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Abstract

Sphingosine-1-phosphate (S1P) produced by sphingosine kinases (SPHK1 and SPHK?2) is a signaling molecule involved in cell
proliferation and formation of cellular junctions. In this study, we characterized the retinas of Sphkl knockout (KO) mice by
electron microscopy and immunocytochemistry. We also tested cultured Miiller glia for their response to S1P. We found that S1P
plays an important role in retinal and retinal pigment epithelial (RPE) structural integrity in aging mice. Ultrastructural analysis of
Sphkl KO mouse retinas aged to 15 months or raised with moderate light stress revealed a degenerated outer limiting membrane
(OLM). This membrane is formed by adherens junctions between neighboring Miiller glia and photoreceptor cells. We also show
that Sphkl KO mice have reduced retinal function in mice raised with moderate light stress. In vitro assays revealed that exogenous
S1P modulated cytoskeletal rearrangement and increased N-cadherin production in human Miiller glia cells. Aged mice also had
morphological degeneration of the RPE, as well as increased lipid storage vacuoles and undigested phagosomes reminiscent of
RPE in age-related macular degeneration. These findings show that SPHK1 and S1P play a vital role in the structural maintenance
of the mammalian retina and retinal pigmented epithelium by supporting the formation of adherens junctions.
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Introduction Distortion of the integrity of retinal layers is associated with

vision loss in many human blinding diseases, including age-
The mammalian retina is a highly specialized sensory input  related macular degeneration (AMD) and diabetic retinopathy
tissue that is part of the central nervous system and is organized ~ (DR). An important structure of the mammalian retina is the
in laminated layers of neurons. Its proper development and  outer limiting membrane (OLM), also known as the external
maintenance throughout life is required for accurate vision [1]. limiting membrane (ELM). It is formed by the apical processes
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of Miiller cells which attach to one another and to the inner
segments of the photoreceptor cells via continuous heterotypic
tight-like adherens junctions (AJ) [2]. The OLM provides me-
chanical support and maintains homeostasis of photoreceptors in
the outer retinal layer, thus the AJs that are formed in the OLM
play a critical role in maintaining the architecture of the retina [1,
3-5]. Integrity of the OLM is compromised in many human
blinding diseases and the assessment of OLM/ELM structure
with optical coherence tomography (OCT) has become a routine
diagnostic and prognostic measure for AMD, geographic atro-
phy, macular hole, diabetic macular edema, retinal detachment,
and for acute posterior multifocal placoid pigment
epitheliopathy [6-12].

In the retina, the blood-retinal barrier controls the exchange
of molecules and fluids between the retina and the circulatory
system. In the inner retina, this barrier is formed at the retinal
vessels surrounded by pericytes and glial cells, and in the
outer retina by a single layer of retinal pigment epithelial
(RPE) cells. The tight junctions (TJ) located between endo-
thelial cells in retinal vessels and in RPE cells control entrance
of circulating molecules and cells into the retina and thus
confer immune privilege to the eye. Like in other epithelial
cells, junctions in RPE cells are composed by TJ, AJ, and
desmosomes [13].

The sphingolipid sphingosine-1-phosphate (S1P) has
emerged as an important signaling molecule for establishing
junctional complexes in the vascular and neuronal systems,
mainly by activating junctional complexes to form adherens
junctions [14]. Sphingolipid signaling is involved in a multi-
tude of cellular activities including cell migration, cellular ad-
hesion, proliferation, and cell death [15—-18]. S1P, one of the
most studied sphingolipid signaling molecules, is synthesized
from sphingosine by two known kinases, sphingosine kinase 1
and 2 (SPHK1 and SPHK2). SIP is the ligand for five G
protein-coupled receptors (S1P1-5) and mediates cell growth,
adhesion, and migration by activating GTPases like Rac and
Rho. S1P can induce the activation and subsequent transloca-
tion to the plasma membrane of both Rac and Rho in endothe-
lial cells through activation of the G; subunit by any of the five
S1P receptors [19]. Signaling through the S1P1-5 receptors
also releases calcium stores within the cell, aiding in the acti-
vation of Rac signaling and the stabilization of adherens pro-
teins [20]. Indeed, SIP signaling via S1P1 is essential during
development of flow-competent vessels by the activation of
Rac followed by increased vascular endothelial cadherins at
cell junctions [19, 21]. Sip! knockout mice die in utero be-
cause blood vessels fail to form proper barriers and leak [21].
The same is true in double knockout mice for both sphingosine
kinases, resulting in a lack of S1P production and death in
utero due to underdeveloped blood vessels. These mice also
fail to develop a properly functioning nervous system [22].

Breakdown or loss of the integrity of retinal barriers, either
at endothelial junctions, RPE, or at the OLM is associated with

major retinal diseases, such as diabetic macular edema, AMD,
macular hole, etc. Many of these diseases are age-related.
However, the role of S1P and its signaling roles in retinal
structural integrity and controlling the permeability barrier
have not yet been studied. Here, we studied retinal permeabil-
ity barrier components in Sphkl knockout (KO) mice. Sphkl
KO mice are known to have a ~ 50% reduction in S1P levels in
the plasma [22]; however, the magnitude of S1P reduction in
retinal tissue was not known before this study. Our results
indicate that S1P generated by SPHK1 is reduced by ~50%
in the retina too. S1P is necessary in the maintenance of AJs in
the OLM and RPE in aged mice, however, the tight junctions
in these tissues were maintained. Using human MIO-M1
Miiller glia cells, we further show that S1P signaling in retinal
Miiller cells is important in activating the Racl pathway to
increase N-cadherin production and rearrangement of the actin
cytoskeleton for building junctional complexes.

Materials and Methods
Animal Care

All procedures were performed according to the
Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and
Vision Research and the University of Oklahoma Health
Sciences Center Guidelines for Animals in Research.
Wild-type (WT) and Sphkl global KO mice (BALB/c
background) were generated from pigmented mice re-
ceived from Dr. Richard L. Proia (NIDDK, Bethesda,
MD). The mice were born and raised in the Dean A.
McGee Eye Institute vivarium and maintained from birth
under dim cyclic light (5-10 Ix, 12 h on/off, 7 a.m. to 7
p.m. CST) to protect the BALB/c mice from light-induced
retinal degeneration or stress. All WT and Sphkl and
Sphk2 KO mice in the C57BL/6J background were born
and raised in the Dean A. McGee Eye Institute vivarium
and maintained from birth under approved cyclic light
conditions (30-60 Ix, 12 h on/off, 7 a.m. to 7 p.m.
CST). All mice were genotyped for the retinal degenera-
tion mutations rd/ and rd8 to ensure they were not pres-
ent. All procedures, tissue harvests, and methods of eu-
thanasia for mice were reviewed and approved by the
OUHSC Institutional Animal Care and Use Committee
(OUHSC TACUC). Mice were euthanized by carbon diox-
ide asphyxiation before harvesting the eye or retinal tis-
sues. Sphkl and Sphk2 KO mice were gifts from Dr.
Richard L. Proia (NIDDK, Bethesda, MD).

Experimental methods for our albino Spikl WT and KO
mouse models involved rearing in either dim cyclic light, (5—
10 Ix, 12 h on/off, 7 a.m. to 7 p.m. CST), or bright cyclic light,
(100—-150 Ix, 12 h on/oft, 7 a.m. to 7 p.m. CST). The Dean A.
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McGee Eye Institute vivarium is divided into two separate
areas, one allowing bright light exposure (100150 Ix) to
mouse colonies and the other allowing dimmed light exposure
(5-10 Ix) to mainly albino mice who are at risk for environ-
mental retinal degeneration. KO and WT littermates were
placed in bright light, after weaning at 21 days of age, and
allowed to grow to 3 and 6 months of age to induce the effects
of environmental retinal degeneration in our albino line.

Histology

After euthanasia by carbon dioxide asphyxiation, mouse eyes
were enucleated immediately, placed in fixative (Prefer;
Anatech LTD, Battle Creek, MI), and embedded in paraffin
for light microscope evaluation of retinal structure. Sections of
5 wm 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 ev-
ery 0.2-0.3 pm of the retina starting from the optic nerve head
(ONH) and moving out to the inferior and superior ora serrata.
Measured points were plotted as a spider diagram in
GraphPad Prism 7.03. Unstained slides were also obtained
to perform immunocytochemistry analysis.

Extraction and Analysis of Sphingolipids

Animals were anesthetized intraperitoneally with ketamine
(100 mg/kg body weight) and xylazine (5 mg/kg body weight)
and perfused with 1x PBS via the left ventricle of the heart.
The eyes were enucleated, and the retinas were dissected out
and flash frozen in liquid nitrogen. Five to six retinas were
combined together to make one pooled sample (n=1) with a
total of an n =4 used for analysis. Plasma from each individ-
ual animal was used as an independent sample. Extraction and
LC/MS were performed using established procedures at
Virginia Commonwealth University, as published earlier
[23-25].

Transmission Electron Microscopy

Animals were anesthetized, 7-9 h after light onset in the ani-
mal facility, with ketamine (100 mg/kg body weight) and
xylazine (5 mg/kg body weight). Mice were then perfused
via the left ventricle of the heart with 2% electron microscopy
(EM) grade paraformaldehyde and 2% EM grade glutaralde-
hyde made in cacodylate buffer (final concentration of 0.1 M
cacodylate salt with 0.1 uM CaCl, at pH 7.3). The eyes were
carefully dissected out of the skull and cauterized on the su-
perior side of the globe. They were then placed immediately
into the same fixative and incubated on an orbital shaker over-
night at room temperature. The fix was carefully washed out
with three cacodylate buffer rinses, and a secondary fixation
of 1% osmium tetroxide made in 0.1 M cacodylate buffer was
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applied for 90 min at room temperature. The osmium was then
washed out, and the samples were bisected from the superior
to the inferior side of the globe. These two halves were then
dehydrated through an ethanol gradient and finally propylene
oxide. After dehydration, the samples were infiltrated with an
epon-araldite mixture and cured with heat. Blocks were sec-
tioned at 100 nm on a Leica UC6 Ultracut and put on 75 Cu
mesh grids coated with formvar. These were stained with
Sato’s lead and uranyl acetate to enhance contrast and then
imaged on a Hitachi H-7600 transmission electron microscope
at the Oklahoma Medical Research Foundation.

Retinal Flat Mounts

After euthanasia, the eyes were enucleated and submerged in
4% PFA. After 30 min, the eyes were dissected and the retina
was removed. The retinas were permeablized in 1% Triton
X-100 overnight at 4 °C. The following day, the retinas were
probed with primary antibodies and incubated overnight at
4 °C. The samples were then washed and counterstained with
secondary antibodies. The samples were then flat-mounted on
a slide using micro-scissors to cut the retina into a “four-leaf
clover” so that it lays flat. These were then coverslipped in
50% glycerol mounting media and imaged on an Olympus
FV1200 confocal microscope. Antibodies: 10 pg/ml
Armenian hamster anti-CD31 (Developmental Studies
Hybridoma Bank [DSHB], 2HS was deposited to the DSHB
by Bogen, S.A. (DSHB Hybridoma Product 2HS)); 1:100
guinea pig anti-NG2 (a gift from Dr. William B. Stallcup,
Sanford-Burham Medical Research Institute, La Jolla, CA);
1:200 mouse anti-alpha smooth muscle actin conjugated to
Cy3 (Sigma-Aldrich).

Retinopathy of Prematurity Model

Pregnant dams were monitored for the birth of pups. At P7,
the mother and pups were placed in an oxygen chamber with
80% concentration of oxygen. The mothers were replaced
every other day with nursing surrogates. At P12, the pups
were removed back to an ambient oxygen concentration and
placed with a new surrogate mother. At P17, the pups were
euthanized by carbon dioxide followed by decapitation. The
eyes were enucleated, and the retinas were dissected for im-
munohistochemistry. Retinas were stained for CD31 and flat-
mounted for image acquisition on an Olympus MVX micro-
scope. Multiple images were stitched together in Photoshop
and then analyzed for areas of obliteration and neovasculari-
zation as described previously [26].

Electroretinography

Flash electroretinography (ERG) results were recorded with
the Diagnosys Espion E2 ERG system (Diagnosys LLC,
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Lowell, MA). Mice were maintained in total darkness over-
night and prepared for ERG recording under dim red light.
They were anesthetized via intraperitoneal injection of keta-
mine (100 mg/kg body weight) and xylazine (5 mg/kg body
weight). One drop of 10% (v/v) phenylephrine was applied to
the cornea to dilate the pupil, and one drop of 0.5% (v/v)
proparacaine HCl was applied for local anesthesia. Mice 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 mice were placed inside a Ganzfeld illuminat-
ing sphere. Responses to light were differentially amplified,
averaged, and stored. For the assessment of rod photoreceptor
function (scotopic ERG), five strobe flash stimuli were pre-
sented at flash intensities at —2.3, — 1.3, 0.7, 2.7, and 3.3 log
candela (cd) s/m>. The amplitude of the a-wave was measured
from the pre-stimulus baseline to the a-wave trough. The am-
plitude 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/
m?) was presented to dilated, light-adapted (5 min at 1.7 log
cd s/m?) mice. 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 measured from the trough
of the a-wave to the peak of the b-wave.

Cell Culture

Moorfields/Institute of Ophthalmology-Miiller 1 (MIO-M1)
cells [27], provided by G. Astrid Limb (Institute of
Ophthalmology, University College London, London, UK)
were seeded in 10 cm plates at 1X10° cells/plate and main-
tained in 1:1 DMEM/F12 (Gibco) supplemented with 10%
fetal bovine serum (Gibco), 0.05 mM glutamate
(ThermoFisher), and 1% penicillin/streptomycin antibiotics
(ThermoFisher) [28]. Whole cell extracts were prepared using
octyl-glucoside lysis buffer with protease inhibitors (Roche).
Protein concentrations were determined by BCA assay
(Thermo).

Cell Culture Treatments

S1P S1P was prepared according to manufacturer’s recom-
mendation (Avanti). It was resuspended in 4 mg/mL fatty
acid-free BSA. Cells were treated with either 0.5 or 1 uM of
this S1P solution.

BSA Four milligrams per milliliter stock of fatty acid-free BSA
(Sigma-Aldrich) in FBS-free DMEM/F12 media was used.
Cells were treated with an equal concentration of BSA as in
0.5 and 1 M S1P that was given to each cell culture well of a
6-well plate.

ML141 Cdc42/Racl GTPase inhibitor (EMD Millipore,
217,708) was dissolved in 100% DMSO. Cells were treated
with 10 uM ML141 inhibitor diluted in DMSO, and controls
were treated with the same volume of DMSO.

All treatments were performed 1 h after serum starvation,
and the cells remained in serum-free media for the duration of
the treatment.

Immunohisto- and Immunocytochemistry

Paraffin slides were deparaffinized and then antigens were
retrieved in 1x citrate buffer heated for 10 min in a 90 °C water
bath. The slides were then allowed to return to room temper-
ature for 20 min. The sections were blocked for 1 h at room
temperature with 10% horse serum (Jackson
ImmunoResearch Laboratories). Primary antibodies were then
applied and incubated overnight at 4 °C in a humid chamber.
(Primary antibodies: glutamine synthase— 2 pg/mL from
Millipore MAB302; N-cadherin—10 pg/mL from
Developmental Studies Hybridoma Bank (DSHB) MNCD2,
MNCD?2 was deposited to the DSHB by Takeichi, M./
Matsunami, H. (DSHB Hybridoma Product MNCD?2); peanut
agglutinin (PNA)—50 pg/mL from Vector Labs RL-1072;
glial fibrillary acidic protein (GFAP) 5 ng/mL—Dako
70,182. All primary antibodies were diluted in 1x
phosphate-buffered solution (PBS)). The following day, the
slides were rinsed with 1x PBS and secondary antibodies were
applied. (PNA was added at this step because it was conjugat-
ed to thodamine.) (Secondary antibodies: Alexa Fluor donkey
anti-rat 488 6 pg/mL; Alexa Fluor donkey anti-mouse 647
3 pug/mL; Alexa Fluor donkey anti-rabbit 568 6 pg/mL, from
Jackson ImmunoResearch Laboratories). The incubation for
the secondary antibodies was 2 h at room temperature, and
samples were then washed and briefly stained with 1 pg/mL
4'6-diamidine-2'-phenylindole dihydrochloride (DAPI). The
samples were mounted with Prolong Diamond Mounting
Media (Invitrogen), and a coverslip was applied. Slides were
imaged on an Olympus FV1200 Confocal microscope.
Immunocytochemistry for MIO-M1 cells was performed
following a similar protocol. Cells were grown to 80% con-
fluence on No. 1.5 coverslips. They were fixed with 2% para-
formaldehyde for 15 min. The coverslips were blocked with
2% BSA with 0.01% Triton X-100 for 1 h at room tempera-
ture. N-cadherin antibody, 10 pg/mL made in 2% BSA, was
applied and the coverslips were incubated overnight at 4 °C in
a humid chamber. The coverslips were then washed with PBS,
and secondary antibody was added (6 pg/mL Alexa Fluor
donkey anti-rat 488 and 1 U/100 pL phalloidin-594
(Invitrogen, A12381)). The samples were incubated with sec-
ondary antibodies for 1 h at room temperature. The samples
were washed and then stained with DAPI, washed again and
finally coverslipped in Prolong Diamond Mounting Media.
Cells were imaged on an Olympus FV1200 Confocal
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microscope or DeltaVision OMX super-resolution imaging
system at the Oklahoma Medical Research Foundation.

Immunoprecipitation

Activated Racl detection was performed using an activated
Rac1/Cdc42 pulldown assay (EMD Millipore, Rac1/Cdc42
Activation Assay Kit 17-441). MIO-M1 cells were grown to
85-90% confluency, serum starved for 1 h, and then treated
with 0.5 pM S1P, or the equivalent volume of BSA as a
vehicle control, for 12 h. Positive and negative control cells
received no treatment of BSA or S1P. All cells were lysed with
ice-cold Mg”* Lysis buffer with protease inhibitors (Roche).
Positive and negative control cell extracts for Racl activation
received GTPyS (100 uM) or GDP (1 mM), respectively.
Samples were then incubated for 30 min. Activated
Rac1/Cdc42 was pulled down with PAK-1-PBD agarose
beads (activated GTP-Rac1 binds to the PAK-1 GTPase bind-
ing domain). Immunoprecipitated proteins were then resus-
pended in Laemmli buffer, separated by SDS-PAGE, trans-
ferred to nitrocellulose membranes, and probed by western
blot with anti-Racl and anti-Cdc42 antibodies. Racl and
Cdc42 were visualized using the appropriate HRP-
conjugated secondary antibody. Images of the gel were quan-
tified in FIJI/Image-J [29] by measuring the intensity of the
bands and calculating the area under the intensity histogram.

Western Blot

MIO-M1 whole cell extracts were prepared via 30 min incu-
bation in octyl glucoside lysis buffer. Protein concentration
was determined via BCA assay. Samples were then diluted
in Laemmli buffer and 30 png denatured protein was separted
on 4-20% Tris-glycine gradient gels (Novex) using SDS-
PAGE. Proteins were transferred to nitrocellulose membranes
(Bio-Rad) andstained with anti-N-cadherin rat monoclonal
(DSHB MNCD2; 1 pg/mL) and vimentin mouse monoclonal
(Abcam, ab8978; 1:1000) antibodies. Membranes were visu-
alized using the appropriate HRP-conjugated secondary anti-
body and quantified using the Kodak In Vivo FX Pro imaging
system (Carestream Health Inc., Rochester, NY).

Statistics

All statistics were done using GraphPad Prism version 7.03
for Windows, GraphPad Software, La Jolla California USA.
Column data were assessed for normality by a Shapiro-Wilk
normality test to determine whether to use two-tailed ¢ tests or
Mann-Whitney two-tailed tests (av=0.05). Grouped data was
evaluated by two-way ANOVA (a=0.05) followed by
Bonferroni’s correction for multiple comparisons.
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Results
Sphingolipid Composition in Sphk1 KO Mouse Retinas

Structure, function, and retinal composition of
sphingolipids in Sphkl KO mice have not previously been
studied. We obtained Sphkl global knockout (Sphki KO)
mice from Dr. Richard L. Proia (NIDDK, Bethesda, MD).
The mice were on C57BL/6 pigmented background [22].
We generated an albino line of these mice by seven gen-
eration backcrossing with BALB/c mice. Both pigmented
and albino mice are used in this study. We used LC/MS to
measure retinal and plasma sphingolipid species from
adult albino mice raised in standard dim light conditions.
Previous studies have shown that Sphk/ KO mice have
about a 50% reduction in plasma concentrations of S1P
[22]; we tested our newly generated BALB/c background
Sphkl KO mice and found that plasma S1P was reduced
by 60% and dihydroS1P (dhS1P) was reduced by 75%
(Fig. 1a, p<0.0001, n=5). We found that the retinas of
Sphkl KO mice had a significant increase in sphingosine
(Sph) concentration when compared with the littermate
WT mice (Fig. 1b, p=0.01, n=4). The retinal concentra-
tions of S1P and dhS1P were measured by combining five
to six retinas to make one pooled sample, for a total of
n =4 individual pooled samples. We found that S1P was
reduced by 50% (Fig. 1b, p=0.0004, n=4) and dhSI1P
was reduced by 40% (Fig. 1b, p =0.002, n=4). Ceramide
(Cer), monohexosylceramides (HexCer), and
sphingomyelin (SM) were also analyzed. Total Cer and
SM concentrations were significantly increased in retinas
from Sphkl KO mice compared with the WT mice
(Table 1; Fig. lc, n=4, *p=0.04 and *p =0.02, respec-
tively). The overall composition of these sphingolipids, as
calculated by mole %, remained unchanged for all species
(Supplemental Fig. la—c). These findings show that the
deletion of Sphkl affects the retinal composition of
sphingolipids by reducing SI1P and accumulating Sph,
Cer, and SM.

Ultrastructural Analysis of Sphk1 KO Retinas

An advantage to studying mice from the BALB/c genetic
background is the ability to stress the retina with light in a
titratable manner. These mice are normally housed in dim-
light conditions (5-10 Ix) to protect the retina from stress-
induced degeneration. However, raising BALB/c back-
ground mice at ambient light conditions (100-150 Ix)
adds stress to the retina, though not enough to initiate
degeneration. We analyzed the retinal structure of Sphkl
KO and WT mice raised in dim and ambient light condi-
tions by light microscopy in paraffin sections stained by
hematoxylin and eosin and did not observe gross
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Fig. 1 Sphkl KO mouse retinas have increased sphingosine, ceramide,
and sphingomyelin profiles, while there is a significant loss of circulating
S1P and dhSIP. Retinas and plasma were harvested from 6-month-old
mice raised at 5-10 Ix and analyzed by LC/MS for picomoles per
milligram wet weight tissue or milliliters of plasma. a Circulating S1P
(p<0.0001) and dhS1P (p = 0.0002) are reduced in the Sphkl KO mice. b
Significant increases in sphingosine (Sph, p=0.01) were measured in
Sphkl KO mouse retinas. SIP (p =0.0004) and dhS1P (p =0.002) were
significantly reduced in retinal tissue from the Sphik/ KO mice. ¢ Total
ceramides (Cer, p =0.02) and sphingomyelin (SM, p =0.04) were
significantly increased in Sphkl KO retinas. For all, two-tailed
Student’s ¢ test, o = 0.05; error bars are SEM

morphological differences nor detect any significant dif-
ferences in outer nuclear layer thickness, indicating no

loss of photoreceptors (Supplemental Fig. 2a, b). To elu-
cidate any possible morphological differences between
Sphkl KO and WT mice, we conducted ultrastructural
studies using transmission electron microscopy (TEM)
on mice raised in the dim and ambient light conditions.
Interestingly, we observed several unique phenotypic
characteristics in ambient light-raised Sphkl KO mice at
6 months of age: in Sphkl KO mice, the outer segments
of the photoreceptors were disorganized and many were
displaced into the inner segment region of the tissue (Fig.
2 (B, arrows, n=3)) when compared with WT retinas
(Fig. 2 (A, n=3)). The integrity of the OLM was also
compromised in Sphkl KO mouse retinas (Fig. 2 (a, b,
n=3)). The OLM is made up of adherens junctions be-
tween neighboring Miiller glia and by photoreceptors and
Miiller glia [30]. In TEM micrographs, these are electron-
dense lines that run perpendicular to the cilia body of the
photoreceptors. Sphkl KO animals lost this structure, and
the electron-dense junctions appeared punctate and paral-
lel to the cilia body (Fig. 2 (A, B, and enlargements a and
b)). However, in 6-month-old WT mice and Sphkl KO
mice raised in 5-10 Ix light, no morphological differences
were found at the OLM or the inner and outer photore-
ceptor segments (Fig. 2 (C and D, and enlargements ¢ and
d, n=3)). We then investigated if age would affect the
morphology of the Sphkl KO mouse retinas from mice
raised at 5-10 Ix. Sphkl WT mice aged to 15 months at
5-10 Ix maintained their ordered retinal structure and
OLM integrity (Fig. 2 (E, ¢)). However, retinas from 15-
month-old Sphk! KO mice raised at 5-10 Ix showed a
collapse of photoreceptor architecture, with inner and out-
er photoreceptor segments losing all stratification (Fig. 2
(F)). These mice also had complete OLM loss (Fig. 2 (f)),
very similar to 6-month-old KO mice raised in ambient
light. These results suggest that SPHK 1 may be necessary
for the maintenance of retinal structure and integrity as a
function of light stress and with age.

Ultrastructural Analysis of RPE in Sphk1 KO Mice

The RPE is composed of a layer of epithelial cells that
help nourish the neural retina. The RPE is responsible for
absorbing scattered light and recycling lipids, proteins,
and metabolites needed for visual transduction [31-33].
To recycle components of photoreceptors, the RPE phago-
cytoses the most distal part of the outer segments each
day after the presumptive onset of light [34].
Complications with the RPE are attributed to a number
of vision loss-related diseases [31]. We wanted to deter-
mine if Sphkl deletion affected RPE structure. TEM im-
ages showed only subtle Sphkl KO-dependent changes in
the RPE of 6-month-old mice raised at 100-150 Ix
(Fig. 3a, b). Adherens junctions remained intact between
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Table 1

Ceramide, HexCer, and SM species from WT and Sphk! KO mouse retinas

Sphingolipid species Ceramides (pmol/mg tissue)

Monohexosylceramides (pmol/mg tissue)

Sphingomyelin (pmol/mg tissue)

WT KO WT KO WT KO

14:0 1.4 +0.28 2.9 £0.69 0.30 £ 0.00* 0.50 + 0.070%* 70+12 9.0 +0.71
16:0 68 + 11 150 + 34 1.9 +0.13* 44 £ 0.75% 120 + 12 170 £ 23
18:1 22 +041 64+ 1.8 0.03 + 0.030%* 0.10 £+ 0.00* 25 + 4.1* 57 £ 8.1%
18:0 79 £ 5.1% 160 + 31%* 6.0=+1.8 13+5.8 93 £6.7 170 + 40
20:0 27 + 8.1 59+ 14 23 +0.70 3812 75 £ 11 140 + 30
22:0 16 £ 3.4% 34 £5.7*% 73+39 11 £6.6 59 + 4.6% 96 + 14*
24:1 21 £ 1.7* 44 £ 8.5% 12+74 26 £19 37+5.1 62 £ 13
24:0 6.6 £ 0.56% 16 + 3.7* 11 £6.0 19 £ 11 21+£3.5 37 +£8.8
26:1 0.25 £0.90 0.40 = 0.11 045 +0.25 0.68 +0.38 0.65 £ 0.090* 14 +£0.27*
26:0 1.4 +£0.88 1.8£0.72 0.20 £ 0.070 0.18 £ 0.050 0.45 +0.030 0.75 £ 0.13
Total 220 + 30% 480 £ 91* 41 £20 79 +43 440 + 26* 740 £ 96*

Retinas were analyzed by LC/MS for individual species of ceramides, HexCer, and sphingomyelin (pmol/mg wet weight tissue). Data presented as mean

+ SEM, two-tailed Student’s 7 test n =4
*p=>0.05-0.01

adjacent RPE cells. The adherens junctions can be ob-
served by first identifying the electron-dense tight junc-
tions at the apical side of the RPE (black arrows in Fig.
3), then the adherens junction can be traced through the
cell body (white arrows, Fig. 3). Sphkl KO mouse RPE
showed an increased number of lipid-filled vacuoles.
These appear as monochromatic gray vacuoles inside the
cell (asterisks, Fig. 3b). There was also a noticeable in-
crease in multivesicular phagosomes within these cells
(arrowhead, Fig. 3b). No differences in RPE morphology
were observed between WT and Sphk! KO mice raised at
5-10 Ix for 6 months (Fig. 3¢, d). However, in Sphkl KO
mice raised at 5-10 Ix and aged to 15 months, the RPE
underwent severe morphological changes (Fig. 3e, f). WT
mouse RPE maintained adherens junctions between cells
(white arrow, Fig. 3e), however, Sphkl KO mouse RPE
failed to maintain adherens junctions between neighboring
cells (Fig. 3f). This loss led to the formation of large
membrane-filled spaces between the RPE cells (double
dagger, Fig. 3f). The basal membrane folds of the RPE
also became highly disordered, leading to the formation of
large membrane-filled vacuoles throughout the cell body.
Large membrane-filled phagosomes were also observed
(arrowhead, Fig. 3f), which were indicative of delayed
and dysfunctional phagocytosis and lysosomal digestion.
Interestingly, in Sphkl KO mice raised with mild light
stress or at an advanced age, the RPE showed signs of
increased lipid storage problems and increased
membrane-filled phagosomes, which is suggestive of
RPE dysfunction. In preliminary assays, retinas from
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Sphkl KO and WT mice raised to 6 months in dim-light
conditions were labeled with fluorescent anti-rhodopsin
antibody. These mice were either subjected to dark adap-
tation overnight and harvested at 0900, or subjected to
ambient light for 2 h after overnight dark adaptation and
harvested at 1100. These mice showed no obvious differ-
ence in phagolysosomal activity, though further investiga-
tion with mice raised in various light conditions and for
longer periods is needed (Supplemental Fig. 3).

Structural Phenotype of Sphk1 KO Retina
on Pigmented (C57BL/6J) Background
and Comparison with Sphk2 KO

As albino mice are sensitive to environmental light, and
as we found differences in retinal phenotypes in albino
Sphkl KO mice raised in different light conditions, we
further verified whether this retinal structural pathology
is indeed due to Sphkl deletion by subjecting Sphkl KO
mice on pigmented (C57BL/6J) background for ultrastruc-
tural analyses. One-year-old WT mice exhibited normal
morphology of the retina (Fig. 4a (i)). The OLM appeared
as broad, electron-dense structures that orient perpendicu-
lar to the ONL (Fig. 4a (ii)). The RPE also appeared
healthy and had tightly sealed cell borders (Fig. 4a (iii)).
Like the Sphkl KO mice in the BALB/c background, the
pigmented Sphkl KO line had a disruption of the OLM.
The inner segments were also unorganized and had lost
stratification (Fig. 4b (i and ii)). While the RPE main-
tained some adherens junctions (white arrow, Fig. 4b
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6 month 100 1‘50_ lux ‘

6 mo_nt_h 5-10 qu‘

15 month 5-10 lux '

Fig. 2 Sphkl KO results in a loss of the OLM and structural organization
of the outer and inner segments of the photoreceptors. Retinas were
collected 7-9 h after light onset and analyzed by transmission electron
microscopy. A, Retina from WT mouse raised at 100-150 Ix for
6 months. Enlargement (a) shows broad electron-dense bands that make
up the OLM composed of adherens proteins. B, Retina from KO mouse
raised at 100-150 Ix for 6 months. Outer segments become displaced
(arrows). Enlargement (b) shows small punctate adhesions of the OLM.
C, Retina from WT mouse raised at 5-10 Ix conditions for 6 months.
Enlargement (¢) shows the OLM. D, Retina from KO mouse raised at 5—
10 Ix conditions for 6 months. Enlargement (d) shows an intact OLM

(ii)), there was a loss of junctions along the entire border.
This can be observed in Fig. 4b (iii) (double dagger)
above and below the white arrow, where the space be-
tween neighboring RPE cells had swelled and filled with
debris. The RPE of Sphkl KO mice in the C57BL/6J
background showed a considerable number of lingering

comparable with the WT retina. E, Retina from WT mouse raised at 5—
10 Ix conditions for 15 months. Enlargement (e) shows an intact OLM at
15 months of age. F, Retina from KO mouse raised at 5-10 Ix conditions
for 15 months. The retinal architecture has become extremely
disorganized. The inner and outer photoreceptor segments have
collapsed and the OLM is absent. Enlargement (f) shows an almost
complete loss of adherens junctions that comprise the OLM.
Representative images from n =3 mice for each light condition and
time point. All scale bars are the same for each group unless otherwise
noted

phagosomes full of outer segment membranes compared
with the WT mouse (asterisks, Fig. 4b (iv)).

We wanted to determine if the loss of adherens junc-
tions in the OLM and the RPE would also be observed in
Sphk2 KO mice. While Sphkl KO mice have been shown
to have reduced S1P in serum/plasma and some tissues,
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6-months 100-150 lux

6-months 5-10 lux

15-month 5-10 lux

Fig. 3 Sphkl KO results in increased lipid storage vacuoles and adherens
junction loss between adjoining RPE cells. a RPE from a WT mouse
raised at 100-150 Ix for 6 months. Tight junctions (black arrow) remain
intact, as do the adherens junctions along the cell body where the junction
of cells can be traced (white arrow). b RPE from a Sphkl KO mouse
raised at 100—150 Ix for 6 months. The tight junctions (black arrow) and
adherens junctions (white arrow) remain intact. However, there was a
distinct increase in vacuoles containing lipids (asterisks) in these cells.
An increase of electron-dense multivesicular phagosomes was also
observed (black arrowhead). ¢, d RPE from WT (¢) and KO (d) mouse
raised at 5-10 Ix for 6 months. RPE from both genotypes have similar
morphology with no change in tight junctions (black arrow) or adherens

Sphk2 KO mice have increased levels of S1P in serum/
plasma [22, 35-37]. We obtained Sphk2 KO mice from
Dr. Richard Proia (NIDDK/NIH) in C57BL/6J back-
ground and analyzed their retinas at 1 year of age. As
shown in Fig. 4, retinal structure in Sphk2 KO mice
remained unremarkable with a complete OLM and well-
stratified inner and outer segments (Fig. 4c (i and ii)). The
RPE also remained healthy with intact cell borders and no
increase in phagosomes (Fig. 4c (iii)). These results sug-
gest a specific role of SPHK1 in the maintenance of
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junctions (white arrow). e RPE from WT mouse raised at 5-10 Ix for
15 months. Adherens junctions remain intact. Lipid storage vesicles can
be observed but were fewer in number (asterisks) compared with the KO
mouse. f RPE from KO mouse raised at 5-10 Ix for 15 months. Tight
junctions (black arrow) remain between RPE cells, but adherens junctions
are lost, resulting in large membrane-filled gaps (double dagger) between
RPE cells. Electron dense phagosomes (black arrowhead) are observed
throughout the RPE. The basal membrane invaginations of the RPE are
also highly disrupted and result in large open and membrane filled
vacuoles in the cell. Representative images from =3 mice. All scale
bars are the same for each row unless otherwise noted

structural integrity of mammalian retina and RPE cells
with aging.

Survey of Endothelial Junctions in Sphk1 KO Retinas

Our data thus far suggests that the loss of Sphkl/ and
reduction of S1P levels compromised the AlJs in retinal
neuronal junctions. Though there is no report of endothe-
lial barrier or vascular defect in Sphk/ KO mice retinas,
we investigated retinal vascular integrity in aged (1-year-
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Fig. 4 Loss of adherens junctions at the OLM and in the RPE is specific
to Sphkl KO and not Sphk2 KO. Electron microscopy was performed to
compare WT, Sphkl KO, and Sphk2 KO mouse retinas and RPE in 1-
year-old mice in a C57B/6J background. a (i) WT mouse retinas show
structured inner and outer segments of the photoreceptors. White arrow
indicates the OLM. a (ii) Enlargement of the OLM shows broad electron-
dense adherens contacts in WT mice (white arrow). a (iii) The RPE have
intact tight junctions (black arrow) and adherens junctions (white arrow).
b (i and ii) Sphkl KO mouse retinas had disordered photoreceptors
starting with a collapse of the inner segments. The OLM had a loss of
adherens junctions and an overall loss of the membrane. Electron dense
adherens junctions (white arrow) were short punctate connections
compared with the WT OLM. b (iii) The RPE have normal tight

old) albino mice. As shown in Fig. 5, we did not find any
major defects in the vascular system (arteries, vessels, and
capillaries) in the retinas of Sphkl KO mice (Fig. 5a (a—

junctions (black arrow). Some adherens junctions remain (white arrow).
However, degradation of these junctions is observed between RPE cells
(double dagger). These areas are observed as large open spaces between
two cells filled with membrane debris. b (iv) Sphk! KO mouse RPE cells
also had an increase of phagosomes (asterisk). The enlargement shows
that these phagosomes are full of undigested membranes. ¢ (i and ii)
Sphk2 KO mice RPE have a similar phenotype as the WT mouse
retinas. ¢ (iii) Sphk2 KO mouse RPE close resembled WT RPE. The
tight junction (black arrow) denotes the border of two RPE cells and the
adherens junctions (white arrow) can be traced the length of the cell.
Representative images from n=3 mice. All scale bars are the same for
each column unless otherwise noted

h)). We also tested for any difference in the neovascular
response of these mice in a retinopathy of prematurity
(ROP) model by subjecting the newborn mice to 80%
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Fig. 5 Vascular adherens junctions and neovascular potential are not
affected by a deletion of Sphkl. a Flat mounted retina from WT (a—d)
and Sphkl KO (e-h) mice were probed for pericyte coverage (a, e),
smooth muscle cell coverage of arterioles (b, f), and endothelial cells (c,
2). No differences were observed. b Retinopathy of prematurity model for
neovascularization showed no difference between WT or Sphkl KO

oxygen saturation. We did not observe any differences in
neovascularization capabilities between the wild type and
the Sphkl KO mice (Fig. 5b, c). It should be noted that
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mouse retinas. Areas highlighted in gray have a high density of NV
tufts, formed in response to the hypoxic environment after the mice are
returned to normoxia for 5 days. ¢ Quantification of NV tuft areas after
ROP show no major difference in NV between Sphkl KO or WT. (n=7,
two-tailed Student’s 7 test, = 0.05, error bars are SD)

circulatory or plasma levels of S1P are decreased 60% in
Sphkl KO mice (Fig. la), which appears to be sufficient
to form and maintain the endothelial junctions.
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Fig. 6 Sphkl KO mouse retina shows a loss of N-cadherin at the OLM. a
Retinas from WT and KO mice raised in both the 5-10- and 100-150-1x
light conditions were stained for the cone outer sheath with peanut
agglutinin (PNA, red) and show no change between WT and KO mice.
Retinas from both WT and KO mice were also stained for N-cadherin.
Gaps in N-cadherin coverage are seen in KO retinas at the OLM. b
Magnification (X2 zoom) of N-cadherin staining at the OLM in 15-
month-old mice raised at 5-10 Ix. There is a significant loss of the
normally continuous coverage of N-cadherin (white arrowheads) at the
OLM in KO mice. ¢ Retinas stained for glial fibrillary acidic protein
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(GFAP) to detect glial activation of Miiller cells show that they do not
become activated, and thus are not the reason for the loss of the OLM. d
Miiller glia stained for glutamine synthetase (GS) show no overall loss of
Miiller glia cell numbers, but a loss of staining at the apical side can be
detected. e Magnification of x2 of the apical Miiller feet that make up the
OLM shows a loss of staining and villous structures that reach into the
inner segments in Sphkl KO mice. f Basal end feet of the Miiller glia that
make up the inner limiting membrane remain unaffected in the KO mouse
retina. Representative images from » =3 mice
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Fig. 7 Scotopic ERG and ONL
quantification for WT and Sphkl
KO mice. ERG responses for
scotopic function were recorded
for five flash stimuli at intensities
0f 0.0004, 0.004, 4, 400, and
2000 cd s/m?. a—d Animals raised
in 100-150 Ix light conditions. a
A-wave responses in 3-month-old
WT and KO mice raised (WT n=
11, KO n=13; *p=0.03; **p =
0.008). b B-wave responses in 3-
month-old mice (WT n=11, KO
n=13b; *p=0.007). ¢ A-wave
responses in 6-month-old animals
(WTn=9,KOn=10,*p=0.03).
d B-wave responses in 6-month-
old animals (a—d WT n=9, KO
n=10). e-h Animals raised in 5—
10 Ix light conditions. e A-wave
responses for 3-month-old mice
raised in dim light. f B-wave
responses for 3-month-old mice
raised in dim light. g A-wave
responses for 6-month-old mice
raised in dim light. h B-wave
responses for 6-month-old mice
raised in dim light (e~h n=>5).
Two-way ANOVA with
Bonferroni’s correction for
multiple comparisons, oo =0.05.
All error bars are SEM
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Immunohistochemical Analysis of Sphk1 KO Retinas

To further investigate the loss of the OLM as shown in Fig. 6,
we probed paraffin-embedded eyes from WT and Sphk! KO
6-month-old mice raised at 100—150 Ix and 15-month-old
mice raised at 5-10 Ix with a panel of antibodies against
adherens junction proteins. N-cadherin staining was dimin-
ished at the OLM in KO mice raised for 6 months in 100—
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150 Ix light conditions and KO mice raised for 15 months in
5-10 Ix light conditions (Fig. 6a). The OLM in KO mice had
large gaps where no N-cadherin staining was observed
(arrows Fig. 6b). To determine if the loss of the OLM was
due to Miiller cell gliosis activation, we probed samples for
glial fibrillary acidic protein (GFAP). Upon Miiller cell acti-
vation, GFAP is upregulated throughout the entire cell and
produces both cytokines and chemokines that increase
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inflammatory responses [1] which could account for the loss
of the OLM. However, GFAP staining remained minimal and
unchanged between KO and WT animals in all conditions
tested (Fig. 6¢). This indicated that the loss of the OLM is
not due to activation of the Miiller glia. Miiller cells were also
evaluated for glutamine synthetase (GS) to determine if there
was a loss of the Miiller cell population in KO retinas (Fig.
6d). While no substantial loss of Miiller cells in KO mice was
observed, the apical side of the Miiller cell processes stained
with less intensity than those in WT mice (Fig. 6e, all images
were captured with exact same imaging parameters). There
was no loss of GS staining observed at the basal Miiller cell
process that makes up the inner limiting membrane, which
remained intact and unchanged between WT and KO animals
(Fig. 6f). The reduction of GS staining at the apical Miiller
end-feet further confirms that there was a loss of the normal
cellular architecture at the OLM and inner segments of the
retina in Sphkl KO mice.

Retinal Function in Sphk1 KO Mice

Because we detected a loss of the OLM by TEM and
immunohistological analysis in Sphki/ KO mice, we wanted
to see if there was also a loss of function in the retina. WT and
Sphkl global KO mice raised in bright-light (100-150 Ix) or
dim-light (5-10 1x) conditions were analyzed for retinal func-
tion by scotopic and photopic ERG at 3 and 6 months of age.
We found that 3-month-old Sphkl KO mice raised in 100—
150 Ix light showed a significant a-wave reduction at flashes
0f400 and 2000 cd s/m> (Fig. 7a, WT n=11, KO n = 13; two-
way ANOVA with Bonferroni’s correction for multiple com-
parisons; *p =0.03; **p =0.008). The a-wave is an indicator
of photoreceptor cell hyperpolarization; reduction of a-wave
amplitude indicates failure of photoreceptor signaling and loss
of visual function. B-wave amplitudes in 3-month-old 100—
150 1x Sphkl KO mice were significantly reduced at
2000 cd.s/m? flash intensity (Fig. 7b; WT n=11, KO n=13;
two-way ANOVA with Bonferroni’s correction for multiple
comparisons; *p =0.007). The b-wave is a measurement of
post-synaptic depolarization of various cells after the initial
hyperpolarization of the photoreceptor, and is commonly used
as a clinical measure of retinal function. Similar results were
seen in 6-month-old mice raised at 100—150 Ix. Here, we saw
a significant reduction in a-wave amplitude in KO mice at
400 cd s/m* (Fig. 6¢c; WT n=9, KO n=10, two-way
ANOVA with Bonferroni’s correction for multiple compari-
sons; *p=0.03). In 6-month-old mice raised at 100—-150 Ix,
we found that the b-wave responses were not significantly
different between KO and WT mice (Fig. 7d). Mice raised at
5-10 Ix showed little difference between WT and Sphkl KO
mice in scotopic ERG response at either 3 or 6 months of age
(Fig. 7e-h). Photopic ERG, which is used to measure cone
photoreceptor function, indicated no differences between WT

Fig. 8 Human cultured Miiller glia (MIO-M1) cells respond to S1P by
increased actin assembly and increased N-cadherin production. a MIO-
MI cells treated with 0.5 uM S1P and BSA that serves as a control. SIP,
after 30 min of treatment, increases cell size and actin assembly; b 4 h
after treatment, BSA-treated cells remained spindly with small contacts
between neighboring cells, while S1P-treated cells had broad contact with
other cells. Representative images from n = 3 replicates. ¢ N-cadherin was
increased in MIO-M1 cells 12 h after SIP treatment. Representative
images from n =3 replicates. d Structured illumination microscopy of
MIO-M1 cells showed an increase of N-cadherin puncta in S1P-treated
cells. Villous actin-positive protrusions from the cells were increased in
S1P-treated cells. Actin-positive protrusions in S1P-treated cells were
decorated with N-cadherin puncta (arrows) seen in the enlargements
below. N-cadherin decoration was not seen in the BSA-treated cells.
Representative images from n =3 replicates. e Western blot of MIO-M1
cells probed for N-cadherin. There is a significant increase of N-cadherin
after treatment with 1 uM S1P for 12 h (three replicates, normalized to
vimentin loading control, two-tailed Student’s # test, &« =0.05, p=0.02,
error bars are SD)

and Sphkl KO mice at 3 or 6 months of age when mice were
raised in either light condition (Supplemental Fig. 4).

Effects of S1P in Human Miiller Glia Cells

Because there was a loss of N-cadherin at the OLM in
Sphkl KO retinas, we wanted to test if S1P could induce
N-cadherin production in Miiller cells. We used the
human-derived MIO-M1 Miiller cell culture model to test
the effects of SIP on Miiller glia. MIO-M1 cells were
grown on glass coverslips and treated with 0.5 uM of
S1P in fatty acid-free BSA after 1 h of serum starvation
[27]. At 30 min, the S1P-treated cells increased in size
compared with cells treated with an equivalent volume
of BSA control (Fig. 8a). By 4 h, the cells treated with
S1P were larger in size and had made extensive contacts
with adjoining cells, unlike the BSA-treated cells (Fig.
8b). At 12 h after the addition of SIP or BSA, N-
cadherins were noticeably increased in the S1P-treated
cells, with large concentrations at the filipodia (Fig. 8c).
Using super-resolution structured illumination microsco-
py, we observed an increase of both actin filaments and
N-cadherin puncta in S1P-treated cells (both 0.5 and
1 uM) (Fig. 8d). Especially interesting was that N-
cadherin puncta were observed on actin-positive processes
extending outside of the cells (Fig. 8d enlargements,
arrows). These N-cadherin puncta were not seen in BSA
controls, indicating that extracellular S1P signaling could
also be needed to localize N-cadherin to specific environ-
ments in the cell.

N-cadherin was also measured by western blots in
MIO-M1 cells 12 h after treatment with 1 uM of S1P or
an equal volume of BSA as a control. A significant in-
crease in N-cadherin was seen after S1P treatment (Fig.
8e, three replicates, two-tailed Student’s ¢ test, a=0.050,
p=0.02). These data show that S1P can signal Miiller glia
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to increase the production of N-cadherins and dynamical-
ly change the actin cytoskeleton, allowing the cells to
make broad contacts with one another. In preliminary as-
says to determine differences in retinal N-cadherin, we
analyzed N-cadherin levels from the retinas of 6-month-
old Sphkl KO and WT mice raised in dim light conditions
by western blot. We found no differences in N-cadherin
levels, however, further investigation using mice raised in
various light conditions and for longer periods of time is
necessary (Supplemental Fig. 5).

S1P Activates RAC1 and CDC42 in MIO-M1 Cells

A downstream target of S1P receptors 1, 2, and 3 is
RACI, a GTPase that is responsible for signaling actin
polymerization and that can upregulate cadherin produc-
tion once activated [38]. To determine if SI1P activates
RAC1 in Miiller glia, we treated MIO-M1 cells with
0.5 uM SI1P or an equal volume of BSA as a control.
The cells were harvested and used for immunoprecipita-
tion. The p21-activating kinases (PAK) are downstream
effectors of both RAC1 and CDC42 (also a GTPase with
similar function to RAC1) once they have been activated
by GTP. PAK-1 agarose beads were used to bind GTP-
bound RACI1 or CDC42. The bead complexes were then
probed by western blot for RAC1 or CDC42. After a 12-h
incubation with 0.5 uM S1P, we observed a significant
increase in the activated form of RACI. Increased band
intensity was seen in western blots for the S1P-treated
cells. Semi-quantification of the blots in FIJI confirmed
the increase in activated RAC1 (Fig. 9a, two replicates on
the same blot, two-tailed ¢ test, « =0.050, p=0.04). A
substantial increase of activated CDC42 was also ob-
served by western blot and after semi-quantification using
FIJT in the S1P-treated cells (Fig. 9b, two separate
replicates).

To further understand if SI1P acts through the RACI
signaling pathway to induce the observed changes in the
cytoskeleton and N-cadherin in cultured Miiller glia, we
used the inhibitor ML141 to block the activation of
RACI and CDC42. BSA-only and S1P-treated MIO-M1
cells, treated with DMSO as a vehicle control, responded
exactly as previously shown. The cells had an increase of
N-cadherin, swelling of the cell, and an increase in actin
filaments when treated with 0.5 uM of S1P. However,
when 0.5 uM S1P-treated cells were also treated with
10 uM ML141, this response was abrogated. This resulted
in MIO-M1 cells exhibiting the same spindly shape as seen
in BSA-only-treated cells (Fig. 9c). These results highlight
that S1P can activate RAC1 and CDC42, leading to an
increase in N-cadherin and dynamic changes to the actin
cytoskeleton in MIO-M1 cells.

Fig.9 S1P activates RACI and CDC42 in MIO-M1 cells. MIO-M1 cells
were treated with 0.5 uM S1P or the equivalent volume of BSA and
incubated for 12 h. Immunoprecipitation of GTP-bound RACI1 and
CDC42 was performed on MIO-M1 cells using PAK1-agarose beads.
These pull-downs were then analyzed by western blot for RAC1 and
CDC42. a The blot shows GDP-negative control, GTP-positive control,
and bands for RAC1 after treatments. Quantification of band intensity in
F1JI showed that S1P treatment significantly increased activated RAC1 in
MIO-M1 cells (two replicates on the same blot for quantification, two-
tailed Student’s ¢ test, & =0.05, p = 0.04, error bars are SD). b Increased
levels of active CDC42 were detected in the S1P-treated cells. The blot
shows GDP-negative control, GTP-positive control, and bands for
CDC42. Band intensity in FIJI showed that S1P treatment increased
activated Racl in MIO-M1 cells (two replicates). ¢ MIO-M1 cells were
treated with either control BSA or 0.5 uM S1P in the presence of DMSO
(vehicle control) or ML141, an inhibitor of RAC1/CDC42. S1P in the
presence of DMSO results in actin assembly and increased N-cadherin
staining. However, S1P in the presence of ML141 results in a loss of actin
assembly and N-cadherin production, yielding cells that resemble BSA-
treated cells. Representative images from n =3 replicates

Discussion

In this study, we have shown an essential role of S1P
signaling in maintaining retinal structure, especially
through stabilization of adherens junctions at the OLM.
Our findings in Sphkl KO mice, showing age and stress-
related disruption of the OLM, are very intriguing and
provide the first evidence of a role of lipid signaling in
maintaining retinal structural homeostasis in aging and
age-related diseases. We also show that the loss of
Sphkl leads to reduced photoreceptor function (Fig. 7).
Sphkl expression in mammalian retinas increases signifi-
cantly under conditions of retinal stress, along with an
increase in retinal S1P levels in light damage models,
suggesting its role in maintaining the stressed retina
[24]. Studies have shown that reduced expression of
Sphkl increases oxidative stress in the aging brain [39,
40]. The aged and light-stressed (mice raised at 100—
150 Ix) phenotypes observed in our Sphkl KO mice
may be a result of increased oxidative stress and reduced
ability of SPHK2 to compensate for the lack of SPHKI.
A hallmark of S1P signaling is the regulation of adherens
proteins. In vascular endothelial cells, S1P signals through the
S1P1 receptor, which activates RAC to form adherens junc-
tions in between cells and make flow-competent blood vessels
[21, 41, 42]. In Sphkl KO mice, the circulatory or plasma S1P
levels are reduced by 60% (Fig. 1a) and there are no reports of
any vascular or endothelial junctional defects in these mice. In
our analysis, we did not see any gross morphological abnor-
malities in adult Sphkl KO mouse retinal vasculature (Fig. 5).
We also induced vascular obliteration and neovascularization
in neonatal Sphkl KO mice and failed to determine any vari-
ation from the wild-type littermates (Fig. 5). This clearly sug-
gests that endothelial junctional integrity is not compromised
in Sphkl KO mice. However, Sphkl deletion could affect
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adherens junctions made by either neurons or glial cells.
Notably, we found a reduction of N-cadherin labeling at the
OLM in aging and light-stressed Sphk! KO retinas (Fig. 6).
We also showed that Miiller glia cells in culture respond to
exogenous S1P by increasing N-cadherin production (Fig. 8),
and that addition of S1P stimulates RAC1 and CDC42 (Fig.
8), thereby indicating the role of S1P in mobilizing the actin
cytoskeleton for the formation of adherens junctions between
the apical end feet of Miiller glia cells and photoreceptor inner
segments. N-cadherin has been shown previously to be essen-
tial for development of the eye [43—45]. While the role of
cadherins has been broadly studied in development, they also
play an important role in the mature retina to maintain the
necessary architecture required for proper vision [3, 46]. Our
observation that S1P stimulates CDC42 in MIO-M1 cells is
important because CDC42 has been shown to locate PALS1 to
junctions in epithelial cells and is needed to generate their
apical polarity [47]. Interestingly, Sphkl KO mice exhibit sim-
ilar OLM degeneration and photoreceptor and RPE cell mor-
phological abnormalities as Pals/ KO mice [46]. It should be
noted that the results seen in MIO-M1 cells are from S1P
exogenously added to cell culture media, while the observed
in vivo results arise from endogenous or exogenous S1P on
Miiller glia and surrounding retinal cell types such as
photoreceptors.

The mechanisms of S1P intra- and paracellular signal-
ing, the exact roles of S1P receptors, and the cell types
which generate S1P in the retina are unknown. Previous
studies have shown that cultured glia from the retina are
susceptible to S1P-mediated actions [48, 49]. The addition
of S1P induces an increase in intracellular calcium and
enhanced cell migration [48]. Cultured Miiller glia migra-
tion is disrupted when SPHK1 or S1P3 is inhibited [49].
Evaluation of each individual S1P receptor is vital to our
understanding of the biologically active receptors in the
retina. In preliminary studies using electron microscopy,
we observed no remarkable morphological changes in
global Sip3 KO or retinal S/p! conditional KO mice
(Chx10 Cre) with respect to junctional complexes in the
OLM or RPE at 1 year of age (Mandal Lab, unpublished
data). A further investigation is therefore necessary using
in vitro cultures of various retinal cell types to isolate and
identify the sources of S1P and the actions of S1P recep-
tors in maintaining junctional complexes in the retina and
RPE.

Though development of the retina and RPE are not affected
by the loss of Sphkl, it is apparent that aging and cellular stress
are major factors in the observed phenotype. In the RPE, we
observed increased lipid storage vacuoles (Figs. 3 and 4). This
finding is interesting considering that lipid metabolism and
storage are connected to the formation of drusen in the aging
RPE. Drusen are associated with macular degeneration and
are filled with lipid and protein debris [50]. We also observed

increased numbers of multivesicular and membrane-rich
phagosomes in Sphk! KO mouse RPE (Figs. 3 and 4).
Many of these phagosomes contained undigested membranes
that characteristically resemble the outer segments of the pho-
toreceptors that under normal conditions are digested and
recycled. The work here shows that SPHK1 and S1P are crit-
ical for proper RPE structure and function in aging mice.

The ability to produce SIP keeps ceramide, sphingosine,
and sphingomyelin species balanced, however, all of these
sphingolipids were increased in Sphk! KO mouse retinas. In
the RPE, the accumulation of these sphingolipid species could
contribute to increases in lipid-filled vacuoles and phagocyto-
sis dysfunction, similar to that seen in other sphingolipidoses
[51]. In the neural retina, the accumulation of ceramides could
lead to the observed phenotypes in our Spikl KO mice.
However, TEM micrographs of acid ceramidase (Asahl)
knockout mice, which are deficient in ceramide degradation,
show no OLM loss at 1 year of age (Mandal Lab, unpublished
data). These mice have elevated ceramides starting at an early
age but show no loss of AJs in the retina and no loss of the
OLM. While we cannot rule out that increased ceramides and
sphingosine can induce cell death contributing to loss of reti-
nal function or OLM degeneration, our data shows no changes
in outer nuclear layer thickness (Supplemental Fig. 2) and no
major changes in the structure of Miiller glia by both GS and
GFAP staining (Fig. 6), which does not indicate that cell death
is the reason for the loss of AJs and the OLM in the retina. Our
results indicate that adherens junction disruption at the OLM
and the RPE is associated with SPHK 1 but not with SPHK2,
as the OLM and RPE AJs remained intact in aged Sphk2 KO
mice (Fig. 4). Sphk2 KO mice are known to have increased
plasma S1P, which can be attributed to compensatory in-
creases in Sphkl expression as a response to the loss of
Sphk2 [37]. This suggests that normal or high levels of S1P
in the plasma are as important for barrier formation in the RPE
and OLM as they are for vascular AJ formation.

In conclusion, our findings show the importance of SPHK 1
in the maintenance of neural retinal and RPE structural integ-
rity with aging and cellular stress. Specifically, we show that
SPHK1 is needed to build and maintain the adherens junctions
between RPE cells and the OLM in the retina. The interaction
between Miiller glia and photoreceptors is critical for the po-
larity of the retina and forming the fully functional structure of
the tissue. We also show retinal functional deficits in the ab-
sence of SPHK1. The phenotype seen in Sphk! KO mice, in
both the retina and the RPE, has similar morphological char-
acteristics to many human retinal diseases such as AMD, geo-
graphic atrophy, macular hole, diabetic macular edema, retinal
detachment, and acute posterior multifocal placoid pigment
epitheliopathy. SPHK1-mediated interaction of neuronal and
glial cells in the retina implies that S1P could play a bigger
role in glia-neuron interaction throughout the nervous system
and neurovascular coupling. Further investigation of the role
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of SIP and its synthesis by glial and neural cell lines is re-
quired for understanding these interactions and its role in nor-
mal development, aging, and diseases associated with neuro-
nal tissue.
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