of sphingolipid me-
tabolism, FTY720. We found that P23H-1 rat retinas had al-
tered sphingolipid profiles that, when treated with FTY720, 
were rebalanced closer to normal levels. FTY720-treated rats 
also showed protection from RD compared with their vehicle-
treated littermates.  Based on these data, we conclude that 
sphingolipid dysregulation plays a secondary role in retinal 
cell death, which may be common to many forms of RDs, 
and that the U.S. Food and Drug Administration-approved 
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Use of Animals in Ophthalmic and Vision Research and the Uni-
versity of Oklahoma Health Sciences Center Guidelines for Ani-
mals in Research. All protocols were reviewed and approved by 
the Institutional Animal Care and Use Committee of the Univer-
sity of Oklahoma Health Sciences Center. Albino Sprague-Dawley 
(SD) rats and P23H-1 rats were born and raised in the Dean A. 
McGee Eye Institute vivarium and maintained from birth under 
dim cyclic light (5 lux, 12 h on/off, 7 AM to 7 PM central time).

Systemic dosing of FTY720 in juvenile P23H-1 rats
P23H-1 rats were dosed systemically (intraperitoneally) twice 

weekly with 2.5 mg/kg FTY720 from P10 to P21, after which the 
rats were weaned from their mother and the twice weekly dosing 
was raised to 5 mg/kg until P45. At P35, the rats underwent elec-
troretinography (ERG) functional analysis. Rats were euthanized 
by carbon dioxide asphyxiation for tissue analysis at either P22 or 
P45 in order to compare age points. Another group of rats were 
euthanized at P35 and their eyes were either harvested for histo-
logical structural analysis as well as immunohistochemistry stain-
ing or  retinas were  snap  frozen  in  liquid nitrogen  for RT-PCR 
and chemical analysis of sphingolipids. Age-matched SD rats were 
used as a model control.

ERG
Flash ERGs were recorded with the Diagnosys Espion E2 ERG 

system (Diagnosys LLC, Lowell, MA). Rats were maintained in 
total darkness overnight and prepared for ERG recording under 
dim red light. They were anesthetized with ketamine (100 mg/kg 
body weight) and xylazine (5 mg/kg body weight) intraperitone-
ally. One drop of 10% (v/v) phenylephrine was applied to the 
cornea to dilate the pupil, and one drop of 0.5% (v/v) propara-
caine HCl was applied for local anesthesia. Rats were kept on a 
heating  pad  at  37°C  during  recordings.  A  gold  electrode  was 
placed on the cornea, a reference electrode was positioned in the 
mouth, a ground electrode was placed in the tail, and rats were 
placed inside a Ganzfeld illuminating sphere. Responses were 
differentially amplified, averaged, and stored. For the assessment 
of rod photoreceptor function (scotopic ERG), five strobe flash 
stimuli were presented at flash intensities at 2.3, 1.3, 0.7, 2.7, 
and 3.3 log cd·s/m2. The amplitude of the a-wave was measured 
from the prestimulus base line to the a-wave trough. The amplitude 
of the b-wave was measured from the trough of the a-wave to the 
peak of the b-wave. For the evaluation of cone function (photopic 
ERG), a strobe flash stimulus (3.3 log cd·s/m2) was presented to 
dilated, light-adapted (5 min at 1.7 log cd·s/m2) rats. Photopic, blue 
and green cone, and 3, 10, 20, and 30 Hz flickers were used for cone 
functional analysis. The amplitude of the cone b-wave was mea-
sured from the trough of the a-wave to the peak of the b-wave.

Histology
After euthanizing by carbon dioxide asphyxiation at  specific 

ages, rat eyes were enucleated, immediately after death, placed in 
fixative (Prefer; Anatech LTD, Battle Creek, MI), and embedded 
in paraffin for  light microscope evaluation of retinal  structure. 
Sections of 5 m were cut along the vertical meridian through 
the optic nerve and stained with hematoxylin and eosin (H and E). 
The thickness of the outer nuclear layer (ONL) was measured at 
0.5 mm distances from the optic nerve to the inferior and supe-
rior ora serrata and plotted as a spider diagram. Unstained slides 
were also obtained in order to perform immunohistochemical 
(IHC) analysis.

Sphingolipid analysis
Internal standards were purchased from Avanti Polar Lipids 

(Alabaster, AL). Internal standards were added to samples in 20 µl 

in  recent  time  suggests  that  inflammation  precedes  the 
death of photoreceptor and retinal pigment epithelial (RPE) 
cells in many forms of human RDs including age-related 
macular degeneration (AMD), diabetic retinopathy, and 
retinitis pigmentosa (RP) (1–7). Through our previous 
studies, we have found that the signaling sphingolipid ce-
ramide (Cer) acts as a modulator in RD (8). We found that 
Cer levels increase during RD in a rodent model of light-
stress-induced RD and that systemic administration of a 
pharmacological compound, FTY720, which can inhibit 
Cer synthesis (9, 10), blocks Cer increase, and protects the 
retina from degeneration (8).

FTY720 is an analog of sphingosine (Sph) and can be 
phosphorylated to FTY720-P in vivo by sphingosine kinase 
(SPHK) 2 to mimic the action of sphingosine 1-phosphate 
(S1P)  (11–14). The  signaling  sphingolipids  such as Cer, 
ceramide-1-phosphate (C1P), Sph, and S1P act as important 
mediators of cell function and are fundamentally involved 
in many cellular processes (15–19). Cer induces proapop-
totic signaling, whereas S1P has an opposing intracellular 
role (i.e., protection against cell death) (16, 17, 19). Based 
on our research findings thus far, we propose that a deli-
cate balance between Cer and S1P is important in main-
taining normal photoreceptor structure and function.

In our search for a de novo Cer biosynthetic inhibitor 
that is not neurotoxic and could be delivered systemically, 
we encountered the compound FTY720. FTY720 is derived 
from the compound myriocin but has a much lower in vivo 
toxicity  rate. After  three phases of human clinical  trials, 
FTY720 (Gilenya, Novartis) has been approved for human 
relapsing multiple sclerosis, mainly for its immunosup-
pressive property (11, 20–22). However, FTY720 is also 
known to inhibit ceramide synthase (CerS) and block de 
novo  Cer  production  (9,  10,  23).  In  a  previous  publica-
tion, we used our light-stress albino rat model and demon-
strated that systemic (intraperitoneal) administration of 
FTY720 could block the light-induced increase in Cer lev-
els in the retinas and significantly prevented light-induced 
damage of retinal structure and function (8).

To test further the changes in the sphingolipid profile 
in other genetic models of RDs, we used P23H line 1 (P23H-1) 
rats, a popular model of human RD, developed by Matthew 
M. LaVail, in which photoreceptor degeneration starts at 
the  beginning  of  light  responsiveness  at  approximately 
postnatal day (P) 15 and 50% of photoreceptors die by 
P45 (24, 25). In the P23H-1 model, we found an increase in 
major sphingolipid species including bioactive Cer, hexosyl-
ceramide (Hex-Cer), and S1P species that are associated 
with cellular signaling. We further demonstrate here that 
sphingolipid changes can be reverted or modulated to 
some extent by systemic administration of FTY720, which 
can delay the progression of RD.

EXPERIMENTAL PROCEDURES

Animal care
All procedures were performed according to the Association 

for Research in Vision and Ophthalmology Statement for the 
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DNA contamination. Sequences of the primers may be obtained 
from the corresponding author upon request. Quantitative PCR 
and  melt-curve  analyses  were  performed  using  iTaq  Universal 
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 (8, 28–30).

SMase assay
Acidic and neutral sphingomyelinase (aSMase and nSMase, 

respectively) activity was indirectly measured in the retinal protein 
using the Amplex Red Sphingomyelinase Assay Kit (Invitrogen). 
Retinas were homogenized in T-PER buffer (Pierce, Rockford, IL) 
with a protease inhibitor cocktail and centrifuged at 10,000 rpm 
for 10 min at 4°C. The protein concentration in the supernatant 
fraction was measured with the BCA protein assay (Pierce), and 
the activity of aSMase and nSMase was determined by modulat-
ing the pH of the reaction buffer and following the manufactur-
er's protocol.

Immunohistochemistry
Immunolabeling on paraffin sections was performed as follows: 

sections were deparaffinized, rinsed for 30 min with PBS contain-
ing 0.1% Triton X-100. A blocking step was performed using 10% 
normal horse serum. Sections were then incubated overnight in 
the primary antibody; anti-mouse rhodopsin (Abcam, Cambridge, 
MA), rhodamine peanut agglutinin (Vector Laboratories, Burlin-
game, CA), anti-mouse glutamine synthetase (GS) (Millipore, 
Billerica,  MA),  anti-goat  glial  fibrillary  acidic  protein  (GFAP) 
(Sigma), anti-rabbit SPHK2 (AbNOVA, Walnut, CA), anti-rabbit 
acyl-sphingosine amido-hydrolase (ASAH) 1(Sigma) diluted 1:200 
in PBS. After rinsing, sections were washed three times for 10 min 
with PBS containing 0.5% TritonX-100. Sections were rinsed and 
cover-slipped  with  ProLong  Gold  antifade  reagent  with  4',6-di-
amidino-2-phenylindole (Invitrogen, Carlsbad, CA).

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

Systemic FTY720 reduces photoreceptor degeneration in 
P23H-1 rats

Photoreceptors of P23H-1 rats degenerate at a fast rate 
starting  from  P15,  when  their  eyes  are  first  opened  and 
exposed to light. Beginning at P10, P23H-1 rat pups were 
dosed systemically with 2.5 mg/kg of FTY720 twice weekly 
until they reached P21, after which the amount of FTY720 
delivered was increased to 5 mg/kg. At P35 the rats under-
went ERG functional analysis using age-matched SD 
controls.  In  FTY720-treated  P23H-1  rats,  we  observed  a 
functional increase in ERG response in both the a- and b-
wave amplitudes compared with vehicle-treated littermates 
(Fig. 1A). Cone function (photopic) analysis also resulted 
in an increase in b-wave amplitude at most of the flashes 
tested, with significant preservation in blue light flash, 10 Hz, 
and 20 Hz flickers (Fig. 1B; P < 0.05). FTY720 treatment in 

ethanol-methanol-water (7:2:1) as a cocktail of 500 pmol each. 
Standards for sphingoid bases and sphingoid base 1-phosphates 
were 17-carbon chain length analogs: C17-sph, C17-sphinganine, 
C17-S1P, and C17-sphinganine 1-phosphate. Standards for N-acyl 
sphingolipids were C12-fatty acid analogs: C12-Cer, C12-C1P, C12-
SM, and C12-glucosylceramide. The MS-grade solvents (chloro-
form and methanol, as well as formic acid) were obtained from 
VWR (West Chester, PA).

For LC/MS/MS analyses, a Shimadzu LC-20 AD binary pump 
system coupled to a SIL-20AC autoinjector and DGU20A3 degasser 
coupled  to  an  ABI  4000  quadrupole/linear  ion  trap  (QTrap) 
(Applied Biosystems, Foster City, CA) operating in a triple quad-
rupole mode was used. Q1 and Q3 was  set  to pass molecularly 
distinctive precursor and product ions (or a scan across multiple 
m/z in Q1 or Q3), using N2 to collisionally induce dissociations in 
Q2 (which was offset from Q1 by 30–120 eV); the ion source tem-
perature set to 500°C.

Extraction and analysis of sphingolipids. Samples were collected 
into  13  ×  100  mm  borosilicate  tubes  with  a  Teflon-lined  cap 
(VWR). Then 1 ml of CH3OH and 0.5 ml of CHCl3 were added 
along with the internal standard cocktail (500 pmol of each spe-
cies dissolved in a final total volume of 20 µl of ethanol-methanol-
water, 7:2:1). The contents were dispersed using an ultrasonicator 
at room temperature for 30 s. This single phase mixture was incu-
bated  at  48°C  overnight.  After  cooling,  75  µl  of  1  M  KOH  in 
CH3OH was added and, after a brief sonication, was incubated in 
a shaking water bath for 2 h at 37°C to cleave potentially interfer-
ing glycerolipids. The extract was brought to neutral pH with 6 µl 
of glacial acetic acid, then the extract was centrifuged using a ta-
ble-top centrifuge, and the supernatant was removed by a Pasteur 
pipette and transferred to a new tube. The extract was reduced to 
dryness using a Speed Vac. The dried residue was reconstituted 
in 0.5 ml of the starting mobile phase solvent for LC/MS/MS 
analysis, sonicated for 15 s, then centrifuged for 5 min in a table-
top centrifuge before transfer of the clear supernatant to the au-
toinjector vial for analysis.

Sphingoid bases,  sphingoid base 1-phosphates, and complex 
sphingolipids were separated by reverse phase LC using a Supelco 
2.1  (inner  diameter)  ×  50  mm  Ascentis  Express  C18  column 
(Sigma, St. Louis, MO) and a binary solvent system at a flow rate 
of 0.5 ml/min with a column oven set to 35°C. Prior to injection 
of  the  sample,  the column was equilibrated  for 0.5 min with a 
solvent mixture of 95% mobile phase A1 (CH3OH/water/HCOOH, 
58:41:1, v/v/v; with 5 mM ammonium formate) and 5% mobile 
phase B1 (CH3OH/HCOOH, 99:1, v/v; with 5 mM ammonium 
formate), and after sample injection (typically 40 µl), the A1/B1 
ratio was maintained at 95:5  for 2.25 min,  followed by a  linear 
gradient to 100% B1 over 1.5 min, which was held at 100% B1 for 
5.5 min,  followed by a 0.5 min gradient  return  to 95:5 A1/B1. 
The column was reequilibrated with 95:5 A1/B1 for 0.5 min be-
fore the next run.

The species of Cer, Hex-Cer, SM, sphingoid lipids such as Sph, 
dihydro  (Dh)-Sph,  S1P,  and  Dh-S1P  were  identified  based  on 
their retention time and m/z ratio and quantified as described in 
previous publications (26, 27).

RT-PCR
RNA was isolated from collected rat retinal tissue using RNeasy 

Plus Mini kit (Invitrogen). Following the manufacturer’s protocol: 
1.0 g of total RNA from each tissue was converted to cDNA using 
SuperScript III First-Strand Synthesis supermix (Invitrogen) for 
quantitative RT-PCR (qRT-PCR). Primers for qRT-PCR were de-
signed in such a way that they spanned at least one intron, which 
eliminated  the  chance  of  amplification  from  residual  genomic 
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anabolic products Hex-Cer and SM was found in P23H-1 
retina at P22 (Fig. 3B, C; P < 0.01), as well as a significant 
increase of Cer catabolic or downstream product S1P 
(Fig. 3D; P < 0.01). Interestingly, the levels of all three 
later classes of lipids were downregulated by the treat-
ment of FTY720 in P23H-1 retina (Fig. 3B–D; * P < 0.01). 
We  therefore conclude  that P23H-1  retina accumulates 
Cer and its metabolic products significantly at early stages 
before major degeneration occurs (P22), and systemic 
treatment of FTY720 could downregulate the metabolic 
products of Cer. In P45 SD rats, long-term treatment of 
FTY720 seems to have reduced the level of total Hex-Cer, 
SM, and S1P in (Fig. 3B–D; * P < 0.01).  In P45 P23H-1 
retina, which has lost >50% of photoreceptor cells, there 
was no difference found in the levels of Cer and Hex-Cer, 
but SM, the major structural species, was reduced signifi-
cantly compared with SD control retina (Fig. 3A–C; # P < 
0.01), which indicates a higher ratio of Cer and Hex-Cer 
in  P23H-1  retina  at  P45.  However,  at  this  stage  of  RD 
(P45), no effect of FTY720 was detected on  their  levels 
(Fig. 3B–D).

We further investigated if the relative composition of 
the major sphingolipid groups altered in the P23H-1 ret-
ina and how that was modulated when the rats were treated 
with FTY720. At P22, there was no change in the relative 
levels of Cer in P23H-1 retina compared with SD control 
(59% in each), but there was an increase in Hex-Cer (3% 
vs. 5%) and a decrease in SM levels (38% vs. 36%) (Fig. 4). 
When these rats were treated systemically with FTY720, the 
relative composition did not change much in SD rats, but 
in P23H-1 rats,  the Hex-Cer composition reduced to 4% 
(Fig. 4).  Interestingly,  the  relative  composition of major 
sphingolipid groups was vastly different in P45 retina from 
P22 retina. In vehicle-treated SD rats, the ratio of Cer:Hex-
Cer:SM  was  20:9:71  compared  with  P22  where  the  ratio 
was 59:3:38 (Fig. 4), which did not change when treated 
with FTY720. The ratio in P23H-1 retina at P45, however, 
was  24:16:60,  reflecting  relatively  much  higher  levels  of 

SD rats did not cause any functional changes in retinal 
light responses (data not shown).

Histological analysis of ONL thickness at P45 revealed 
differences in the retinal preservation of photoreceptor 
cells in P23H-1 rats treated with FTY720 (Fig. 2). P23H-1 
rats had vastly decreased ONL thickness compared with 
SD controls (Fig. 2A). FTY720 had limited effects on ONL 
thickness in SD rats, but P23H-1 rats treated with FTY720 
displayed significantly increased ONL thickness compared 
with vehicle controls (Fig. 2A; P < 0.01). When measuring 
the ONL thickness in the central retina (closest five points 
to the optic nerve of either the inferior or superior hemi-
spheres), we observed a significant increase in both infe-
rior and superior ONL thickness in P23H-1 rats that had 
been  treated with FTY720  (Fig.  2B; P  < 0.01; n = 8–10). 
Representative histological images of the superior central 
retina  of  both  SD  and  P23H-1  rats  show  the  same  (Fig. 
2C–F).

Sphingolipid profile alters in P23H-1 rat retina
There is no previous study on the sphingolipid composi-

tion  of  degenerating  P23H-1  rat  retina.  We  studied  the 
retinal composition of major sphingolipid classes in 
P23H-1 rats at two age points, P22 and P45. At P22, P23H-1 
rats degenerate 20% of total photoreceptors, and by 
P45,  the  loss  is  >50%  of  their  photoreceptors  (24,  25). 
P23H-1  rats  were  treated  with  FTY720  with  littermates 
used as vehicle controls. In a parallel experiment, SD rats 
were also treated with either FTY720 or vehicle and har-
vested at similar time points serving as wild-type controls. 
Among the major classes of sphingolipids, we found total 
Cer increases significantly in P23H-1 retina at P22, but at 
P45, however, no change was seen (Fig. 3A; # P < 0.01). We 
also found systemic long-term FTY720 did not affect the 
Cer levels in SD retina (Fig. 3A). Cer is the key metabolite 
for the all classes of higher order and complex sphingolip-
ids, and its level is very tightly regulated by a group of ana-
bolic and catabolic enzymes. A significant increase in Cer 

Fig. 1.  Electroretinographic measurement of retinal function in FTY720-treated P23H-1 rats. P23H-1 rat pups were dosed systemically 
with 2 FTY720 twice weekly started at P10. At P35 ERG responses for scotopic function were recorded for three flash stimuli at intensities 
of 0.004, 400, and 2,000 cd·s/m2 were recorded to assess retinal function. The a-wave represents the responses obtained directly from pho-
toreceptor cells, while the b-wave represents the response obtained by both the photoreceptors and primarily downstream secondary neu-
rons. A: Scotopic response for both a- and b-waves; FTY720-treated P23H-1 rats showed higher b-wave responses. B: Photopic response of 
cone b-wave. * P < 0.05; Student’s  t-test  (n = 8–10). P23H-FTY, FTY720-treated P23H-1  rhodopsin mutant  rats; P23H-V,  vehicle-treated 
P23H-1 rhodopsin mutant rats.
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Assessment of SMase activity
FTY720 is known to inhibit de novo Cer biosynthesis. As 

we did not see a reduction of Cer in FTY720-treated 
P23H-1 retina, we assessed the activity of the neutral and 
acidic SMases, one or both of which may be activated and 
maintaining the higher Cer  levels  in P23H-1 retinas. We 
observed  at  P22  no  significant  difference  between  rat 
strains in aSMase, but a significant increase in nSMase in 
the P23H-1 retinas (Fig. 5; P < 0.05). FTY720 had no sig-
nificant effect on either SMase in control SD rats but sig-
nificantly increased aSMase activity and decreased nSMase 
activity in P23H-1 rats (Fig. 5; P < 0.05). Thus, it is appar-
ent that increases in nSMase activity contributed to the 
levels of increased Cer in P23H-1 retina; FTY720 could re-
duce this activity to some extent (albeit not to the normal 
level), but at the same time increased aSMase activity, 
which maintained the higher levels of Cer in P23H-1 ret-
ina. It should be noted that FTY720 could delay the degen-
eration of photoreceptors in P23H-1 retina but could not 

Cers  and  Hex-Cers  compared  with  SD  retina  (40%  vs. 
29%), which was not decreased by the treatment of FTY720 
(41%) (Fig. 4).

In summary, all major species of sphingolipids increased 
in P23H-1 retina at an early stage of degeneration at which 
20% photoreceptor cells are degenerated. Considering 
photoreceptor cells are the major contributor of retinal 
cell populations, the increase in sphingolipid metabolites 
resulted from metabolic changes rather than changes in 
cell population. It is also clear from the SD rat data that 
long-term systemic FTY720 has an effect in reducing the 
metabolic products of Cer, rather than the Cer level itself, 
which  was  also  observed  for  P23H-1  retina  at  P22.  At  
P45, with the majority of photoreceptors degenerated in 
P23H-1 retina, no effect of FTY720 was found. However, 
the relative levels of Cer and Hex-Cer are much higher in 
P23H-1 retina at P45 compared with SD controls, further 
indicating a metabolic change associated with the degen-
erating photoreceptors.

Fig. 2.  Retinal histology analysis  and protection of photoreceptor  cell death  in FTY720-treated P23H-1 
rats. A: Spider plot generated from quantitative morphometric measurement of average ONL thickness in 
each strain/treatment combination (±SE) using H and E-stained slides from P45 rat retinas. B: Graph of 
inferior and superior ONL thickness averages (±SE). Inferior data are the average of the five points closest 
to the ONH on the inferior side; superior is measured in the same manner on the superior side. Representa-
tive images of H and E-stained retinas: vehicle-treated SD rat control (C), FTY720-treated SD rat control (D), 
vehicle-treated P23H-1 rat (E), and FTY720-treated P23H-1 rat (F). FTY, FTY720; GCL, ganglion cell layer; 
INL, inner nuclear layer; IPL, inner plexiform layer; ONH, optic nerve head; OPL, outer plexiform layer; 
P23H, P23H rhodopsin mutant strain 1; PR, photoreceptor; VH, vehicle. ** P < 0.01, compared with vehicle 
treatment in the same strain; Student’s t-test (n = 8–10).
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in absolute composition of various species of Cer in P23H-1 
retina compared with SD retina (Table 1).

We further analyzed the changes in relative composi-
tion  of  the  major  Cer  species  in  P23H-1  retina.  Relative 
composition of long-chain Cers (22:0; 24:1; 24:0) increased 
from 13 mol % (4% + 6% + 3%) to 19 mol % (5% + 9% + 
5%) in P23H-1 retina (supplementary Figure 1A vs. E), out 
of  which  22:0  and  24:0  was  reduced  by  1%  each  after 
FTY720 treatment (supplementary Figure 1E vs. F).

We found a similar trend in the relative compositions of 
various Cer species in P45 P23H-1 retina. The proportion 
of shorter-chain Cers (C16:0 and C18:0) decreased (75% 
to 68%) and  the proportion of  long-chain Cers  (C20:0–
C24:0) increased (25% to 32%) (supplementary Figure 1C 
vs. G). Long-term FTY720 treatment did not affect the 
relative composition of Cers in the SD retinas (supplemen-
tary  Figure  1C  vs.  D);  however,  it  modified  the  ratio  in 
P23H-1 retina (68% to 72% short-chain Cers and 32% to 
28% long-chain Cers) (supplementary Figure 1G vs. H).

Composition of Hex-Cer species. As seen for the total 
amount of Hex-Cer the  levels of all  the major species of 

prevent it beyond a certain point, which could be due to 
the generation of Cer from other pathways that contrib-
uted to the cell death.

Analysis of individual sphingolipid species
There are many species of Cer and its metabolites in a 

cell (31). Accumulating evidence suggests varied roles of 
different species of Cer and its metabolites. In order to 
determine whether any particular species, metabolite, or  
a group of species play a major role in the photoreceptor 
degeneration process, we evaluated the absolute and  
relative composition of major species of Cer, Hex-Cer, 
and SM.

Composition of Cer species. As seen for the total amount 
of Cer,  the  levels of major species of Cer  in P23H-1 P22 
retina were also analyzed (Table 1). FTY720 treatment ap-
pears to have reduced the levels of each species of Cer: 
saturated or monounsaturated, short-chain or long-chain. 
However, due to higher variability and lower sample num-
bers, the data did not reach a statistically significant level 
(Table 1; P < 0.01, n = 4). At P45, we did not see a difference 

Fig. 3.  Analysis of retinal sphingolipids in P23H-1 and SD rat retina at age P22 and P45. Retinas were harvested from rats at P22 and P45, 
processed to collect sphingolipids, and analyzed using LC/MS/MS. Data represented as total pmol/mg of each lipid category in each 
strain/treatment combination. The “#” indicates significant change in P23H-1 retina from SD retina, and “*” indicates significant change 
after FTY720 treatment (P < 0.01, n = 4). A: Analysis of retinal Cers. P23H-1-FTY was significantly different from SD-FTY at P22. B: Analysis 
of retinal Hex-Cers. P23H-1-V was significantly different from SD-V and P23H-1-FTY at P22. C: Analysis of retinal SMs. P23H-1-V was signifi-
cantly different from SD-V and P23H-1-FTY at P22; P23H-1-V and P23H-1-FTY were significantly different from their SD controls, and SD-
FTY was significantly different from SD-V at P45. D: Analysis of retinal S1P. P23H-1-V had significantly greater S1P compared with SD-V, 
while P23H-1-FTY had significantly lower S1P compared with P23H-1-V at P22; P23H-1-V and SD-FTY had significantly reduced S1P com-
pared with SD-V at P45. SD-FTY, FTY720-treated Sprague-Dawley rats; SD-V, vehicle-treated Sprague-Dawley rats.
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reversed the ratio of both short-chain and long-chain SM 
in P23H-1 retina (supplementary Figure 3E vs. F).

From the SM data at P45 (supplementary Figure 3C, D, 
G, H), it appears that long-term treatment with FTY720 
did not have much effect in the relative species distribu-
tion in both P23H-1 and SD retina.

In  summary,  we  detected  significant  changes  in  the 
sphingolipid levels in the early stages of degeneration in 
P23H-1  retina. This  is  true  for  all  three major  classes of 
sphingolipids: Cers, Hex-Cers, and SM. By compositional 
analysis, we found a reduction in shorter-chain species of 
these lipids and an increase in longer-chain species in the 
P23H-1 retinas. Systemic FTY720 reduces the difference by 
increasing the shorter-chain species and decreasing the 

Hex-Cer were also higher in P23H-1 retina at P22 (Table 2; 
P < 0.01, n = 4). Treatment of FTY720 reduced the levels of 
most of these species such as C16:0, C20:0, C22:0, C24:1, 
C24:0, C26:1, and C26:0 (Table 2; P < 0.01, n = 4). Long-
term FTY720 treatment appeared to affect the synthesis of 
Hex-Cers species in SD retinas but not in P23H-1 retinas at 
P45 (Table 2).

The  relative  compositional  change  in  Hex-Cer  also 
showed a similar pattern as found for Cer species; at P22, 
the relative mole % of shorter-chain species (16:0 + 18:0 + 
C20:0)  of  Hex-Cers  reduced  in  P23H-1  retina,  (54%  to 
46%),  the relative composition of  the  longer-chain Hex-
Cers (22:0, 24:1, and 24:0) were increased (46% to 54%) 
(supplementary Figure 2A vs. E), and FTY720 treatment 
reduced the difference in P23H-1 retina (supplementary 
Figure 2E vs. F).

From  the Hex-Cer data at P45 (supplementary Figure 
2C, D, G, H),  it  appears  that P23H-1 retinas had higher 
levels of short-chain Cers and long-term treatment with 
FTY720  did  not  affect  the  ratio  in  both  P23H-1  and  SD 
retina.

Composition of SM species.  Like Cer and Hex-Cers, most 
of  the  species of SM were  increased  in P23H-1  retina at 
P22 and at P45, and treatment of FTY720 had reduced the 
levels of some species of SM at P22 but not at P45 (Table 3; 
P  <  0.01,  n  =  4).  Very  interestingly,  the  long-term  treat-
ment of FTY720 reduced the levels of the total as well as all 
major species of SM in SD retina (Table 3; P < 0.01, n = 4).

When we analyzed relative composition, at P22 we found 
downregulation of the shorter-chain SM species (C16:0 + 
C18:0), which is reduced from 63% to 56% in P23H-1 ret-
ina,  and  a  similar  increase  in  long-chain  SM  (C20:0  + 
C22:0 + C24:1 + C24:0) (37% to 44%), which is more simi-
lar to changes in its precursors Cers (supplementary Fig-
ure 3A vs. E). FTY720 treatment did not change the relative 
composition of SM in P22 SD retina; however,  it  slightly 

Fig. 4.  Compositional analysis of the major classes of sphingolipids in P23H-1 and SD rat retina at age P22 and P45. Retinas were har-
vested, processed to collect sphingolipids, and analyzed using LC/MS/MS. Pie charts developed from compositional analysis of the total 
amount of three major classes of sphingolipids (Cers, Hex-Cers, and SMs) in respective strain/treatment combinations. P23H-P22, 22-day-
old P23H-1 rhodopsin mutant rats; P23H-P45, 45-day-old P23H-1 rhodopsin mutant rats; SD-P22, 22-day-old Sprague-Dawley rats; SD-P45, 
45-day-old Sprague-Dawley rats.

Fig. 5. Assay for acid and neutral SMases. Activity of aSMase and 
nSMase is represented in pmol of product formed/min/mg of pro-
tein relative to SD-V control. * P < 0.05 with respect to treatment 
with vehicle versus FTY720, # P < 0.05 with respect to strain differ-
ences  in  equivalent  treatment  conditions;  Student’s  t-test  (n  =  4 
samples/group).
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when treated with FTY720 (Fig. 6C; P < 0.05). The expres-
sion of SM synthesis gene, Sms1 (sphingomyelin synthase 
1), was significantly higher in P23H-1 retina from SD reti-
nas, which was downregulated by FTY720 treatment (Fig. 
6C; P <  0.05).  Similarly,  expression  of  the  glucosylce-
ramide synthesis gene, Gcs (glucosylceramide synthase), 
or UDP-glucose ceramide glucosyltransferase and gluco-
sylceramide hydrolyzing gene Gba (glucosidase  acid) 
were  increased  significantly  in  P23H-1  rats  compared 
with  those  in  SD  rats  (Fig.  6C;  P < 0.05), and FTY720 
treatment reduced the expression of Gba in P23H-1 (Fig. 
6C; P < 0.05). We found no changes in the expression of 
major Cer degrading enzyme Asah1  in P23H-1 rats, but 
the expression of Sphks (sphk1, sphk2) were significantly 
upregulated  in  P23H-1  retinas,  which  were  reduced  by 
FTY720  treatment  (Fig.  6D;  P < 0.05). We analyzed 
marker genes for apoptosis [Fos-like antigen 1 (FosL1)] 
and retinal stress (Gfap1) and, as expected, we found sig-
nificant upregulation of their expression in P23H-1 ret-
ina (Fig. 6D; P < 0.05). We also verified few marker genes 
of  inflammatory  pathway  such  as  Il1b, Cxcl10, Il6, Ccl2, 
and Icam1 and found the relative expression of cytokine 
genes Cxcl10 and Ccl2 are significantly higher in P23H-1 
retina  compared  with  SD  retinas;  however,  long-term 

long-chain species. This particular effect of FTY720 on 
retinal  sphingolipids  was  maintained  to  some  extent  in 
long-term treatment even in control SD rats.

Assessment of sphingolipid pathway genes
To identify the mechanism of FTY720 in the SD and 

P23H-1 rat retina, we investigated changes in gene expres-
sion and the activity of major Cer biosynthetic enzymes. In 
Fig. 6A, we show a simplified pathway of Cer biosynthesis 
in mammalian tissue. We performed detailed gene expres-
sion analysis of the Cer metabolic genes (Fig. 6B–D) by 
qRT-PCR. When we analyzed the expression of genes in-
volved in de novo biosynthesis of Cer, such as Spt1 (serine 
palmitoyl transferase 1), Spt2, CerS2, and CerS4, we found 
expression of both Spt were significantly higher in P23H-1 
rats compared with SD rats, whereas CerS4 had an opposite 
pattern (Fig. 6B; P < 0.05). In P23H-1 retinas, we observed 
a  significant  reduction  in  the  expression  of  Spt2, CerS2, 
and CerS4 after treatment with FTY720 compared with 
vehicle-treated controls (Fig. 6B; P < 0.05). We then analyzed 
expression  of  genes  that  encode  enzymes  for  complex 
sphingolipid synthesis and degradation. We observed the 
expression  of  Smpd1 (sphingomyelin phosphodiesterase 
1) or aSMase in P23H-1 retinas was significantly reduced 

TABLE  1.  Composition of Cers from P23H-1 and SD retina at P22 and P45

Cer Species

P22 P45

SD-VH SD-FTY P23H-VH P23H-FTY SD-VH SD-FTY P23H-VH P23H-FTY

C14:0 1.71 ± 0.24 1.53 ± 0.19 3.54 ± 0.71a 3.25 ± 0.23 0.74 ± 0.15 0.59 ± 0.08 1.14 ± 0.04 1.32 ± 0.29
C16:0 82.08 ± 13.89 80.43 ± 11.06 119.76 ± 28.62 109.65 ± 7.51 55.42 ± 6.34 49.58 ± 5.96 40.56 ± 2.86 54.16 ± 12.25
C18:1 1.04 ± 0.12 0.91 ± 0.08 1.91 ± 0.53 1.67 ± 0.11 0.59 ± 0.06 0.45 ± 0.07 0.49 ± 0.04 0.63 ± 0.13
C18:0 128.52 ± 19.49 135.31 ± 21.32 218.51 ± 55.62 197.14 ± 16.19 119.10 ± 16.56 90.35 ± 16.08 92.41 ± 3.58 116.35 ± 25.84
C20:0 40.28 ± 6.06 37.18 ± 4.93 64.61 ± 12.74a 53.69 ± 2.88 26.61 ± 1.60 26.12 ± 6.20 26.37 ± 2.24 30.57 ± 8.25
C22:0 10.83 ± 1.56 11.11 ± 2.05 22.72 ± 3.55a 17.39 ± 0.90 7.07 ± 0.34 6.69 ± 1.48 8.13 ± 0.91 7.96 ± 1.64
C24:1 18.70 ± 2.14 17.65 ± 1.59 45.26 ± 6.29a 37.93 ± 1.62 15.74 ± 2.26 12.60 ± 2.86 21.28 ± 3.09 20.29 ± 3.39
C24:0 7.96 ± 1.26 8.05 ± 1.55 21.67 ± 2.78a 16.39 ± 1.19 5.70 ± 0.60 5.04 ± 1.04 6.41 ± 0.83 6.37 ± 1.41
C26:1 0.15 ± 0.01 0.15 ± 0.02 0.30 ± 0.04a 0.24 ± 0.01 0.12 ± 0.0 0.07 ± 0.01 0.11 ± 0.01 0.11 ± 0.01
C26:0 0.01 ± 0.00 0.01 ± 0.00 0.02 ± 0.00a 0.01 ± 0.00b 0.12 ± 0.03 0.07 ± 0.00 0.06 ± 0.01 0.06 ± 0.01
Total 291.30 ± 44.54 292.33 ± 42.11 498.29 ± 106.04a 437.37 ± 28.63 231 ± 22.70 191.56 ± 30.83 196.97 ± 12.13 237.83 ± 52.14

Rat pups are treated with FTY720 or vehicle (VH) starting at P10 and continued till harvest at P22 or P45. Absolute quantification (pmol/mg 
of tissue) values (mean ± SE) presented for each species. 

a  Indicates significant change in P23H-1 retina from SD retina (P < 0.01, n = 4). 
b  Indicates significant change after FTY720 treatment (P < 0.01, n = 4).

TABLE  2.  Composition of Hex-Cers from P23H-1 and SD retina at P22 and P45 

Hex-Cer Species

P22 P45

SD-VH SD-FTY P23H-VH P23H-FTY SD-VH SD-FTY P23H-VH P23H-FTY

C14:0 0.06 ± 0.01 0.07 ± 0.01 0.10 ± 0.01 0.08 ± 0.01 0.27 ± 0.03 0.22 ± 0.02 0.37 ± 0.08 0.38 ± 0.07
C16:0 1.38 ± 0.13 1.11 ± 0.05 3.14 ± 0.24a 2.37 ± 0.23b 38.46 ± 1.4 31.69 ± 0.39b 52.92 ± 2.16a 54.56 ± 1.18
C18:1 0.11 ± 0.01 0.11 ± 0.01 0.16 ± 0.04a 0.19 ± 0.03 0.25 ± 0.02 0.20 ± 0.02 0.31 ± 0.05 0.31 ± 0.05
C18:0 4.27 ± 0.53 3.50 ± 0.27 7.94 ± 1.53a 6.13 ± 0.27 17.16 ± 0.64 14.15 ± 0.18b 20.04 ± 0.29 19.39 ± 0.38
C20:0 2.87 ± 0.60 2.32 ± 0.46 6.30 ± 0.42a 4.53 ± 0.43b 10.45 ± 0.22 8.60 ± 0.34b 12.91 ± 0.33 13.39 ± 0.23
C22:0 3.19 ± 0.77 2.47 ± 0.62 8.21 ± 0.73a 4.83 ± 0.47b 9.58 ± 0.38 7.26 ± 0.17b 9.85 ± 0.35 9.46 ± 0.37
C24:1 0.88 ± 0.11 0.69 ± 0.14 2.85 ± 0.44a 1.83 ± 0.19b 17.94 ± 0.87 13.66 ± 0.47b 17.45 ± 0.34 16.12 ± 0.15
C24:0 3.48 ± 0.65 2.65 ± 0.62 9.06 ± 0.79a 6.08 ± 0.42b 13.73 ± 1.47 9.79 ± 0.68b 12.67 ± 0.16 11.47 ± 0.5
C26:1 0.02 ± 0.00 0.02 ± 0.01 0.06 ± 0.00a 0.04 ± 0.00b 0.72 ± 0.01 0.06 ± 0.00 0.10 ± 0.00 0.11 ± 0.00
C26:0 0.04 ± 0.01 0.03 ± 0.01 0.12 ± 0.01a 0.07 ± 0.01b 0.04 ± 0.00 0.04 ± 0.00 0.05 ± 0.00 0.05 ± 0.00
Total 16.30 ± 2.77 12.99 ± 1.86 37.94 ± 2.60a 26.15 ± 1.67b 107.95 ± 4.78 85.68 ± 1.35b 126.67 ± 2.54 125.27 ± 1.95

Rat pups are treated with FTY720 or vehicle (VH) starting at P10 and continued till harvest at P22 or P45. Absolute quantification (pmol/mg 
of tissue) values (mean ± SE) presented for each species. 

a  Indicates significant change in P23H-1 retina from SD retina (P < 0.01, n = 4–6).
b  Indicates significant change after FTY720 treatment (P < 0.01, n = 4–6).
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DISCUSSION

Sphingolipids are a family of membrane lipids with im-
portant  structural  roles  in  the  regulation  of  the  fluidity 
and subdomain structure of the lipid bilayer, especially 
lipid rafts (32, 33); they also have crucial functional roles 
in receptor function, membrane conductance, cell-cell in-
teractions, and the internalization of pathogens (16, 34). 
But their role in signaling has received wider attention in 
the last two decades since the discovery of Cer as a media-
tor of apoptotic cell death and S1P for cellular differentia-
tion, migration, and protection from cell death (16, 17, 
35, 36). It is now an established fact that bioactive sphingo-
lipids, such as Cer, C1P, Sph, and S1P, maintain homeosta-
sis at the cellular level as well as at tissue and system level 
by regulating cell growth, apoptosis, inflammation, fibro-
sis, angiogenesis, and so on (15, 16, 35, 37). The processes 
of apoptotic cell death is integral to major retinal diseases 
including RP, Stargardt’s disease, Leber’s congenital am-
aurosis,  and  AMD  (38–41).  Recent  evidence  suggests  a 
strong correlation between Cer signaling and survival and 
homeostasis of photoreceptor and RPE cells (8, 42–48). In 
this study, we found significant alterations in the sphingo-
lipid profile in P23H-1 rat retina at early age points (P22) 
when their photoreceptors begin to degenerate. Subse-
quently,  early  administration of  the  sphingolipid  synthe-
sizing and signaling modulator FTY720 was found to 
preserve the photoreceptors and delay the degeneration 
by restabilizing the sphingolipid profiles to some extent, 
thus supporting the fact that breakdown of the sphingo-
lipid rheostat is associated with RD in this genetic rat 
model of human RDs. We previously determined that Cer 
levels increased in the rat model of light-induced RD be-
fore the start of active apoptosis, which could be reduced 
by systemic administration of FTY720 (8). Besides this, an 
increase in Cer levels has been shown in rd10 mice, which 
was associated with the progression of photoreceptor cell 
death. Inhibition of de novo Cer biosynthesis by myriocin 
in rd10 mice prevented the progress of retinal cell death 
(45). Further,  involvement of Cer has been shown to be 
associated with a gradual loss of photoreceptor cells in an 
experimental model of retinal detachment in rabbits (38). 

FTY720 did not block this increase (supplementary Fig-
ure 4; # P < 0.05).

In  summary,  the  gene  expression  profile  of  sphingo-
lipid metabolic genes largely correlated with sphingolipid 
profiles:  the  expression  of  the  gene  for  an  enzyme  that 
increased in P23H-1 retina, correlated with the increase in 
metabolic product (lipid) of that particular enzyme, also 
increased, and the gene expression of which that had sup-
pressed by FTY720 administration was well correlated with 
the decrease of their products.

IHC analysis of marker proteins
We analyzed the four groups of retinas from P35 rats for 

the photoreceptor markers, Müller cell and astrocyte 
markers, and S1P pathway proteins. SD and P23H-1 rat 
retinal sections in which the rhodopsin protein was  
detected after labeling with anti-rhodopsin antibodies 
(green) and cone outer segments were labeled with pea-
nut agglutinin (Red). SD rats treated systemically with 
FTY720 seem to have no effect on rhodopsin and cone 
outer segment labeling and localization of these outer seg-
ment proteins (Fig. 7A,  B).  In  P23H-1  retina  rhodopsin 
mislocalization to the ONL was detected (Fig. 7C, D); how-
ever, the cone morphology appears to be normal. Serial 
retinal sections labeled with GS (green) and GFAP (red) 
in Fig. 7E–H. There was no change found in GS labeling in 
the P23H-1 retinas (Fig. 7G, H); however, GFAP expres-
sion  and  labeling  markedly  increased  in  P23H-1  retinas 
(Fig. 7G), and treatment of FTY720 reduced that expres-
sion (Fig. 7H). The serial sections were further labeled 
with SPHK2 (green) and ASAH1 (red) antibodies (Fig. 
7I–L). No detectable changes in the labeling and local-
ization of these sphingolipid metabolic marker proteins 
were detected in P23H-1 retinas and retinas from FTY720-
treated rats. In summary, IHC studies indicated no ad-
verse effect of FTY720 on the structure of major retinal 
cells in SD rats. Mislocalization of rhodopsin was appar-
ent in P23H-1 retina but no change in cone opsin local-
ization. Neuronal stress protein labeling was higher in 
P23H-1 retina, which appears to be decreased by FTY720 
treatment.

TABLE  3.  Composition of SM from P23H-1 and SD retina at P22 and P45 

SM Species

P22 P45

SD-VH SD-FTY P23H-VH P23H-FTY SD-VH SD-FTY P23H-VH P23H-FTY

C14:0 1.91 ± 0.09 2.05 ± 0.35 2.28 ± 0.11 2.18 ± 0.14 5.23 ± 1.13 3.38 ± 0.60 2.73 ± 0.76 2.88 ± 0.45
C16:0 53.49 ± 4.12 57.69 ± 2.91 79.39 ± 6.69a 66.84 ± 3.78b 270.26 ± 8.11 218.76 ± 9.69b 136.08 ± 22.08a 151.04 ± 16.47
C18:1 4.32 ± 0.32 4.35 ± 0.53 7.27 ± 0.54a 5.20 ± 0.59 15.00 ± 1.33 9.55 ± 0.88b 8.82 ± 1.60a 8.86 ± 1.38
C18:0 59.44 ± 6.29 61.98 ± 4.01 87.31 ± 13.34a 68.61 ± 4.37b 290.00 ± 25.24 224.17 ± 7.92 182.13 ± 39.14a 202.01 ± 20.33
C20:0 27.75 ± 2.02 29.45 ± 2.26 39.89 ± 2.65a 31.05 ± 2.2 101.13 ± 7.76 78.81 ± 10.78 61.15 ± 10.70a 64.08 ± 6.3
C22:0 13.35 ± 1.60 12.62 ± 1.53 25.45 ± 1.56a 15.82 ± 1.16b 45.60 ± 5.00 37.19 ± 10.77 30.05 ± 4.60 25.22 ± 5.92
C24:1 14.71 ± 1.18 13.66 ± 1.49 33.93 ± 2.97a 17.48 ± 1.74b 67.97 ± 1.07 41.13 ± 10.75b 40.82 ± 5.03a 38.08 ± 7.40
C24:0 12.02 ± 1.48 11.23 ± 1.70 27.13 ± 3.37a 15.65 ± 1.81 33.68 ± 4.96 27.42 ± 3.39 25.49 ± 3.80a 24.52 ± 7.02
C26:1 0.22 ± 0.02 0.19 ± 0.02 0.46 ± 0.05a 0.26 ± 0.08b 0.94 ± 0.22 0.45 ± 0.07b 0.46 ± 0.07a 0.49 ± 0.09
C26:0 0.32 ± 0.03 0.31 ± 0.02 0.62 ± 0.08a 0.51 ± 0.07 0.54 ± 0.14 0.38 ± 0.06 0.30 ± 0.05a 0.28 ± 0.08
Total 187.52 ± 16.78 193.55 ± 12.92 303.74 ± 15.69a 223.60 ± 14.35b 830.35 ± 23.17 641.24 ± 41.51b 488.05 ± 6.05a 518.37 ± 62.51

Rat pups are treated with FTY720 or vehicle (VH) starting at P10 and continued till harvest at P22 or P45. Absolute quantification (pmol/mg 
of tissue) values (mean ± SE) presented for each species. 

a  Indicates significant change in P23H-1 retina from SD retina (P < 0.01, n = 4). 
b  Indicates significant change after FTY720 treatment (P < 0.01, n = 4).
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There is more evidence of Cer’s association of retinal cell 
death from in vitro cell culture studies and studies on Dro-
sophila (42, 47, 49). This study with P23H-1 rats provides 
further evidence that alteration of Cer and other sphingo-
lipid metabolites occurs during RD and their modulation 
by FTY720 can prevent degeneration. We therefore conclude 
that 1) upregulation of Cer and its metabolites in the de-
generating retina may be a common event secondary to 
stress or genetic mutation leading to RD; 2) these metabo-
lites can serve as second messengers involved in photore-
ceptor cell death; 3) inhibiting these second messengers 
could  have  therapeutic  benefits,  and  4) U.S. Food and 
Drug Administration (FDA)-approved drug FTY720 or  
its derivatives could be developed as novel therapeutics 
for RD diseases, as this can modulate the sphingolipid 
profile  of  the  damaged  or  diseased  retina  by  systemic 
administration.

P23H rats are a commonly used model for studying the 
dominant form of RD because they carry the most fre-
quent mutation in adRP in the United States (41). P23H 
rats express rhodopsin transgene with a single amino acid 
substitution  at  codon  23,  which  leads  to  rhodopsin  mis-
folding, endoplasmic reticulum stress, and activation of 
the unfolded protein response, which eventually leads to 
rod photoreceptor degeneration (50, 51). This is the first 
report  of  sphingolipid  profile  in  P23H-1  retina.  Unlike 
our previous study on light-induced retinal degeneration 
samples where only the Cers and lyso-phosphatidic species 
of Sphs were analyzed, here we included the Hex-Cer spe-
cies and SM. SMs are the major class of sphingolipids in 
most tissues including the neural tissues, which are pres-
ent in the membrane. In adult retina, they comprise >70% 
of the total nonsialylated sphingolipids (52). The P45 ret-
ina from SD rats confirms this composition; however, the 
ratio of SM to simpler Cers (Cer and Hex-Cers) is reduced 
in P23H-1  retina  (Fig. 4). We  found  the composition of 
major sphingolipids in P22 retina is very different with 
higher percentage of Cer and Hex-Cer compared with P45 
in both SD and P23H-1 rats (Fig. 4).

Absolute  quantification,  however,  indicated  the  accu-
mulation of sphingolipid metabolites, Cer, the key compo-
nent of all sphingolipids, and more profoundly the 
metabolites that are generated from Cers such as Hex-Cer, 
SM,  and S1P  in P22 P23H-1  retina. Numerous pieces of 
evidence indicate that Cer, the core lipid of sphingolipid 
metabolism, is a key factor in apoptotic cell death (16). 
Various  external  stressors,  such  as  chemotherapeutic 
agents, heat, UV radiation, and lipopolysaccharides have 
been shown to increase intracellular Cer levels and signal 
for cell death (53). Accumulation of Cer itself but more of 
its products in P23H-1 retina might indicate an upregulation 

Fig. 6.  Expression  analysis  of  major  sphingolipid  metabolic 
genes. A: A representative flow chart of the major metabolic steps 
for generation of cellular Cers and conversion of Cers to other 
complex  sphingolipids.  The  enzymes  for  each  step  were  repre-
sented by the symbols of their respective genes. B: Expression of 
major enzymes involved in de novo Cer synthesis. Each sample in-
cluded consisting of three independent qRT-PCR experiments that 
were  averaged  and  normalized  against  two  housekeeping  genes; 
relative expression represented as ±SE. Data represented relative 
to SD-V control, which is considered as 100. C: Expression of genes 

involved  in  complex  sphingolipid  synthesis  from  Cer  and  break-
down. D: Expression of downstream Cer catabolic genes and stress 
response enzymes. FosL1,  Fos-like  antigen  1;  Gcb, glucosidase . 
* P < 0.05 with respect to vehicle treatment versus FTY; # P < 0.05 
with  respect  to  strain  differences  in  equivalent  treatment  condi-
tions; Student’s t-test (n = 4 samples/group).
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significant increase in the long-chain species and decrease 
in shorter-chain species in P23H-1 retina. Treatment with 
FTY720 could rebalance the ratio by reducing the long-
chain and increasing the short-chain species (supplemen-
tary Figures 1–3). Cellular Cers are synthesized by CerSs, 
and  the chain  length depends on  the activity of  specific 
CerSs.  So  far,  six different mammalian CerSs  (CerS1–6) 
have  been  described.  CerS1  synthesizes  mainly  C18-Cer, 
CerS4  synthesizes  C18-/C20-/C24-Cer,  CerS5  and  CerS6 
synthesize  mostly  C14-/C16-/C18-Cer,  CerS2  synthesizes 
preferentially  C22-/C24-Cer,  and  CerS3  synthesizes  very 
long  chain  Cers  (>C26-Cer)  (55–58).  CerS1  and  CerS4 
have higher expression in neural tissue (56), and our ex-
pression studies in rat and mouse retina confirm relatively 
higher expression of CerS1, CerS2, and CerS4 in the ret-
ina (data not shown). CerS1 and CerS4 are specific to syn-
thesis  of  Cers  with  chain  length  C18–20  and  CerS2  for 
C20–26. Numerous cell culture studies suggest that short-
chain Cers, especially, C16, are proapoptotic, and long 
chains such as C22:0, C24:0, and C24:1 are antiapoptotic 
or pro-proliferative (59–62). Increases in long-chain species 
in P23H-1 retina could therefore be a cellular response to 
counter the apoptosis of photoreceptor cells that is in-
duced by genetic mutation, ER stress, and activation of the 
unfolded protein response. Cer signaling, however, is very 
complex, the intricacies within the roles of various chain-
length Cers, Hex-Cers, and SM are not known. It has been 
reported that in brain tissue samples from Alzheimer’s dis-
ease  (AD)  patients,  the  abundance  of  C18:0  and  C24:0 
Cers increase with disease severity, whereas the levels of 
C16, C20, and C22 Cers remain unchanged (63). This may 
indicate, in AD patients, either the activity or the expres-
sion levels of CerS1 and CerS2 increase with disease sever-
ity. In vitro data demonstrate that, in cultured hippocampal 

of the genes for enzymes that use Cer as a substrate, which 
could be a cellular survival response to maintain the non-
toxic level of Cer. FTY720 is known to inhibit Cer synthase 
and block Cer synthesis in the de novo pathway, but it  
is not known for any action on the enzymes in the Cer-
catabolic pathway. The reducing trend found in Cer and sig-
nificant reduction in Hex-Cer, SM, and S1P upon FTY720 
treatment might also suggest the above hypothesis that 
FTY720 inhibited Cer synthesis, which eventually reduced 
Cer metabolic products. However, no change in Cer level 
upon FTY720 treatment indicates there may be other 
pathways of Cer generation being activated such as the 
SMase pathway (Fig. 6A). We indeed observed increase in 
nSMase activity P23H-1 retina; FTY720 treatment could re-
duce this activity to some extent (albeit not to the normal 
level), but at the same time increased aSMase activity, 
which maintained the higher levels of Cer in P23H-1 ret-
ina (Fig. 5). Hex-Cer and SM are more important as mem-
brane components but less connected with biological 
activity, unlike Cer and S1P, which are highly bioactive. 
There is evidence that S1P can reduce Cer generation by 
inhibiting  Cer  synthase  in  a  feedback  mechanism  (54). 
Thus,  the changes  in  the major sphingolipids  in P23H-1 
retina indicate a cellular response associated with the dys-
regulation of sphingolipids, which could be acting as sec-
ondary metabolites in the process of retinal cell death. 
The rebalance of this change of sphingolipids by FTY720 
thus explains how this could prevent cell death and delay 
the degeneration of P23H-1 retina.

There could be hundreds of sphingolipid species in a 
cell depending on the fatty acid chain length, presence 
and number of double bonds, and the modification in the 
head  group  (31).  When  we  investigated  the  composi-
tion of major Cer, Hex-Cer, and SM species, we found a 

Fig. 7. IHC analysis of rat retina for photoreceptor markers, Müller cell and astrocyte markers, and S1P 
pathway markers. A–D: Rhodopsin (RHO, green) and peanut agglutinin (PNA, red). A: SD rat retinal sec-
tion in which the rhodopsin protein was detected after labeling with anti-rhodopsin antibodies (green) and 
cone outer segments were labeled with PNA (Red). B: SD rats treated systemically with FTY720. C: P23H-1, 
vehicle-treated retinas. D: P23H1 FTY720-treated retinas. E–H: Same series of retinal sections labeled with 
GS (green) and GFAP (red). I–L: Same series of retinal sections labeled with SPHK2 (green) and ASAH1 
(red). 
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of major enzymes, and we believe FTY720 interfered in 
both the gene expression level and enzyme activity. FTY720-
mediated neuroprotection is documented well in many 
recent publications including our previous publication  
(8, 67–71). The minute details of how FTY720 influenced 
retinal gene expression and enzyme activity  for sphingo-
lipid biosynthesis needs to be demonstrated in future stud-
ies. It must be noted that during clinical trials for multiple 
sclerosis high dose of FTY720 caused macular edema in 
some patients, which is usually a manifestation of nonspe-
cific  inflammation  in  the  retina  (11).  However,  further 
studies using high resolution SD-OCT has led to the find-
ing of a 4.7% incidence of microcystic macular edema in 
patients with multiple sclerosis, none of whom were on 
FTY720 therapy (72). We believe that modulation of reti-
nal sphingolipids in healthy eyes may cause inflammation, 
the mechanism of which is not very clear. However, in dis-
ease states where there is a dysregulation of sphingolipids, 
FTY720 can effectively rebalance the level. Therefore, from 
the therapeutic development point of view, the potential 
for FTY720 use in RD could still be very high. Because of 
the highly heterogeneous nature of the disease, there is a 
lack of specific targets for developing preventative and cu-
rative therapies for RDs. Increases in Cer and its metabo-
lites being a secondary event could be common in more 
than one form of RD that occurs from mutations in many 
diverse genes. Our data clearly indicate that FTY720 can 
modulate the sphingolipid metabolism in the retina and 
thus provide a potential therapeutic option to explore and 
develop for retinal degenerative diseases using this FDA-
approved drug and related compounds.
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neurons exposed to amyloid 1-42, the levels of C18:0 and 
C24:0 Cer increased. These could be inhibited by blocking 
Cer production using myriocin (an inhibitor of Spt, the 
rate-limiting step in de novo sphingolipid synthesis) (63). 
In cultured osteoblasts, the induction of apoptosis by so-
dium nitroprusside causes C22:0, C24:0, and/or C24:1 Cer 
levels to increase, whereas other Cer species are unaf-
fected (64). To clarify the impact of other Cers in ionizing 
radiation (IR)-induced apoptosis, Mesicek et al. (65) de-
termined the levels of Cers in HeLa cells after IR treat-
ment  and  found  increased  levels  of  C16:0,  C24:0,  and 
C24:1 Cers, probably due  to enhanced CerS activity, be-
cause these effects could be blocked by the CerS inhibitor 
fumonisin B1. These data suggest an association of long-
chain Cers with apoptosis; however,  the  specific  roles of 
these in the process of cell death are yet to be identified.

Cers are synthesized mainly by two pathways: the de 
novo pathway and the breakdown from complex sphingo-
lipids, SM, and glycosyl ceramides. As evidenced in the 
past and our studies in the retina, the Cer species that are 
induced to cause apoptosis are produced through the de 
novo pathway (8, 56). FTY720 is a de novo Cer synthesis 
inhibitor; FTY720 can inhibit all of the six CerS isozymes 
with CerS4 being the  least  inhibited (9, 10, 23).  In vitro 
kinetic studies suggest that FTY720 is a potent and com-
petitive inhibitor of CerS2 compared with classical CerS 
inhibitor fumonisin B1 to inhibit the de novo biosynthesis 
of 24:1 and 24:0 Cers (9). Our in vivo studies in rats cor-
relate with this notion; systemic FTY720 reduced the levels 
of C24:0 and C24:1 in both P23H-1 and SD rat retina (sup-
plementary Figures 1–3 and Tables 1–3) most probably by 
inhibiting CerS2 activity.

Gene  expression  analysis  correlated  with  the  sphingo-
lipid profiles of the P23H-1 retina and the effect of FTY720 
(Fig. 6). Expression of the very first enzymes for de novo 
Cer biosynthesis (Spt1, Spt2) were  significantly higher  in 
the P23H-1 retina; however, a reduction of the mRNA of 
the enzymes in the immediate following step (CerS2, CerS4) 
may be associated to reduce the flux of de novo Cer. In-
crease in Sms1 and Gcs might have caused the increase in 
SM and Hex-Cer and the reduction in Smpds, thus prevent-
ing the breakdown of the accumulated SM (Fig. 6). Simi-
larly, significant increases in the expression of Sphks might 
be associated with the increase in the levels of S1P. FTY720 
treatment  reduced  the  expression  of  most  of  the  genes 
that are associated with the increase in the levels of en-
zymes involved in Cer and S1P generation that are known 
to be potent signaling sphingolipids, such as Spt2, CerS2, 
CerS4, Smpd1, Gcb, and Sphks (Fig. 6). We found a signifi-
cant  increase in nSMase activity (SMPD2) in P23H-1 ret-
ina; however, mRNA expression was not changed (Figs. 5, 
6), which we predict might have contributed in the in-
creased Cer in the retina. Neutral SMase is one of the key 
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specific to neural cells and can be activated by diverse mol-
ecules like TNF,  oxidized  human  LDLs,  and  several 
growth factors (66). Thus, it is apparent that alteration of 
the sphingolipid profile in P23H-1 rat retina resulted from 
significant changes in gene expression as well as the activity 
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