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acid (DHA) [2]. Moreover, they are involved in the defense 
against reactive oxygen species (ROS), viruses and the 

peroxisomal metabolism and biogenesis are generally char-
acterized by severe degenerative alterations in the central 
nervous system [3 -
entiates from a vesicular outgrowth of the brain and exhib-
its a highly specialized membrane lipidome, even milder 

Introduction

Peroxisomes are ubiquitous, small, membrane-bound and 
mostly spherical organelles [1]. Functionally, they contrib-
ute to several pathways of lipid metabolism such as the deg-
radation of very long-chain and branched-chain fatty acids 
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decline in visual acuity. Despite the prevalent retinal phenotype, information on the pathogenesis of the retinodystrophy 
is limited. To gain insight into the cellular, subcellular and molecular alterations occurring in the retina, we analyzed an 

-
ment epithelial cells accompanied, however, by a prominent activation of astroglia and microglia. Reduced a- and b-wave 

of the information-processing cell of the inner retina. At the lipidome level, very long-chain polyunsaturated fatty acids 
-

-
bon synapses in the OPL showed morphological signs of degeneration on the ultrastructural level. Hence, peroxisomal 
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forms of peroxisomal disorders often present with a retinal 
pathology [4 -
weger spectrum [ , ], data describing the ophtalmological 

scarce and often restricted to information from noninvasive 
techniques such as fundoscopy and electroretinograms 

-
eate the pathogenesis of peroxisome disorders. However, 
descriptions of the retinal degeneration in mutant mice are 

Mfp2  (Multifunctional 
Protein 2), Acox1
mice and to a lesser extent Gnpat  (glycerone-phosphate 
O-acyltransferase) mice [7–10 -

detected in a genome screen for uncharacterized retinopa-
thies [11
severe brain pathologies, all hitherto described patients 
also exhibit a prominent retinopathy [12–17], leading to 

, 19], but 
also facilitates membrane contacts to the endoplasmic 
reticulum (ER) by interaction with the ER membrane resi-

-

20–22
the exchange of pathway intermediates, membrane lipids 
reactive oxygen species and signals between the organ-
elles [12], which may contribute to the development of a 

models have been described recently [23, 24
-

retinal pathologies were reported for both mouse models 
but were not yet extensively characterized [23, 24]. Hence, 
in order to unravel the pathogenesis behind the retinodys-

-
 

mouse line (in the following termed Acbd5 ), in which 
-

sette between exon 2 and exon 3 [ ], to gain mechanis-
tic information on its retinal pathology. Notably, the retina 
exhibits a highly specialized membrane lipid composition, 

ether lipids are found in unusually high concentrations [ –

[ , 19

the Acbd5  strain [23]. The fatty acid elongase ELOVL4 

-
eration implying that a highly balanced homeostasis of the 

for a healthy retina [29, 30].

analysis of the retina with multifocal electroretinography 

to gain information on potential lipid alterations in this 

degenerative cell alterations at all levels of the murine ret-
ina including retinal pigment epithelium (RPE), photore-
ceptor cells, bipolar cells and ganglion cells, which were 

-
-

to the inner retinal layers overlapping best with the local-
ization of bipolar cells. Hence, bipolar cell metabolism 
appears to be most susceptible to the peroxisomal changes 

Materials and methods

Animal breeding

 

mouse, Acbd5
neo cassette between exon 2 and exon 3 using the so-called 

]. Sperm from Acbd5  mice 
was received from the European Mouse Mutant Archive 

mice (Acbd5
S1) and consecutively intercrossed into the 

Acbd5  
and Acbd5  mice. As the Acbd5  mice are fertile, homo-
zygous Acbd5  and correspondent Acbd5  mice were 
further bred as individual strains (breeding & experiment 

-

were interbred and outcrossed to avoid genomic drift. The 

-
-

sity at a 12 h/12 h light cycle and were fed ad libitum with 
standard rodent chow.
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Tissue preparation

was opened immediately after narcosis and perfusion was 

for 10 min with 4% paraformaldehyde (PFA) in phosphate 

eyes were carefully removed from the orbita and for better 
-

genotype were analyzed, for electron microscopy (EM), 3–4 
animals/genotype were investigated.

Light microscopy

lens and vitreous body were carefully removed. Subse-

-
tome and subjected to hematoxylin/eosin (HE) staining. 
Transverse sections at the eye equator indicated by the entry 
of the optic nerve were used for measurement of retinal 

angle towards each side of the optic nerve entry and used 

of the respective retinal layers.

the ora serrata and the cornea, lens and vitreous body were 
excised. Subsequently, the retina was carefully removed 
from the RPE and the remaining eye bulb was cut cross-

-

were subjected directly to immuno- and/or lipid staining. 
For determination of the RPE cell size and nucleus num-

2 from central and peripheral 

from close to the center and in the middle of each quadrant 
were used for each individual.

Immunofluorescence staining

X-100. Overnight the specimens were incubated with pri-
S1) at 

-
tions were incubated with secondary antibodies (Table S2) 

with A. dest. and covered with Roti®

were stained in immersion according to the same protocol. 

-

-

2 image 

the N. opticus -
2

(n
remaining retinal cell type numbers and subcellular struc-

2 covering representative 
regions from the whole retina radius excluding the areas 
next to the ora serrata and optic nerve entry were used per 
each specimen (n -

(Version 2.13.1) was applied. Nested Student’s T or Anova 
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homogenates were prepared in Milli-Q water using a Qia-

assay. Lipidomics analysis, including lipid extraction, 
-

lished recently [31
1:1 chloroform: methanol with internal standards for 
lipid major classes. Analysis was conducted on a Thermo 

Plus Orbitrap mass spectrometer, employing normal and 
reversed-phase chromatography in both negative and 
positive ion mode. Data processing and lipid annotation 
were performed using an in-house lipidomics pipeline in 

31].

Full field ERG and optical coherence tomography 
(OCT) imaging

n
per experimental approach.

Acbd5  and 
Acbd5  mice according to previously published pro-
cedures [32, 33

-

-

The electrical contact, as well as prevention of eye desic-

and tail, respectively. A heating pad controlled by a rectal 

-

-
mination, 0 cd·s/m2) and photopic (light adaptation with 

2, beginning 10 min 

2 for scotopic 
2 for scotopic 

recordings. A total of 10 responses were averaged with 

m2 2

Pad Prism. Optimization of image contrast and formats for 

changing the original image parameters.

Electron microscopy

For electron microscopy (EM), eye bulbs were opened by 

labeling, the specimens were washed in cacodylate buf-
2, pH7.2), incubated 

-

2O2. 
Subsequently, the tissues were again incubated overnight in 

4 ]·3H2O in a microwave with 
-

ture. After two washing steps in A. dest. the samples were 
-

99.9%) followed by incubation in a 1:2 mixture of water-

-
dride) in 10 min intervals. The retinae were incubated over-

-
ylaminomethyl phenol mixture per mL resin.

After complete polymerization ultrathin sections of 

-

using the SE2 detector for secondary electrons simultane-

Lipidomics analysis

For lipidome analysis, eye bulbs from eight 12-month-
old Acbd5  and eight age-matched Acbd5  mice were 
opened at the ora serrata, the neural retinae removed 
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MS imaging and conventional microscope slides for HE 
staining. HE stains were performed as described above.

2O/TFA (70:30:0.1, v/v), sonicated 

-

3 mm in a HH pattern. The height of the nozzle from the 
slide surface was set at 40 mm. Following matrix-coat-
ing, slides were immediately placed in on a tims-TOF 

-
tion mode (m/z range of 300–2000) with 200 laser shots 

-

-

-

uploaded to the false discovery rate (FDR) controlled 
Metaspace database for annotation using SwissLipids 

-
Acbd5  mice were 

MS data. Lipid species with a fold change higher than 20 
between Acbd5+/+ and Acbd5 were selected as potential 

Lab. Lipid annotation was done by matching m/z-signals 

mass tolerance. For statistical evaluation, relative abun-

were presented with 0 log cd·s/m2

One-second recordings were made and averaged over 

anesthetized via intraperitoneal injection of a mixture of 

-
dure. Pupillary dilation was achieved by applying a topi-

positioned in front of a scanning laser ophthalmoscope 

-

were acquired to examine the retinal structure. The total 

Measurement of DHA blood plasma concentration

For DHA plasma determination, 3-month-old (n = 4/gen-
otype) and 12-month-old (n Acbd5  and 
Acbd5+/+

-

was converted to DHA-methyl ester using methanolic 

internal standard.

MALDI-MS imaging of lipids

For matrix-assisted desorption/ionization mass spectrom-
34], 12 month-old 

-

liquid nitrogen. For localization of the mass-to-charge 

-
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-
tial stronger impact on cone photoreceptor cells [17]. 

examine a potential degeneration of cone photorecep-

3-month-old animals, however, 12-month-old Acbd5  

photoreceptor cell numbers (p 1

total photoreceptor cell number rather constantly across 
the whole retina surface [ , 37]. Hence, the reduced 

Acbd5

photoreceptor primary information to ganglion cells 
(NeuN) forming the optic nerve with their axons. While 
3-month-old Acbd5 -

p

age of 12 months, respectively, implying that both retinal 
information processing cell types are compromised by 

(Fig. 1
of the inner retinal layers is not in line with the observed 
decline in major neuronal cell types, alternative cytologi-
cal alterations have to explain these incongruent results. 

-
rangements and invasion of the retina by glial cells. For 

-
, 39], 

correction.

Results

-

either as a cone-rod or rod-cone dystrophy. At the meta-

19, ], which might 
induce alterations in membrane physiology initiating 
the pathogenesis of the disorder. Hence, in order to gain 
information on its retinal pathogenesis, we correlated 

with regional changes in the membrane lipid spectrum of 
Acbd5  mice.

The retinal pathology in Acbd5−/− mice is 
characterized by inner retinal layer thickening and 
a moderate decline in information processing cell 
types

Histological investigation of the retina of 12-month-old 
Acbd5  mice revealed a decreased ratio between outer 

-
ing a degeneration of photoreceptor cells [23]. To monitor 
a potential, progressive retinal degeneration we here ana-
lyzed retinae from cohorts of 3-month-old and 12-month-
old Acbd5  mice (Fig. 1A). While we did not observe a 

12-month-old Acbd5  mice (p
1

-

1

Acbd5 Acbd5  mice of 
both ages (Fig. 1

-
ations in the numbers of distinct retinal cell types, confo-

Photoreceptor outer segments (POS) require permanent 
regeneration of their rhodopsin-bearing membrane discs, 
which could be imbalanced in a disorder with a disturbed 
FA metabolism. Therefore, we stained for rhodopsin to 

Acbd5  and 
Acbd5  mice implying that membrane lipid renewal is 
still functional in photoreceptor cells (Fig. 1

Fig. 1 Acbd5  mice. (A) Repre-
sentative images of HE-stained sections from the retina of 3-month 
(3 m) and 12-month-old (12 m) Acbd5  mice and Acbd5  con-
trols. (B
Acbd5 n Acbd5 n Acbd5 n Acbd5 n C, 
D) Average diameter of individual retinal layers in 3- and 12-month-
old Acbd5  and Acbd5  mice according to the HE stained sections. 
(E
and rhodopsin (green). (F -
sin signal (3 m: Acbd5 n Acbd5 n Acbd5 n = 4, 
Acbd5 n = 7). (G
nuclei are visualized by TOPRO (blue), cone photoreceptor cells by 
antibodies against cone arrestin (green). (H) Retinal cell densities 

Acbd5 n Acbd5 n Acbd5 n Acbd5 n I) 

(J
Acbd5 n Acbd5 n Acbd5 n n K) 

cells (green, NeuN antibody). (L) Retinal cell densities for ganglion 
Acbd5 n Acbd5 n

Acbd5 n = 4, Acbd5 n
-

p 
p p p
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Full-field ERG implies pathologic functional changes 
in photoreceptor and INL cells

-

p
suggesting that despite the normal morphological status of 
the ONL, rod photoreceptor signaling is functionally com-
promised in Acbd5  retinae (Fig. 3
scotopic b-waves show an even more pronounced reduction 

p
-

ceptor outputs but also a dysregulation in bipolar cell signal 

generally only low amplitudes thus impeding assessment of 
Acbd5  and Acbd5  mice. However, 

2

a reduced cone cell density (Fig. 3
reduced b-wave amplitudes under photopic conditions 
underline a general dysfunction in signal transmission in the 

an irregular pattern at all measured frequencies suggest-
ing a general disruption of the light signal pathways (3D). 

-

in the resolving b-wave. The reason behind these secondary 
-

ations in the inner retina e.g. a slower recovery of bipolar 
cells, disturbed bipolar cell-amacrine cell interactions or a 

+

Acbd5  
mice. Hence, we extended our analysis by assessing mor-

Retinae of Acbd5−/− mice exhibit an early activation 
of micro- and astroglia

-
-

ment of retinal pathologies [40]. To assess the potential 

equatorial retina sections of 3-month- and 12-month-
old Acbd5  and Acbd5

2A). The number 
-

Acbd5  retinae of both ages (Fig. 2

amoeboid morphology was more prevalent in the older 
Acbd5 p
(p
groups (Fig. 2

from the inner into the outer retinal layers and subretinal 
space (Fig. 2
in other cone/rod retinal dystrophies [40]. Documenting 
the phenotype progression, the relocalization of amoe-
boid microglia was more prevalent at an age of 12 month 
than 3 months, in line with the numerical increase in 

signals in 3-month-old and 12-month-old mice revealed a 

2

-

2D, 

Acbd5  retina were 
-

2
summary of morphologic data from Acdb5  mice points 
to a moderate retinal dystrophy, which is less character-
ized by major degeneration of neural retinal cells but 

-
physiological information to gain more data on potential 
functional consequences of the Acbd5  phenotype.

Fig. 2 Acbd5  mice. (A) Rep-

retina of Acbd5  mice. (B

Acbd5  mice. (C
layers and percentage of microglial cells in individual retinal layers 
(n D
positive microglia in all retinal layers and percentage of microglial 
cells in individual retinal layers (n
specimens. (E

mice. (F

mice. (G

p p p p 
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peroxisomal FA transporters and many enzymes exhibit in 

protein: catalase is most highly expressed in the RPE, while 

pattern, which best matches the signal for glutamine synthe-

S2A

(Fig. ). With respect to the postulated contribution of 
, 19], such a distribution 

pattern is intriguing and might underline a primary function 

-

observed in Acbd5
of the Acbd5

). Hepatocytes of Acbd5  mice exhibit a presum-
ably compensatory peroxisome proliferation [23] Of note, 
no increases in the abundance of peroxisome were obvious 
in the Acbd5  retina.

The RPE of Acbd5−/− mice shows signs of reduced 
membrane lipid catabolism and basal metabolite 
transport

RPE cells continuously phagocytize and degrade exhausted 
distal ends of POS [42]. Accordingly, RPE cells have to 

-

Acbd5  mice could therefore ultimately 
lead to lysosomal lipid membrane accumulation inducing 
RPE cell degeneration [43]. As RPE cells are terminally 

enlargement of neighboring cells. Flat mount RPE prepa-
rations were stained with phalloidin-red and TOPRO to 
detect potential changes in RPE cell size, shape and nucleus 
number (Fig. 4 Acbd5  mice 

-
ated cells (Fig. 4 ), which was even more 
pronounced in 12-month-old Acbd5  mice (Fig. 4D, E). 
However, 12-month-old Acbd5  controls also showed 

-
ences in average cell size and percentage of mononucleated 
cells between both genotypes at this age. A dysfunctional 
membrane lipid catabolism might lead to compromised 

-

old Acbd5

Acbd5  
-

p
12-month-old Acbd5  mice compared to the age-matched 
Acbd5  controls (Fig. S1

decrease in the ONL (p -
-

tions between Acbd5  and Acbd5  mice were observed 

-
-

situation might be due to an altered ion homeostasis in the 
Acbd5

ACBD5 is most strongly expressed in retinal 
photoreceptor cells matching most closely with the 
localization pattern for the peroxisomal membrane 
protein PEX14

-
ological alterations observed in the Acbd5  mice with the 

using selected peroxisomal proteins were performed. As 

for the import of peroxisomal matrix proteins, peroxisomes 
are widely distributed across the retina showing highest 

subset of ganglion cells of Acbd5  mice (Fig. S2A -
estingly, colocalization with cone arrestin indicates that the 

rod cells (Fig. ). As already published previously [41], 

Fig. 3 Acbd5  and Acbd5 . 
(A

2) from either Acbd5  and Acbd5 . (B

2). (C
2

2) for photopic (light-
adapted) conditions. (D
increasing stimulation frequency from from 1 to 20 hz. (E) Quanti-

-
F

(D Acbd5  and red indicates Acbd5  
mice. Statistical analyses performed with (B) student’s unpaired t-test, 
and (E, F p
p p p
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Deep, slender folds enlarge the basolateral membrane 

membrane. While the apical two thirds of the cytosol 
contain numerous phagosomes, melanosomes and lyso-
somes, mitochondria are preferentially located next to the 
basal folds providing ATP required for active transport 
processes (Fig. 

], were found adjacent to the 

). No gross ultrastructural alterations were observed 
in the RPE of Acbd5

Acbd5+/+ controls (Fig. D). Apical microvilli projected 
in comparably thin and long microvilli from the apical 

S3D). However, an obvious 
Acbd5  and Acbd5  RPE cells 

was found in basal fold morphologies: these were less 
Acbd5  mice (Fig. 

3

Acbd5
for Acbd5  mice (Fig. 3F). Moreover, in the Acbd5  
RPE, peroxisomes were frequently found attached to 

capacities [19
reduced RPE capacity to degrade membrane lipids and 

-
-

ing to a dysfunctional membrane organization thereby 
initiating structural changes in the RPE’s basal folds 
which could then reduce metabolic exchange with the 

RPE basal labyrinth has been previously described in the 
ageing or degenerating retina and was associated with 
reduced transport capacities between the RPE and cho-
roidal blood vessels [47, ].

Lipidomics analysis reveals an accumulation of VLC-
PUFAs in retinal phosphatidylcholines

changes caused by disruption of peroxisome functions, 
lipids were extracted from homogenates from the neural 
retina of Acbd5  and Acbd5  mice aged 12 months 
(n ]. The loss 

the ER and peroxisomes might result in reduced ether 
lipid synthesis capacities since the pathway intermediate 

a factor of 2.3 in phagosomes containing membrane discs 
from cone POS (Fig. 4

rod photoreceptor function [44], implying that the degra-
dation of POS membranes would be preferentially com-
promised in this cell type. Hence, other lipid metabolites 
impeding lipid membrane degradation might be altered in 
cone POS of Acbd5  mice. After export from lysosomes, 
FA cleaved from phospholipids will be, depending on their 
chain length, shuttled to mitochondria or peroxisomes for 

they will be deposited as triglycerides in lipid droplets (LD).

preparations were stained by Nile Red, which shifts its 
emission maximum towards shorter wave lengths in more 
hydrophobic solutes [ ] and hence allows discriminat-
ing phospholipids from neutral lipids. (Fig. 
the RPE of Acbd5  mice LD exhibited more than twice 
the amount than in Acbd5  mice (p
while LD were preferentially found at the periphery of 
the Acbd5  RPE cells, they increasingly located in the 
RPE’s inner cytoplasm in Acbd5  mice (Fig. 
which points to a dysfunction in peroxisomal FA deg-

-
tion in hepatocytes of Acbd5  mice [23] and RPE cells 

evaluate potential compensatory peroxisome prolifera-
tion. However, no evidence for a peroxisome prolifera-
tion were found in the RPE cells.

-
lism may lead to detrimental changes in the RPE cellular 
morphology, transverse eye sections from Acbd5  (n = 
4) and Acbd5  (n = 3) mice were analyzed by EM. RPE 

cell morphology with long and slender microvilli project-
ing from the apical cell membrane to surround the POS. 

Fig. 4 Morphology of the retinal pigment epithelium (RPE) in retina 
Acbd5  and 

Acbd5  mice (n = 10/genotype). (A

-
cleated cells (> 2 nuclei). (B) Relative frequency distribution of the 
RPE cell size of 3-month-old mice. (C

D) Frequency 
distribution of the RPE cell size of 12-month-old mice. (E) Percentage 
of mono-/bi-/multinuclear cells in the RPE of 3- and 12-month-old 
Acbd5  and Acbd5  mice. (F, G

borders are highlighted by peroxisomes (antibody against PEX14, 
blue) positioned in close proximity to the cell membrane. (H) Quanti-

Acbd5+/+n Acbd5 n Acbd5+/+n Acbd5 n = 7). ns 
p p p

1 3
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Fig. 5 Subcellular organization of RPE cells from 12-month-old 
Acbd5  and Acbd5 . (A -

-
lar and accumulations of peroxisomes are indicated by arrowheads, 
lipid droplets are indicated by arrows. (B

n C) EM 

images giving an overview of RPE cell morphology (Acbd5 n = 3, 
Acbd5 n = 4). (D

(E
-

less frequent and rather coarse in the Acbd5  RPE (F -
tion of the diameter of individual folds in the basal cell membrane 
(Acbd5 n = 3, Acbd5 n p p 

p
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was also observed for cardiolipins (Fig. 

elongated FA is less prominent in the mitochondrial car-
diolipins of Acbd5  mice. However, cardiolipins gener-

cardiolipin remodeling towards a higher content of unsat-

in the inner mitochondrial membrane [49]. As a conse-
quence, the disturbed peroxisomal lipid metabolism in 
Acbd5  mice could have a direct impact on mitochon-
drial energy homeostasis.

MALDI MS imaging reveals a significant enrichment 
in of VLC-PUFA in the plexiform layer of the ACBD5-
deficient retina

The lipidomics analysis of the total retina homogenates 
gives a general overview of the lipid changes occurring in 
Acbd5

-
ent retina layers possess unique phospholipid compositions, 
which might be required to facilitate the specialized mem-
brane protein functions in distinct cell types [ , ]. Hence, 

sections from 12-month-old Acbd5  and Acdb5  mice (n 
34]. Notably, 

physical properties of the phospholipid membranes (Fig. 
7A, Fig. S7).

Substantial DHA concentrations are especially crucial 
for POS integrity and maintenance [

-

unusually abundant FAs combinations in phospholipids of 
the retina [ ]. Thus, in order to exclude that phospholip-
ids containing DHA as one FA may be locally decreased 
in the retina of Acbd5  mice, the quantitative distribu-

-
ined (Fig. 7 S7 S3

-

Acbd5  and Acbd5  specimens (Tab S3

the ER to complete the pathway [2]. However, the lipido-

the level of lipid classes (Fig. A).

lipid classes for quantitative changes in carbon chain 
length (Fig. 
reliable estimate for the amount of individual FA in 
glycerophospholipids. While lysophosphatidyletha-
nolamines (LPE), lysophosphatidylserines and lyso-
phosphatidic acids did not exhibit apparent changes 

S4). A comparable 

-
lesterolesters but not in phosphatidylethanolamines, 
phosphatidylserines, and phosphatidic acids (Fig. 
Fig. S4,  and Suppl. Data 1) implying that hyper-

any ether phospholipid class.

in retinal phospholipids and is essential for a healthy ret-
ina [

acid requires FA elongases (ELOVL) and desaturases 
localized at the ER to produce tetracosahexaenoic acid 

-
somes for a single chain-shortening step producing DHA 

between the two organelles potentially decelerating DHA 
synthesis in Acbd5  mice, in which PO-ER membrane 
contacts are reduced [23

Acdb5  retinae (Fig. 
1

-
taining with a high probability DHA as one FA showed 

was slightly reduced in Acbd5
might imply that DHA intermediates accumulating at the 

Fig. S4). Since DHA for retinal phospho-
lipids might be synthesized in the liver and supplied 
via the blood stream, free DHA plasma concentrations 

Acbd5  mice, DHA concentrations were approximately 
70% of the respective values for Acbd5  mice (Fig. , 
3 m: p p
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Ribbon synapses between photoreceptor cells and 
horizontal/bipolar cells show signs of degeneration 
in the ACBD5-deficient retina

retina and could therefore be a direct or indirect target of the 

+ transport is a prerequisite for a functional 
synaptic communication between photoreceptor and bipolar 
cells. Ribbon synapses from the OPL are prominent struc-
tures, in which signals from photoreceptors are transmit-
ted to a postsynaptic cluster of horizontal and bipolar cells, 

pathway with ganglion cells [

32, ]. Hence, 

Acbd5  mice might in part point to disrupted photorecep-
tor outputs to bipolar cells. Moreover, synaptosomes from 
ribbon as well as conventional synapses of the OPL and 

-

in synaptic function [

changes in ribbon synapse distribution (Fig. -

(Fig. -
bons from the OPL are crescent-shaped electron dense pro-

presynaptic membrane, on which numerous synaptic vesi-

cut in cross sections with a short ribbon and adjacent bipo-
lar/horizontal projections or horizontal presenting a single 
long ribbon band (Fig. 
images suggested that elongated ribbons occurred consider-
ably more frequently in the OPL of Acbd5  than Acbd5  
retinae (Fig. -

3 Acbd5  and Acbd5  mice, respectively and detected a 
Acbd5  

OPL, while the overall frequency of ribbons was not altered 
(Fig. N, O). Retraction of postsynaptic processes from the 
presynaptic terminals has been described as a phenomenon 
in degenerating retinas [
frequency of elongated ribbons, which were not associated 
with postsynaptic terminals in the Acbd5  retinae (Fig. 
P, Q). Moreover, the OPL from Acbd5  retinae regularly 

contained vesicular structures containing electron dense 
sheets, which might represent lysosomes enclosing undi-

altered in Acbd5 retinae (Fig. S7
that the retinal DHA levels are also not locally decreased 

pathology might not be ascribed to DHA shortages. Next, 

-

retinal layers (Fig. 7D, E, Fig. S7 -

Acbd5 -

Acbd5  and Acbd5  
-

cally and highly enriched in the inner retinal layers from 
Acbd5  mice (Fig. S7 S3, p -

region of the Acbd5
E, Fig. p > 0.001). Overlays 

-
S7

-
bly, however, their degradation is locally still functional. 

-

-
ingly increased in Acbd5

-
ler cell function. Hence, the pathologic alterations in the 
retina from Acbd5  mice might initiate in cells from the 
plexiform layers, while the dysfunction of photoreceptor 
cells might be a secondary event triggered by a primary 

Fig. 6 Lipid composition of total retina homogenates from Acbd5  
and Acbd5  mice (n A) 

-
lesteryl esters. (B
of selected lipid classes, circles in blue show lipid species elevated 
and circles in orange lipid species decreased in Acbd5  retinae, the 

x-axis depicts the FA carbon chain length, the y-axis the number of 
double bonds/FA. (C) Direct comparison of selected (lyso-)phos-

-

p p
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Fig. 7

Acbd5  and Acbd5
(n A) Overlay of m/z signal intensity distribution for 

(yellow). (B – E

( + B  

+, mass error 3.0 ppm) (C  1040.71, 
[M + Na]+ D
[M + H]+, mass error 1.99 ppm) exemplary transverse retina sections 
were merged with the HE-stained consecutive section from the same 

inner plexiform layer
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-

-
sis of the whole retina showed in addition to an increase 

7]. Hence, while both mouse lines resemble 

Mfp2
Crx-Mfp2  mice with a rod, cone and 
Mfp2 deletion showed changes in the 

lipid spectrum similar to the Acbd5  mice: changes are 

remained unaltered [ Cre-Mfp2  mice, 
which develop their phenotype considerably later than the 
Mfp2

-

Cre-Mfp2 mice also show changes 
in photoreceptor ribbon morphology, which appear to be 
similar to the alterations described in this manuscript but 
which where only assessed on a qualitative level. A compa-
rable phenotype was as well reported for Cre-Pex5  mice 
suggesting that this bipolar cell pathology is mainly caused 

-
ingly, the degeneration of photoreceptor cells in Mfp2  
and Acox1
nutritional DHA supplementation [10, 

Mfp2 could further show that the photoreceptor 
degeneration is primarily caused by the loss in peroxisomal 

degradation of the POS [43].

Acbd5  mice exhibit partially impaired peroxisomal func-

, ]. Decreased 

a-wave as well as scotopic and photopic b-wave amplitudes, 
and a reactive astrogliosis were also reported, potentially 
suggesting a partially similar pathogenesis in this mouse 

Acbd5

]. While 
there is only limited data on lipid alterations in the neural 

in phospholipid DHA and plasmalogens levels implying a 

small lysosomes in the OPL (Fig. 
changes in OPL from Acbd5  retinae suggests degenera-
tive processes in bipolar cells, leading to terminal dendrite 
retraction from ribbon synapses and accumulation of lipid 
membranes in their dendritic compartment.

Discussion

The retina exhibits a highly specialized membrane lipid 

27, ]. Since 

and plasmalogen synthesis, a dysfunctional peroxisomal 
metabolism will inevitably impact retinal lipid homeostasis. 
Accordingly, retinal degeneration is a common pathology 

screen [11], its ocular pathology has received special atten-

-
tion on the cellular and metabolic alterations in the patients’ 
retina is still sparse. Thus, in order to gain information on 
the retinal pathogenesis, we correlated retinal alterations at 
the cellular and subcellular level with lipidomics changes in 
an Acbd5  mouse model.

According to light microscopic histologic results, the ret-
inal degeneration in Acbd5  mice is only moderate induc-
ing no gross alterations in the retinal architecture. However, 

and ganglion cells. Degeneration of photoreceptor cells was 
also reported for the Gly357

24 -
ings, the retinal dysfunction is especially prominent in cells 

-
gesting that cell-type alterations in membrane lipid compo-
sition of the Acbd5  retina may trigger the pathogenesis.

Acbd5  mice, peroxisomal multifunctional 

Mfp2  mice 

7]. 
Notably, in contrast to Acbd5  mice, the Mfp2  mice 

POS shortening and a severe photoreceptor cell degradation 
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supplied by the liver [ ], the massive proliferation of 
peroxisomes in hepatocytes of Acbd5  mice appears 

-
23

DHA-concentrations of 70% in Acbd5  mice should 

blood.

Acbd5  mice 

degradation to prevent a massive disruption of mem-
brane lipid homeostasis in the RPE. Nevertheless, the 
increased number of enlarged and multinucleated cells 
points to degenerative changes in the RPE mirrored by 
the disruption of the membrane basal fold architecture. 
The latter might indicate progressively dysfunctional 
metabolite exchange between the RPE and the under-

homeostasis. However, future studies are required to 
-

nal pathology in Acbd5  mice.
-

ers of Acbd5 -

import into peroxisomes but also facilitates membrane 
contacts between peroxisomes and the ER – poten-
tial hubs for the delivery of DHA-synthesis pathway 
intermediates to peroxisomes. The outer retinal layers 
appear to receive DHA preferentially from external 

guarantee normal membrane lipid DHA levels. A dys-
functional delivery of DHA precursors from the ER 
to peroxisomes could lead to reduced DHA synthesis 
rates and as a result to a compensatory induction of 
the ER FA elongation and desaturation system [ , ] 

-
ing capacities resulting in normal DHA concentration 
in membrane lipids. Simultaneously, however, cytosolic 
concentrations of pathway intermediates, which serve 
as substrates for ER ELOVLs, would rise. This results 
in increased FA elongation and subsequent accumula-

layers of the Acbd5 -
aptic membranes require a specialized lipid composi-

protein architecture [ , 

more widespread dysfunction in peroxisomal pathways as 
expectable for a peroxisome biogenesis disorder [

mice might primarily result from a potential general short-
age of DHA in the outer retinal layers. Since Acdb5  mice 

-

Cre-Mfp2  

lipid alterations in the RPE, which correlated with the more 
severe RPE pathology in the ventral part of the retina [ ]. 
At the late stage of one year, we did observe regional layer-

from Acbd5  mice. However, we cannot exclude, that 
those or other lipid species might show such two-dimen-
sional spatial changes at earlier time points, which should 
be subject of future studies on the retinal pathogenesis in 

, 19
light of the studies characterizing a complete peroxisomal 

Acbd5  model maybe interpreted as follows:
 

 (1)  The retinae of Acbd5  mice do not exhibit reductions 
in phospholipid DHA levels, which would explain the 
late onset of the retinal pathogenesis and the relatively 
mild phenotype observed for the photoreceptor cells. 
Since retinal DHA is in addition to nutrition mainly 

Fig. 8

12-month-old Acbd5  and Acbd5  mice. (A, B) Representative 
transverse retina sections from Acbd5  and Acbd5  mice (n

C-F) 

G, H
retina from Acbd5 , n = 3 (G) and Acbd5  mice, n -

I, J) Overview of the OPL from 
Acbd5  (G) and Acbd5  (H) retinae, ribbon synapses are high-
lighted by red arrowheads. (K) Typical photoreceptor ribbon synapses 
from Acbd5  retinae, the presynaptic ribbon is highlighted by red 
arrowheads, horizontal cell terminals by stars, bipolar cell projections 

L) 
Representative ribbon synapses in the Acbd5
without contact to postsynaptic structures as highlighted by the white 

OPL. (M) Presynaptic ribbon retracted into the vicinity of the nucleus 
of a photoreceptor cell in an Acbd5  retina. (H-L
the ribbon synapse frequency and morphology analyzed by EM. Abbr.: 

inner nuclear layer, OPL – outer plexiform layer, ONL – outer nuclear 
p p
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-
tent. According to our data the complex disturbance in lipid 
homeostasis in the retina of Acbd5
interplay between regional, tissue-intrinsic, and extrinsic 
capacities of FA acid metabolism and corresponding com-
pensatory responses and is therefore a suitable model to 
unravel general principles in the pathogenesis of lipid meta-
bolic disorders. According to the very limited number of 

was alternatively described as either a cone rod or rod cone 
dystrophy [17]. Hence, as in the Acbd5  model both light 
receptive pathways are dysfunctional in humans, but pre-
sumably with a considerable variation in phenotype. So far, 

-
lopathy implying a more severe degeneration of cone pho-
toreceptor cells [
decline in cones found in Acbd5  mice in this study. How-
ever, the focus on the photoreceptor phenotype in reports 

not yet been published – might suggest that the human dis-
order is characterized by a more prominent photoreceptor 

-
els show principally a similar but somewhat less severe 

peroxisome proliferation in liver supplying the outer retina 

opportunity to decipher fundamental molecular alterations 
responsible for the retinal dysfunction. This in turn could 

Supplementary Information The online version contains supplementary 
material available at .

Acknowledgements

-

Author contributions

Funding

-

-

-
synaptic side of photoreceptor ribbon synapse terminals 
and/or presynaptic membranes and synaptic vesicles. 

-
mission and eventually lead to retinal cell degeneration. 
Our observation of morphologically altered photorecep-
tor ribbon synapses in Acbd5
in the correspondent synaptic architecture and suggest 
that altered bipolar cell physiology may contribute to 
the development of the retinal pathology.

 (4)  The retina of Acbd5  mice exhibits a gliosis of astro-

the migration of microglia into the outer retinal layers 

homeostasis [70]. Hence, their activation by physio-
logically malfunctioning neural cells (e.g. bipolar cells) 
might spread the pathology from the inner retinal layers 
to regions, which do not exhibit pathological accumula-

-
cellular lipid sensors [71], which might be sensitive to 

neural cells of the inner retina. Once activated, microg-
lia migration towards the outer retinal layers might 

-
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-
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