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Purpost. Mutations in the gene that encodes the enzyme acid sphingomyelinase (ASMase)
are associated with Niemann-Pick disease, a lysosomal storage disorder. Mice that lack
ASMase (ASMase ™) exhibit age-related retinal degeneration and large increases in accu-
mulation of lipofuscin in the retinal pigment epithelium (RPE). We examined which lipid
species accumulate in the retina and the RPE of ASMase ™~ mice and whether the retinal
degeneration is associated with impaired photoreceptor metabolism and retinyl chro-
mophore processing.

Mernops. NADPH availability and all-trans retinol formation after rhodopsin bleaching
were measured in isolated single rod photoreceptors with fluorescence imaging; sphin-
golipid levels in retinas and RPEs were measured with LC/MS; relative abundances of
different lipid species in different retinal layers were measured with MALDI imaging
mass spectrometry.

Resurts. There was no detectable difference in the kinetics of all-trans retinol forma-
tion or the NADPH-generating capacity between ASMase ™~ and wild-type mice. Sphin-
gomyelin levels were much higher in the retinas and RPEs of ASMase ™~ animals
compared to wild type, but there were no significant differences for ceramides. There
was a large increase in the abundance of bis(monoacylglycero)phosphates (BMPs) in
ASMase ™~ mice, indicative of lysosomal dysfunction, but no substantial changes were
detected for the bis-retinoid A2E.

ConcLusions. Lysosomal dysfunction and retinal degeneration in ASMase™~ mice are
not associated with defects in rod photoreceptor metabolism that affect all-trans retinol
formation and availability of NADPH. Lysosomal dysfunction in ASMase ™~ mice is not
associated with bis-retinoid A2E accumulation.
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L ipofuscin consists of fluorescent pigment granules that
accumulate with age as part of the lysosomal compart-
ment of post-mitotic cells,!? including those of the reti-
nal pigment epithelium (RPE).> Because of its accumulation
with age, lipofuscin has been hypothesized to play a role
in age-related functional changes, including those associ-
ated with degenerative diseases, such as age-related macu-
lar degeneration (AMD).* A pathogenic role for lipofuscin
is supported by its rapid accumulation in lysosomal storage
disorders, a group of more than 70 diseases characterized by
the intra-lysosomal accumulation of undegraded metabolites
and caused by defects in lysosomal enzymes.>® Niemann-
Pick is one such lysosomal storage disorder disease, the
A and B subtypes of which are caused by defects in acid
sphingomyelinase (ASMase) activity that result in the lysoso-
mal accumulation of sphingomyelin.>’ We have previously
shown that in mice lacking ASMase, the ERG amplitude
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decreases and the retina degenerates with age, while there is
a large accumulation of lipofuscin in the RPE, suggesting an
association between lysosomal dysfunction, lipofuscin accu-
mulation, and retinal pathology.®

The potential pathogenic role of lipofuscin has spurred
studies on its composition, which however is likely to vary
considerably across tissues. In the case of the RPE, the
fluorophores responsible for the bulk of lipofuscin fluores-
cence originate in photoreceptor outer segments from reac-
tions of the retinyl chromophore of the visual pigment.!®
More than 30 of these constituents of RPE lipofuscin have
been identified to-date and classified as bis-retinoids.!%!
The most abundant and best characterized bis-retinoid, A2E
(N-retinylidene-N-retinylethanolamine),'?''> has been shown
to exhibit a range of cytotoxic properties, including the inhi-
bition of lysosomal function.!®'> Bis-retinoids originate in
photoreceptor outer segments from the 11-cis and all-trans
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isomers of retinal,'®"'® both of which are involved in the
reactions underlying the detection of light. Detection of light
begins with photoisomerization of the 11-cis retinyl chro-
mophore of the visual pigment rhodopsin to all-trans, gener-
ating an active intermediate, but at the same time destroying
rhodopsin.?®2! Rhodopsin regeneration (reviewed in?*23)
begins with the release of all-trans retinal by photoacti-
vated rhodopsin, leaving behind the protein moiety opsin;
fresh 11-cis retinal supplied to outer segments by RPE
combines with opsin to reform rhodopsin®!; the all-trans
retinal released from photoactivated rhodopsin is reduced
by retinol dehydrogenase RDHS to all-trans retinol>~?’
using NADPH as cofactor®®; and, finally, all-frans retinol
leaves the outer segments and is transported to the RPE,
where it is recycled to 11-cis retinal.

In view of the above, we hypothesized that the lysosomal
dysfunction associated with lack of ASMase and accumu-
lation of sphingomyelin would lead to impairment of reti-
nal cell metabolism leading to degeneration. Impairment
of rod photoreceptor metabolism would compromise the
supply of NADPH and limit the reduction of the all-trans
retinal released from photoactivated rhodopsin to all-trans
retinol. We further hypothesized that the high levels of
lipofuscin in the RPE of mice that lack ASMase® was the
result of an increased accumulation of bis-retinoids due
to the lysosomal dysfunction. An increase in bis-retinoid
levels would also result from the impairment of rod photore-
ceptor metabolism, which would lead to build-up of all-
trans retinal and the formation of bis-retinoid lipofuscin
precursors. To test these hypotheses, we examined the reac-
tions of the retinyl chromophore in the outer segments of
single rod photoreceptors isolated from ASMase ™~ mice
and the abundance of sphingolipids and A2E in the reti-
nas of ASMase™~ mice compared to wild type. We find
that the formation of all-frans retinol, the availability of
NADPH, and the levels of A2E in the RPE are unaffected
in ASMase ™~ mice compared to the wild type; sphin-
gomyelin levels are much higher in the retinas and RPEs
of ASMase ™~ mice compared to wild type, as is the rela-
tive abundance of bis(monoacylglycero)phosphates (BMPs),
which are associated with lysosomal dysfunction.?*=3! The
results suggest that the visual dysfunction and retina degen-
eration in ASMase /'~ mice are not associated with defects in
photoreceptor metabolism that affect the processing of the
visual pigment chromophore, or with increased accumula-
tion of A2E in the RPE.

METHODS
Animals

ASMase ™/~ mice were generated from breeding pairs of
heterozygous ASMase* mice, a colony of which has been
established from an original generous gift by Dr. Edward
H. Schuchman. The background strain was C57BL/6. The
offspring of the ASMase® breeding pairs were genotyped
as previously described,*> and 1-, 2-, and 6-month old
ASMase™* (wild type), ASMase™~ (heterozygote), and
ASMase/~ (knockout) mice were used for experiments. All
animal procedures were carried out in accordance with
protocols approved by the Institutional Animal Care and Use
Committee of the Medical University of South Carolina; the
authors adhere to the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research.
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Single Cell Fluorescence Imaging

For experiments with isolated rod photoreceptor cells, two-
month old animals were dark-adapted overnight and sacri-
ficed under dim red light. The retinas were excised under
either dim red or infrared light in mammalian physiological
solution (in mmol/L: 130 NacCl, 5 KCl, 0.5 MgCl,, 2 CaCl,,
25 hemisodium-HEPES, 5 glucose, pH = 7.40), and fluores-
cence imaging experiments for determining NADPH avail-
ability and the kinetics of all-trans retinol formation were
carried out as described previously.3>34

Kinetics of All-Trans Retinol Formation

The time-course of the outer segment fluorescence change
after bleaching of rhodopsin was described with two rate
constants, f; and f,, corresponding to the formation and
elimination of all-trans retinol, respectively,>*-3° with the
outer segment fluorescence F due to all-trans retinol given
by

F=fi-Ad-(el)—e/))/(fi— L) '6))

where the parameter A is the outer segment fluorescence
intensity that would correspond to the total amount of retinyl
chromophore released by photoactivated rhodopsin. Values
of the parameters A, f; and f, were determined for each cell
by a least squares fit of the time course of the fluorescence
intensity values using Origin software (OriginLab Corpo-
ration, Northampton, MA, USA). We reanalyzed the previ-
ously published results® for wild- type C57BL/6 mice in the
same way to allow for a direct comparison. These published
C57BL/6 all-trans retinol formation data provide a good
wild type reference, because they were directly compared
with biochemical and retinal slice measurements of all-trans
retinol formation as well>* We did not characterize the kinet-
ics of all-trans retinol formation in ASMaset’* C57BL/6 mice
from the same litters as the ASMase ™~ animals.

Rhodopsin Measurement

For determining the amount of rhodopsin in a mouse eye,
the animal was sacrificed, and the eyes were enucleated
under dim red light. An eye was hemisected at the level
of the ora serrata, the anterior portion and the lens were
removed, and the remaining posterior part of the eyecup was
homogenized in PBS (in mmol/L: 10 sodium phosphate, 150
NaCl, pH 7.0). The tissue homogenate was then collected,
leaving the eyecup sclera behind, and solubilized in 0.66%
dodecyl maltoside in PBS. Hydroxylamine was added to a
final concentration of 15 mM, and spectra were recorded
between 250 and 700 nm with a Cary 300 spectrophotome-
ter. The amount of rhodopsin was measured from the differ-
ence in the absorbance at 500 nm before and after bleaching
the sample with >530 nm light.3”

Sphingolipid Measurements With LC/MS

For determination of sphingolipid levels, one-, two-, and six-
month old animals were dark-adapted overnight and sacri-
ficed under dim red light. Eyes were enucleated and then
hemisected at the level of the ora serrata in the mammalian
physiological solution, and retinas were gently removed.
After the removal of the retina, retinal pigment epithelial
(RPE) cells were gently brushed off and collected with
a transfer pipette. For each animal, the two retinas were
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combined into one sample, and the two RPE cell collections
into another. For each sample, the protein concentration was
measured with the Novagen BCA Protein Assay Kit (Milli-
pore Sigma, Burlington, MA, USA), and the levels of differ-
ent sphingolipids were determined by LC/MS at the MUSC
Lipidomics Core Facility.® Sphingolipid levels are reported
as pmol lipid per mg protein. Experiments were repeated
three times (n = 3).

MALDI Imaging Mass Spectrometry and Optical
Imaging

For matrix-assisted laser desorption ionization imaging mass
spectrometry (MALDI IMS), whole eyes from one-, two-,
and six-month old ASMase™*, ASMase*’~, and ASMase ™/~
animals were embedded by placing the eyes in 2.7%
carboxymethylcellulose (Sigma Aldrich, St. Louis, MO, USA)
in a polystyrene container and rapidly freezing the media
with liquid nitrogen vapor.

Samples were then shipped to Vanderbilt, and sections
were taken at 12 pm thickness using a Leica CM3050s
cryostat (Leica, Wetzlar, Germany). The matrices, 2,5-
dihydroxyacetophenone (DHA) and 1, 5-diaminonaphalene
(DAN) were applied using a custom in house designed subli-
mation device for positive and negative ion mode analysis.
Data were acquired on a timsTOF fleX platform (Bruker
Daltonik, Bremen, Germany)*® with methods optimized for
a 5 and 10 pm pixel size. Data were acquired over m/z
300-2000 mass range with 200 shots per pixel for 10 pm
experiments and 25 shots for 5 pm experiments. MALDI-
IMS were generated using SCiLS software (Bruker Daltonik,
Bremen, Germany). Tissues ran with a 5 pm pixels size
were stained with hematoxylin and eosin after data acquisi-
tion and the optical images were registered with the MALDI
IMS using image2image - Migas et al. (2023). image2image
(version 0.1.6) [Computersoftwarel], https://github.com/
vandeplaslab/image2image-docs.

Material

All reagents were of analytical grade.

Statistical Analysis

We used one- and two-factor ANOVA (with replication) to
examine the effects of different variables, one- and two-
tailed #-tests to test for differences between means, and
linear regression to examine the effect of acyl chain length
on the abundance of sphingomyelins and ceramides—for
this last analysis, we included all species for each chain
length regardless of the number of double bonds, and we
excluded the C14 and C26 species as they had very low abun-
dance. Results were considered statistically significant when
P < 0.05, with a Bonferroni correction applied when multi-
ple comparisons were carried out. The number of multiple
comparisons in those cases was three, and so the level of
statistical significance was adjusted to P < 0.017 (0.05/3).

RESULTS

Kinetics of All-Trans Retinol Formation in
ASMase ™/~ Mouse Rod Photoreceptors

After bleaching of rhodopsin in rod photoreceptors, there
is a large increase in outer segment fluorescence >420 nm
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Figure 1. Formation of all-trans retinol in isolated rod photore-

ceptors from ASMase ™~ mice. (A) Retinol fluorescence increases in
the outer segment of an intact ASMase ™~ rod photoreceptor after
rhodopsin bleaching. IR, infrared image of the cell; fluorescence
(excitation, 360 nm; emission, >420 nm) images of the cell before
(dark) and at different times after bleaching. All fluorescence images
are shown at the same intensity scaling. (B) Rod outer segment
all-trans retinol fluorescence (circles) of the cell in (A) at different
times after bleaching. Bleaching was carried out between t = —1
minute and t = 0. The solid line is a least squares fit of Equation
1,£1-A- (et - e f1D/(fi — f), through the data points, giving
rate constants f; = 0.069 min! and f5 = 0.030 min—!. (C) Wild
type (+/+, n = 13) and ASMase™/~ (—/—, n = 11) rod photore-
ceptors have the same all-frans retinol formation and elimination
rate constants, f; and f,. Box range: 25%-75%; Whiskers: 5%—95%;
Limits: Min/Max; Mean, . All experiments carried out at 37°C.
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Ficure 2. Comparison of the NADPH-generating capacity of
ASMase ™/~ rod photoreceptors with wild type. (A) Measurement
of NADPH-generating capacity of an isolated intact ASMase ™~ rod
from the conversion of all-trans retinal to all-trans retinol. Retinol
and retinal were distinguished by exciting fluorescence with 340
and 380 nm light, and collecting emission for >420 nm. IR, infrared
image of the cell; fluorescence images of the cell before (dark)
and 30 minutes after bleaching are shown with the same intensity
scaling to facilitate comparisons. (B) Wild-type (+/+4, n = 7) and
ASMase ™/~ (—/—, n = 7) rod photoreceptors have the same NADPH-
generating capacity, as measured from the ratio Fex-340/Fex-380 of
the fluorescence intensities excited by 340 and 380 nm light. Box
range: 25%-75%; Whiskers: 5%-95%; Limits: Min/Max; Mean, ¢). The
Fex-340/Fex-380 ratios for all-trans retinal (0.55, RAL) and all-trans
retinol (6.95, ROL) represent the extremes of no conversion and of
full conversion of retinal to retinol, respectively. Experiments carried
out at 37°C.
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(excited by 360 nm) that is due mostly to all-trans retinol
formed from the reduction of all-trans retinal released by
photoactivated rhodopsin.?3-3* In an ASMase ™/~ mouse rod
photoreceptor, outer segment fluorescence rises rapidly
after bleaching, reaching a peak in ~30 min, and then
declines slowly as all-zrans retinol leaves the outer segment
(Fig. 1A). Figure 1B plots the fluorescence changes from the
cell in Figure 1A. A least squares fit of the data with Equa-
tion 1, gave values of f; = 0.069 min~! and f; = 0.030
min~! for the all-frans retinol formation and elimination
rate constants, and A = 117 for the amplitude. From n =
11 ASMase ™/~ rods, the average values for the formation
and elimination rate constants were f; = 0.071 + 0.051
min~! (mean £ SD) and /5 = 0.021 + 0.021 min~! (mean +
SD), respectively. The average values from n = 13 C57BL/6
rods** obtained by analyzing the data in the same way,
were f; = 0.098 + 0.055 min~! (mean + SD) and f; = 0.025
4+ 0.019 min~!' (mean £+ SD). As shown in Figure 1C, the
rate constants of the ASMase ™~ cells were not significantly
different from those of the wild type (two-tailed #-test, P =
0.25 and 0.61, for f; and f;, respectively). The rhodopsin
levels of dark-adapted retinas were measured in separate
experiments, and no difference was detected between two-
month old ASMase™* (mean + SD = 487 + 50 pmol; n =
4), ASMase™~ (523 & 56 pmol, n = 6), and ASMase ™/~ (461
£ 97 pmol, n = 7) mice (P = 0.42, single factor ANOVA).

NADPH-Generating Capacity of ASMase ™/~ Mouse
Rod Photoreceptors

NADPH is used as a cofactor in the reduction of all-trans reti-
nal to all-trans retinol in rod photoreceptor outer segments.
This reduction reaction then provides a way for measuring
the generation of NADPH by the rod photoreceptor cells.??

6 Month

m/z 592.45
A2E

m/z813.68
SM(42:2)

m/z815.69
SM(42:1)

[
0% 100 %

Ficure 3. MALDI IMS analysis of ASMaset/t | ASMase™~, and ASMase ™/~ mouse retina tissues in positive ion mode. At the top are the
optical images of tissues. MALDI IMS images underneath display the relative abundance of m/z 592.45, A2E, m/z 813.68, SM (42:2) and m/z
815.69, SM (42:1). The insets are magnifications of the regions enclosed in the white squares showing in detail the distributions in different

layers.
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FiGure 4. MALDI IMS analysis of ASMaset/*, ASMase™/~, and ASMase ™~ mouse retina tissues in negative ion mode. At the top are the
optical images of tissues. MALDI IMS images underneath display the relative abundance of m/z 687.54, CerPE (36:1), m/z 715.57, CerPE
(38:1), m/z 817.50, BMP (18:2_22:6), or BMP (20:4_20:4), m/z 841.50, BMP (20:4_22:6), and m/z 865.50, BMP (22:6_22:6). The insets are
magnifications of the regions enclosed in the white squares showing in detail the distributions in different layers.

After light excitation of a rod, all-trans retinal is released
by photoactivated rhodopsin in the outer segment and is
reduced to all-trans retinol. Because of the large amounts of
all-trans retinal released by the bleaching of rhodopsin—a
mouse rod outer segment contains ~50 million rhodopsin
molecules packed at a concentration of ~3 mM>**—the
reduction of all-trans retinal reflects the capacity of the rod
cell to generate the NADPH required for the reaction. The
extent of conversion of all-trans retinal to all-trans retinol
depends on the level of NADPH, that is, the reduced fraction
of NADP, and provides a measure of the NADPH-generating
capacity of the rod photoreceptor cell. All-trans retinal and
retinol have similar emission spectra, but their excitation
maxima are very different, and the extent of conversion
can be measured from the ratio of the intensities of rod
outer segment fluorescence excited by 340 and 380 nm (Fex-
340/Fex-380). The Fex-340/Fex-380 ratio was measured
from different rod cells 30 minutes after the bleaching of
rhodopsin, at the time when the outer segment fluorescence
reaches its peak value (Fig. 1). As shown in Figure 2, the
values of the Fex-340/Fex-380 ratio were not significantly
different for wild type and ASMase™~ rod photoreceptors

Downloaded from iovs.arvojournals.org on 12/23/2024

(P = 0.66, two-tailed #test), indicating a similar NADPH-
generating capacity.

MALDI Imaging of Lipids in the Retina and RPE

Figure 3 shows optical and MALDI IMS images of eye
cross sections from one- and six-month old ASMase™*,
ASMase?/~, and ASMase™~ mice. Selected MALDI IMS
images acquired in positive ion mode show increased rela-
tive abundance of sphingomyelin species with a C24 N-
acyl chain (m/z 813.68 and 815.69) in the ASMase ™/~ RPE
and adjacent connective tissue compared to ASMaset/*
and ASMase® mice (Fig. 3). The increased abundance
was observed in both one- and six-month old tissues. No
increase in relative abundance in the ASMase ™~ RPE was
observed for the bis-retinoid A2E (m/z 592.45), in either
one- or six-month old tissues (Fig. 3). Selected MALDI
IMS images acquired in negative ion mode are shown
in Figure 4. There is increased relative abundance of
ceramide-phosphoethanolamine (CerPE) 36:1 (m/z 687.54)
and 38:1 (m/z 715.57) in the ASMase ™/~ retina and RPE
(Fig. 4). Interestingly, for CerPE 36:1 (C18 N-acyl chain)
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FiGure 5. MALDI IMS analysis of six-month-old ASMase ™~ mouse retina tissues in positive and negative ion modes at 5 pm resolution.
The identified species are the ones shown in Figures 3 and 4. At this resolution, the origins of the signals from specific retinal layers are

unequivocally established.

increased relative abundance is observed mainly in the RPE,
while for CerPE 38:1 (C20 N-acyl chain) mostly in the inner
retina. There is also an increase in the relative abundance of
several species of bis(monoacylglycero)phosphates (BMPs)
(Fig. 4), with m/z 817.50 (acyl chains 20:4/20:4 or 18:2/20:6),
my/z 841.50 (20:4/22:6), and m/z 865.50 (22:6/22:6). There
are differences in the topography of the relative abun-
dance increase among the different BMP species, with the
22:6/22:6 species showing large increases in the inner retina
instead of the RPE.

High resolution localization of the signals from the differ-
ent species was established with MALDI IMS of 6-month-old
ASMase ™~ mouse tissue at 5 um resolution (Fig. 5). From the
positive ion mode data, A2E is shown to be strictly local-
ized in the RPE, while the sphingomyelins SM 42:2 and
SM 42:1 are found in the RPE, as well as in connective
tissue, but not in the choroid. From the negative ion mode
data, the ceramide-phosphoethanolamine are both found in
the RPE and the connective tissue, with CerPE 38:1 also
found in inner retina layers. Similar distributions for these
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two lipid species have been found in human eye donor
tissues (Supplementary Figs. S8 and S9 in*®). For the BMPs,
the distribution of the 22:6/22:6 species is fairly striking,
because it is not detected in the connective tissue but is
found in the RPE and in abundance in the inner retina. The
20:4/22:6 species is found mainly in the connective tissue
and the RPE and can be detected in the inner retina, whereas
the m/z 817.50 (20:4/20:4 or 18:2/20:6) species are found
mostly in connective tissue and are detected in the RPE and
in the inner retina as well. As the pixel size for these images
is reduced, so is the signal-to-noise ratio in these data, and
as a result some signal can be seen in the surrounding areas
and off tissue.

Sphingolipid Levels in the Retina and RPE of
ASMase ™/~ Mice

Figure 6 shows the levels of sphingomyelins and ceramides
in the retinas and RPEs of 1-, 2- and 6-month old ASMaset/*,
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Ficure 6. Levels of sphingomyelins (SM) and ceramides (Cer) in the
retina and RPE of ASMase /", ASMase™~, and ASMase ™~ mice, at
ages of one, two, and six months. For each age and strain, tissue
was obtained from # = 3 mice and the levels of sphingolipids were
determined with LC/MS. Error bars represent SD. * indicate statis-
tically significant (P < 0.017, adjusted based on Bonferroni correc-
tion) difference of ASMase ™~ values compared to ASMase™* and
ASMaset/~ values, with both differences being statistically signifi-
cant in all cases.
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ASMase™~, and ASMase ™/~ mice, with the totals represent-
ing the sums of the levels of the different acyl chain length
species. We analyzed the effects of strain (reflecting the
lack of ASMase) and age with two-factor ANOVA. For sphin-
gomyelins, in the retina there was a significant effect of both
strain (P < 0.0001) and age (P = 0.002), while in the RPE
only of strain (P < 0.0001). Levels of sphingomyelins were
the same in ASMase'/* and ASMase*/~ animals, but were
significantly higher in ASMase ™~ mice for all three ages in
both the retina and the RPE (P < 0.017 for each comparison,
one-tailed t-test; significance level was adjusted for multi-
ple comparisons with a Bonferroni correction). For ceramide
levels, there was no significant effect of strain in either the
retina or RPE (P = 0.15 and P = 0.13).

In terms of individual sphingolipid species (Fig. 7), there
was a significant effect of acyl chain length on prevalence (P
< 0.0001, two-factor ANOVA), in both retina and RPE, and
for all ages. We analyzed in more detail the sphingomyelin
species for the two-month old animals with linear regres-
sion (excluding the C14 and C26 species, see Methods), find-
ing that in the retina prevalence decreased with acyl chain
length for all three strains, (P < 0.0001, correlation coef-
ficients » = 0.86-0.89). In the RPE, prevalence decreased
with acyl chain length for ASMase*’* and ASMase*'~ mice
(P = 0.018 and » = 0.60 for both) but not for ASMase ™/~
animals (P = 0.30). For ceramides, prevalence also decreased
with acyl chain length in the retina for all three strains (P =
0.004-0.009, r = 0.65-0.70) but no significant dependence
was found in the RPE for any strain (£ > 0.50 for all).

DIiscuUsSION

There are several subtypes of Niemann-Pick disease, clas-
sified according to affected enzyme, extent of mutations,
and disease severity.” In humans, the disease due to lack
of significant acid sphingomyelinase activity is classified
as Niemann-Pick Type A and has the severest phenotype,

Retina RPE
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Ficure 7. Profiles of sphingomyelins (SM) and ceramides (Cer) of different acyl chain lengths in the retina and RPE of 2 month old
ASMaset/t ASMaset/~, and ASMase ™~ mice. For each strain, tissue was obtained from »# = 3 mice and the levels of different sphingolipid

species were determined with LC/MS. Error bars represent SD.
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resulting in death in early infancy, within two to three years
of age’*' One of its ocular manifestations is a macular
cherry-red spot that appears by 12 months of age?? and is the
result of a perimacular halo.*> The changes in retinal appear-
ance are thought to be the result of lipid accumulation in the
lysosomal compartments of different retinal cells,* an inter-
pretation supported by the studies of the ASMase™~ mouse
model of the disease, showing large accumulation of sphin-
gomyelin in the retina and RPE and of lipofuscin in RPE
cells.®

Mice that lack ASMase exhibit significant reduction in
ERG amplitude and retinal degeneration that progress with
age.® We surmised that the lysosomal dysfunction caused
by the lack of ASMase, and evidenced by the accumula-
tion of sphingomyelin (Fig. 6) and lipofuscin, as well as by
the reduction in ERG amplitude, would also impair other
metabolic processes. To examine the potential impact of
the lack of ASMase on rod photoreceptor metabolism and
the processing of the retinyl chromophore, we used 2-
month old animals in order to minimize interference by
age-dependent degenerative changes. Surprisingly, neither
the kinetics of all-trans retinol formation after the bleach-
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Ficure 8. Scheme showing the role of ASMase in sphingolipid metabolism. Lack of the enzyme results in accumulation of sphingomyelin
in the lysosomes, as well as in extracellular space. The enzyme plays a central role in sphingolipid recycling and its lack may affect the
levels of other sphingolipids in addition to that of its substrate, sphingomyelin. For simplicity, several additional sphingolipid pathways
are not shown. ASMase, acid sphingomyelinase; CDase, ceramidase; CerS, ceramide synthase; DES1, dihydroceramide desaturase 1; SMS,

ing of rhodopsin nor the NADPH-generating capacity of
rod photoreceptors were affected by the lack of ASMase
(Figs. 1, 2). Although metabolic limitations can result in
reduced NADPH-generating capacity, the results of Figure 2
do not exclude the presence of metabolic impairments in
ASMase ™/~ mouse retinas that are not manifested as reduced
NADPH availability. Lack of ASMase does not affect the
passive removal of all-trans retinol (Fig. 1), which suggests
that the changes in sphingolipid metabolism do not appear
to affect plasma membrane structure.

Impairment in the reduction of all-trans retinal to all-
trans retinol will result in the accumulation of all-trans
retinal and increased formation of bis-retinoid lipofuscin
precursors in rod outer segments.'®*> Thus the lack of an
effect of ASMase deficiency on the formation of all-trans
retinol is consistent with the similar abundance of the bis-
retinoid A2E in the RPE of ASMase™~ and ASMase*’* mice
(Fig. 3). By contrast, compared to wild type (ASMase™*),
ASMase ™~ retinas and RPEs show large increases in the
abundance of sphingomyelins and CerPE (Figs. 3, 4). There
are also large increases in the abundance of several BMP
species (Fig. 4) that have been associated with lysosomal
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dysfunction.??-3! Large increases in the abundance of these
BMP species were also observed in the RPE of Abca4 /-
mice,* indicative of a lysosomal dysfunction, which in that
case was caused by the excessive accumulation of bis-
retinoids such as A2E. It is important to note that in the
RPE of Abca4~/~ animals no increase in the abundance
of sphingomyelin species was observed in our previous
study46 (data not shown). Figures 3 and 4 also show the
differential accumulation of ASMase substrates in different
retinal layers, which would indicate the cell-specific regu-
lation of individual sphingolipid species. Interestingly, as
confirmed by the high resolution MALDI IMS images (Fig. 5),
ASMase substrates (sphingomyelins and ceramide phospho-
ethanolamines) accumulate specifically in the connective
tissue layer between choroid and sclera, which may reflect
the loss of the secreted form of ASMase, a product of the
same gene as the lysosomal enzyme.?’ Differential accu-
mulation across retinal layers was observed for different
BMP species as well (Figs. 4 and 5), again pointing to cell-
specific prevalence of the precursors of individual species.
The distribution of the increases in the levels of different
sphingolipids in ASMase™~ mice does not correlate with
the pattern of ASMase expression in the retina, with highest
expression found in the inner layers,*® thereby pointing to
significant contributions from additional enzymes and path-
ways of sphingolipid metabolism.

In ASMase ™/~ animals, and in contrast to the large
increases in sphingomyelins, the substrate of ASMase, no
major changes were observed in the levels of ceramides
(Fig. 6), the product of sphingomyelin hydrolysis by
ASMase.* One possibility is that in the absence of ASMase
there are compensatory increases in ceramide synthesis that
could maintain ceramide levels. Figure 8 (based on refer-
ence 50) provides a simplified overview of the pathways,
lysosomal and extracellular, that involve ASMase. ASMase
can act on sphingomyelin in the lysosomes, in the extra-
cellular leaflet of the plasma membrane, or in lipoproteins
present in extracellular space. Lack of ASMase will result in
the accumulation of sphingomyelin in the lysosomes as well
as in extracellular space. The lack of a significant decrease
in ceramide levels may be due to a compensatory increase
in synthesis.

In agreement with previous reports,® we find that C16 and
C18 are the dominant sphingomyelin species in the retina,
as well as in the RPE, though in the latter’s case longer
chain species are more prominent than in the retina. The
same pattern was observed in ASMase ™~ retinas, again, with
longer chain sphingomyelin species being more prominent
in the RPE. For all three strains, the acyl chain patterns of
sphingomyelins and ceramides are different between sphin-
golipid types and between retina and RPE (Fig. 7), pointing
to individual regulation of different sphingolipid species, as
also suggested by the MALDI imaging analysis.

In summary, we find that lack of ASMase results in the
increased accumulation of sphingomyelins and ceramide
phosphoethanolamines, as well as in the increased abun-
dance of BMPs, lipid species indicative of lysosomal dysfunc-
tion. Contrary to our expectations, the lysosomal dysfunc-
tion associated with the lack of ASMase does not affect
the formation of all-trans retinol and the availability of
NADPH in rod photoreceptors, or the abundance of the
bis-retinoid A2E in the RPE. Our results suggest that, at
least at younger ages, the pathology caused by the lack of
ASMase progresses without affecting the processing of the
retinyl chromophore and the generation of NADPH in rod
photoreceptors.
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