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Plasmalogens are a specific glycerophospholipid subtype characterized by a vinyl-ether
bound at their sn-1 moiety. Their biosynthesis is initiated in the peroxisome by
dihydroxyacetone phosphate-acyltransferase (DHAPAT), which is encoded by the
DAPAT gene. Previous studies have shown that plasmalogen-deficient mice exhibit
major physiological dysfunctions including several eye defects, among which abnormal
vascular development of the retina and a reactive activation of macroglial Müller cells.
Interestingly, plasmalogen deficiency in mice is also associated with a reduced expression
of brain connexin 43 (Cx43). Cx43 is the main connexin subtype of retinal glial cells and is
involved in several cellular mechanisms such as calcium-based gap junction intercellular
communication (GJIC) or cell migration. Thus, the aim of our work was 1) to confirm the
alteration of Cx43 expression in the retina of plasmalogen-deficient DAPAT−/- mice and 2)
to investigate whether plasmalogens are involved in crucial functions of Müller cells such as
GJIC and cell migration. First, we found that plasmalogen deficiency was associated with a
significant reduction of Cx43 expression in the retina of DAPAT−/- mice in vivo. Secondly,
using a siRNA targeting DHAPAT in vitro, we found that a 50%-reduction of Müller cells
content in plasmalogens was sufficient to significantly downregulate Cx43 expression,
while increasing its phosphorylation. Furthermore, plasmalogen-depleted Müller cells
exhibited several alterations in ATP-induced GJIC, such as calcium waves of higher
amplitude that propagated slower to neighboring cells, including astrocytes. Finally, in vitro
plasmalogen depletion was also associated with a significant downregulation of Müller
cells migration. Taken together, these data confirm that plasmalogens are critical for the
regulation of Cx43 expression and for characteristics of retinal Müller glial cells such as
GJIC and cell migration.
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1 INTRODUCTION

The ether-lipid plasmalogens represent a specific
glycerophospholipid subgroup that is characterized by the
presence of a vinyl-ether bond at the sn-1 position of the glycerol
backbone. They are synthesized by a multi-step process that starts in
the peroxisome with the first and key enzyme of plasmalogen
biosynthesis DHAPAT (dihydroxyacetone phosphate-
acyltransferase) (Liu et al., 2005). Plasmalogens are present in
various concentrations in all cell types and tissues. The heart and
nervous tissues are particularly enriched in plasmalogens, where they
can make up to 20–30% of total phospholipids (Nagan and Zoeller,
2001). As an extension of the central nervous system, the retina also
contains high amounts of plasmalogens, which are mostly
represented in the ethanolamine phospholipids subclass (PE) and
can make up to 30% of total PE species (Dorman et al., 1976; Acar
et al., 2007; Nagy et al., 2012). Interestingly, plasmalogen-deficient
mice exhibit several eye defects, including retinal vascular
development abnormalities (Saab et al., 2014), as well as a
downregulation of brain connexin 43 (Cx43) (Rodemer et al., 2003).

Cx43 is considered as being ubiquitously distributed and is the
major connexin in mammal cells (Laird, 2006). Cx43 is implicated
in several key cellular functions of glial cells such as gap junction-
intercellular communication (GJIC) (Goodenough et al., 1996) or
cell migration (Homkajorn et al., 2010). In the retina, Müller cells
represent the main glial cell type as they can make up to 90% of
macroglial cells (Bringmann et al., 2006). Müller cells are involved
in crucial features of the retina, including water and ions
homeostasis, angiogenesis, and inflammation (Bringmann et al.,
2006; Reichenbach and Bringmann, 2013; Vecino et al., 2016; Toft-
Kehler et al., 2018). Such abilities require multiple means of
communication between Müller cells, but also with other cell
types. For instance, it has been shown that Müller cells can
communicate directly through gap junctions-dependent
pathways, namely GJIC (Newman and Zahs, 1997; Newman,
2001). Gap junctions are intercellular channels that allow for
calcium waves to propagate between adjacent cells among cell
networks (Herve and Derangeon, 2013). In the retina, gap
junctions between glial cells mostly rely on Cx43 (Zahs and
Ceelen, 2006; Kerr et al., 2010), including with astrocytes, which
are critical for proper vascular development of the retina
(O’Sullivan et al., 2017).

Interestingly, previous data from our laboratory revealed high
plasmalogen levels in the retina and suggested thatMüller cells play
a leading role in plasmalogens biosynthesis (Acar et al., 2007).
Thus, using complementary in vivo and in vitro approaches
targeting DHAPAT, our study aimed at determining the impact
of plasmalogen depletion on Cx43 expression in the retina as well
as on key functional tasks of Müller cells.

2 MATERIALS AND METHODS

2.1 Animals and Cells
2.1.1 Animals
Experiments on animals were performed in accordance with the
ARRIVE guidelines, the Association for Research in Vision

Ophthalmology (ARVO) statement for the use of animals in
ophthalmic and vision research, and with French legislation
(personal authorization number 21CAA086 for N.A and
animal quarters agreement number A21231010 EA), after
approval by ethics committees (#105 Comité d’Ethique de
l’Expérimentation Animale Grand Campus Dijon) and by the
French Ministry of Higher Education and Research (reference
number 02271.1).

2.1.2 Müller Cells
Primary Müller cells were prepared from rat retinas according to
a procedure previously described by Hicks and Courtois with
slight modifications (Hicks and Courtois, 1990). Nine to 12 days-
old animals were obtained from aWistar rat colony established in
our animal quarters. Animals were killed by decapitation. Eyes
were isolated and placed in Dulbecco’s Modified Eagles Medium
(DMEM; Pan Biotech, Germany) with 10% Fetal Bovine Serum
(FBS) overnight at room temperature in the dark. Eyeballs were
then pre-digested in DMEM containing 0.1% Trypsin-EDTA 10X
(Sigma-Aldrich, United States) and 70 U/ml collagenase (Sigma-
Aldrich, United States) at 37°C for 45 min. Eyeballs were then
placed in DMEM—10% FBS, corneas were incised, lenses and
vitreous bodies taken out, and retinas were gently isolated.
Retinas were dissociated into small pieces and placed into a
Petri dish containing DMEM with 4.5 g/L of glucose, 10% FBS
and 10 μL/ml of streptomycin (10 mg/ml)—penicillin (10,000 U/
mL) (Pan Biotech, Germany). The medium was not changed
during the first 2 days and then progressively substituted by
DMEM with 1 g/L of glucose. Cells at 80% confluence were
reseeded on different materials depending on their final use
(P1) (Figure 1). They were used at second generation (P2).

2.1.3 Astrocytes
Primary astrocytes were extracted from rat cerebral cortex.
Twenty-one days-old pups were obtained from the same
Wistar rat colony established in our animal quarters.
Anesthesia was performed via an intraperitoneal injection of
pentobarbital (Ceva, France) at 0.1 mg/100 g. Animals were
perfused through heart’s left ventricle with a cold PBS
solution. The brain was removed and astroglial cells isolation
was performed according to a previously described protocol
(Schildge et al., 2013) with slight modifications. Briefly,
cortices were separated from the brain and the meninges
removed. Cortices were cut into small pieces using sharp
blades, and cells were then dissociated by three successive
trituration and sedimentation steps in DMEM F12 + 10 μL/ml
of streptomycin-penicillin medium. Dissociated cells were then
plated onto a 75 cm2 culture flask, previously pre-coated with
poly-L-lysine (1X) and maintained in culture medium (DMEM
F12 + 10% FBS +10 μL/ml of streptomycin-penicillin) in an
incubator at 37°C with 5% CO2 and 95% humidity. The media
was changed every 3–4 days. At 80% confluence, the flask was
shaken overnight at 200 rpm to remove non-astroglial cells.

2.1.4 Co-Culture Model
At second generation, Müller cells and astrocytes were seeded on
poly-L-lysine coated glass coverslips (18 mm diameter) in 6-wells
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plates (25 mm diameter) at 5.105 cells/ml and 8.105 cells/ml,
respectively. Müller cells were seeded 1 day before astrocytes
to allow the transfection with siRNA. Cells were co-cultured
together during 4 days before the experiment in DMEM F12 +
10% FBS +10 μL/ml of streptomycin-penicillin medium
(Figure 1).

2.2 Immunohistochemistry
Adult C57BL/6 mice (3 months of age, Centre d’Elevage Janvier,
France) were euthanized by CO2 exposure. The eyeballs were
isolated and fixed overnight in formaldehyde solution (PFA) 4%
(Sigma-Aldrich, United States). Lens and cornea were then taken
out and eyecups were dehydrated in sucrose baths with gradually

increasing sucrose concentrations before being embedded in
Tissue-Tek O.C.T. (Sakura Finetek, Netherlands) and frozen
into liquid nitrogen. 10 µm-thick cryo-sections were performed
on a Leica microtome (CM 3050 S, Leica Microsystemes, France)
and were mounted on SuperFrost PlusTM slides (Thermo
Scientific, United States). Primary Müller cells were isolated as
previously described and seeded on microscope slides fixed for
2 h in PFA 4% and kept in 1X PBS +0.01% thimerosal (Sigma-
Aldrich, United States) until further experiments. Prior to
antibody labeling, both eye cryo-sections and Müller cells-
slides were blocked for 1 h in 1% BSA (Sigma-Aldrich,
United States) + 0,1% Triton X-100 (Sigma-Aldrich,
United States) + 0,05% Tween (Sigma-Aldrich, United States).

FIGURE 1 | Experimental procedure of plasmalogen depletion using a siRNA-based approach targeting DHAPAT in primary rat retinal Müller cells. Primary Müller
cells were prepared from rat retinas according to a previously described procedure (Hicks and Courtois, 1990) with slight modifications. Briefly, eyes were isolated from 9
to 12 days-old rats. Isolated retinas were then dissociated into small pieces and placed into a petri dish. Cells at 80% confluence were reseeded (P1) in a 75 cm2 culture
flask and transfected with a control or DHAPAT-targeting siRNA depending on their final use. The procedure was repeated until the cells have received a second
transfection and were then used at second generation (P2). See Materials and methods 2.1 for the complete primary Müller cells and astrocytes isolation, transfection
and co-culture procedure.
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They were then incubated overnight at +4°C in the same BSA/
Triton/Tween solution with the following primary antibodies:
GNPAT at a dilution of 1:250 (PA5-36447, rabbit polyclonal,
Invitrogen, United States), and Glutamin synthetase at a dilution
of 1:10,000 (MA5-27749, mouse monoclonal, Invitrogen,
United States). After 5 consecutive washes in 1X-PBS, samples
were then incubated for 1 h at room temperature in BSA/Triton/
Tween solution with DAPI (1:200, Sigma-Aldrich, United States),
Alexa Fluor 488 (A11001, goat anti-mouse, Invitrogen,
United States) and Alexa Fluor 594 conjugated secondary
antibodies (A-11032, goat anti-rabbit, Invitrogen,
United States). Samples were then washed again with 5
consecutive 5 min PBS before being sealed in mounting media
(Dako, Denmark) for imaging on an inverted confocal
microscope (TCS SP8, Leica Microsystemes, France).

2.3 Inhibition of DHAPAT-Mediated
Plasmalogen Biosynthesis by siRNA
Transfection
Silencer® Select siRNAs were used to knockdown expression of
DHAPAT. DHAPAPT-targeting siRNA (siDHAPAT) (siRNA
ID s136618 sense 5′-CAUCGUUCUCAAUUCUGAAtt-3′,
anti-sense 5′-UUCAGAAUUGAGAACGAUGga-3′ and siRNA
ID s136619 sense 5′-GGAUGUCCUUCAGUUGCUUUtt-3′,
anti-sense 5′-AAGCAACUGAAGACAUCCtc-3′) and the non-
targeting controls (siCTL) were purchased from Ambion
(references 4390771 and 4404020, ThermoFisher Scientific,
United States). The siRNA transfection of Müller cells was
performed using Lipofectamine RNAiMAX transfection
reagent (ThermoFisher Scientific, United States) in OPTIMEM
medium (ThermoFisher Scientific, United States) overnight at
37°C in 5% CO2 humidified atmosphere according to
manufacturer’s instructions. Medium was then replaced by
DMEM supplemented with 10% FBS on the next morning.
Finally, cells were used for experiments 5 days after the second
transfection.

2.4 Evaluation of Müller Cells Plasmalogen
Content
Total lipid from Müller cells were extracted according to the
method described by Folch and collaborators (Folch et al., 1957)
by using a mixture of chloroform/methanol (2:1, v:v). Lipid
extracts were stored at −20°C under inert gas until further
analyses. Total lipids previously extracted were
transmethylated using boron trifluoride (BF3) in methanol
according to Morrison and Smith (Morrison and Smith, 1964).
Fatty acid methyl esters (FAMEs; formed by the transmethylation
of fatty acids at sn-1 and sn-2 positions of
diacylglycerophospholipids and the sn-2 of plasmalogens) and
dimethylacetals (DMAs; formed by the transmethylation of the
aldehyde aliphatic groups on sn-1 position of plasmalogens) were
subsequently extracted with hexane and analyzed by gas
chromatography on a Trace 1310 gas chromatograph
(ThermoScientific, Waltham, MA, United States) using a
CPSIL-88 column (100 m × 0.25 mm i. d, film thickness

0.20 µm; Varian, France) equipped with a flame ionization
detector. Hydrogen was used as the carrier gas (inlet pressure
210 kPa). The oven temperature was held at 60°C for 5 min,
increased at 165°C with a 15°C/min rate, held for 1 min and then
to 225°C at 2°C/min and finally held at 225°C for 17 min. FAMEs
and DMAs were identified by comparison with their commercial
and synthetic standards. The data were processed using the
EZChrom Elite software (Agilent Technologies, France) and
reported as a percentage of total FAMEs and DMAs.
Plasmalogen levels were calculated as 2 x (% of total DMAs)
as previously described by Acar and collaborators (Acar et al.,
2007).

2.5 Protein Expression
Proteins were first extracted fromMüller cells in RIPA lysis buffer
(ThermoFisher Scientific, United States) with extemporaneous
addition of a phosphatase inhibitor (Roche, Sigma-Aldrich,
United States) and protease inhibitor (Roche, Sigma-Aldrich,
United States) cocktails. After a 30-min centrifugation at
10,000 x g, the supernatant containing proteins was isolated.
Protein content was measured by using Pierce BCA Protein Assay
Kit (ThermoFisher Scientific, United States) at 562 nm by a
multilabel plate reader (Victor 3V, PerkinElmer,
United States). Dilutions of known concentrations of BSA
were prepared and used to determine standard curve.

Twenty five micrograms of protein extracts were boiled for
5 min in a 4X Laemmli buffer (40% glycerol, 240 mM Tris/HCl
pH 6.8, 8% SDS, 0.04% bromophenol blue, 5% beta-
mercaptoethanol) and then separated by electrophoresis at
125V for 1 h (Mini-PROTEAN® Tetra System, BioRad,
United States) using 4–15% SDS-PAGE Stain-Free precast gels
(Mini-PROTEAN®, TGX Stain-Free, BioRad, United States).
After UV activation of the protein gels on a Chemidoc
(BioRad, United States), proteins were subsequently
transferred on a nitrocellulose membrane (BioRad,
United States) using a Transblot Turbo (BioRad,
United States). Membranes were blocked for 1 h at room
temperature in a PBS solution with 3% BSA (Sigma-Aldrich,
United States) and then incubated for 1 h at room temperature
with primary antibodies. Primary antibodies used were 1:1,000
rabbit anti DHAPAT (ref 14931-1-AP, ProteinTech,
United Kingdom), mouse anti-Cx43 at 1:1,000 dilution (ref
610062, BD Biosciences, United States), 1:1,000 mouse anti-
pCx43 (S368) (ref 52559, Cell Signaling Technology,
Netherlands), 1:1,000 rabbit anti-pCx43 (Y265) (ref ab193373,
Abcam, United Kingdom), rabbit anti GFAP (1:1,000 dilution, ref
sc-6171-R, Santa Cruz Biotechnology, United States), mouse anti
β -tubulin (1:2000 dilution, ref 32–26,000, ThermoFisher) and
rabbit anti β-actin (1:2000 dilution, ref A2066, Sigma-Aldrich).
Membranes were then rinsed for 30 min at room temperature
using a mixture of PBS-T (10 mMNa2HPO4, 1,76 mMKH2PO4,
137 mM NaCl, 2,7 mM KCl, and 0.1% Tween 20 w/v) and
incubated with HRP-conjugated secondary goat anti-mouse
antibodies (reference P0161, Dako, Denmark) for 1 h at room
temperature. After another 30min-rinsing, blots were incubated
for 2min with ECL reagents (Perkin Elmer, United States) and
visualized by chemiluminescence using a charge-coupled device
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(CCD) camera (Chemidoc, BioRad, United States). Protein
expression was then quantified using total protein loads.

2.6 Gene Expression
After being grown and transfected as described in 2.1, primary
Müller cells were collected from culture flask in PBS solution,
snap-frozen in liquid nitrogen and stored at −80°C. Total RNA
was isolated from primary Müller cells using the NucleoSpin
RNA Plus XS Kit (Macherey-Nagel, France) and quantified using
a NanoDrop 2000 (Thermo Scientific, United States). RNA
samples were then divided in 10 µL aliquots each containing
100 ng of RNA and stored at −20°C. cDNA was synthesized from
RNA samples using the high capacity cDNA reverse transcription
Kit (Applied Biosystems, United States) and stored in 20 µL
aliquots at −20°C. 2µL of cDNA sample were added to 10 µL
of iTaq Universal SYBR® Green Supermix (BioRad, United
States) plus the corresponding primers. Finally, qPCR was
performed on a StepOnePlusTM (ThermoFisher, United
States). The qPCR run consisted of a first step at 95°C for
10 min, followed by 40 cycles of 15 s at 95°C, 1 min at 60°C
and 30 s at 72°C. In addition to the Cx43-encoding gene (Gja1),
Gusb, and B2m were used as housekeeping genes. Primers
sequences were as follows: Gja1: Forward 5′-CAGCTGTTG
AGTCAGCTTGG - 3′, Reverse 5′-ACATGGGCCAAGTAC
AGGAG-3’; Gusb: Forward 5′-CTCGAACAATCGGTTGCA-
3′, Reverse 5′- TCATTGAAGCTGCAAGGGACC-3’; B2m:
Forward 5′-CCGTGATCTTTCTGGTGCTTG -3′, Reverse 5′-
CGGTGGATGGCGAGAGTACA-3’.

2.7 ATP-Stimulated Müller Cells Calcium
Response
Primary Müller cells were isolated, cultured and transfected
according to the previously described conditions in 2.1 (Hicks
and Courtois, 1990). Cells were seeded in Poly-D-lysine coated
96-wells plastic plates (Corning BiocoatTM, Falcon,
United States). Müller cells were loaded for 45 min at 37°C
with the calcium probe Fluo-4 AM (Molecular Probes,
United States) and the organic anion transporters inhibitor
probenecid (Invitrogen, United States) in the same modified
HBSS. After incubation, plates were placed in a multi-mode
microplate reader FlexStation® 3 (Molecular Devices,
United States) together with a 500 µM ATP-containing
stimulation plate. Müller cells were then stimulated with ATP
using the following injection parameters: volume = 50 μL, speed
rate 6 (~94 μL/s), height = 60 µL. Calcium response was recorded
during 90 s with the following recording parameters: sensitivity =
50 readings, PMT high; reading interval = 5.04 sec. Data were
recorded and analyzed using the SoftMax Pro 5.4.6 software
(Molecular Devices, United States). Three 96-wells plates were
used as replicates for each experiment. The mean of the three
plates was used for analysis.

2.8 Calcium Imaging
Co-cultured astrocytes and Müller cells were loaded for 45 min at
37°C under gentle agitation with 2, 5 µM of Fura-2
acetoxymethylester (Fura-2AM, Molecular Probes,

United States) in a modified Hanks buffered saline solution
(HBSS: 135 mM NaCl, 5 mM KCl, 1.3 mM CaCl2, 1 mM
MgCl2, 10 mM HEPES, 2.5 D-glucose, and pH 7.4)
supplemented with 0.002% pluronic acid (P3000MP,
Molecular Probes, United States). After incubation, glass plates
covered with cells were mounted in a thermostatically regulated
microscope chamber on an inverted Olympus microscope (IX 70,
Olympus Corporation, Japan) and visualized with a 20X
objective. Intercellular calcium waves were induced by the
application of 100 µM ATP onto a single Müller cell with an
8.4-µm glass micropipette. Two 100 msec-pulses at 10 psi were
delivered with a pneumatic PicoPump (PV830, World Precision
Instruments, United States). A real-time movie of intercellular
calcium waves of stimulated Müller cell and neighboring
astrocytes following stimulation was recorded at 2 Hz for
4 min by alternating excitations at 340 and 380 nm (emission
spectrum: 420–600 nm). Images were recorded using a CCD
camera with the live acquisition software (TiLL photonics,
United States). The 340/380 nm fluorescence ratio was
calculated after correction for background fluorescence values.
A baseline recording was performed for 2 min before stimulation.

2.9 Quantitative Analysis of Intercellular
Ca2+ Waves
Each cell was considered as an individual region of interest (ROI).
For each ROI, we obtained a curve representing the 340/380 nm
fluorescence ratio. Since the fluorescence intensity of Fura-2AM
is proportional to calcium concentrations, changes in cytosolic
calcium concentrations were inferred from the fluorescence
profile of individual cells. The mask of each ROI was
imported on ImageJ software (National Institute of Health,
United States, https://imagej.nih.gov/ij) to measure the
distance between the stimulated Müller cell and the
subsequently activated astrocytes. Astrocytes were considered
as activated once they reached a 10% increase of the baseline
(0.1 x Imax + baseline), and the corresponding latency time was
evaluated (activation time). The velocity of calcium wave
propagation was calculated and expressed in µm/s. Finally,
astrocytes calcium response intensity following their activation
was evaluated and expressed as a percentage of increase of the
baseline (activation amplitude = ((Imax x 100)/baseline)—100).
The change in fluorescence intensity was normalized to the level
of baseline fluorescence.

2.10 Cell Migration
Müller cells migration was evaluated by a wound healing assay.
Müller cells were isolated and generated as previously described
(see 2.1 and Figure 1). At P2, cells were seeded in a culture-Insert
(Ibidi, Germany) at a density of 1 × 104 cells/well. Inserts were
removed 5 days after the second siRNA transfection (P2), thus
creating a cell-free gap of 500 µm. Cell migration was monitored
under microscope by recording a picture each hour during 72 h.
Three fields per insert were observed and the results were
averaged. The cell-free area and the percentage of recovery
were measured and calculated using the ImageJ software
(National Institutes of Health, United States).
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2.11 Cell Proliferation
Cell proliferation was evaluated by Ki-67 labeling of Müller
cells. Briefly, Müller cells were washed with PBS and fixed for
10 min with 4% formaldehyde in PBS. After washes and
permeabilization steps with TritonX100 (Sigma-Aldrich),
cells were incubated with primary antibodies (mouse anti-
ki67, dilution 1:1,000, reference M7248, Dako, Denmark)
overnight at 4°C. Then, secondary antibody (reference
A11001, Thermo Fischer Scientific, dilution 1:1,000) and
DAPI were added and cells were cover slipped using a
fluorescence-mounting medium. Fluorescence
microphotographs were taken using a Nikon microscope
(Eclipse E600, Nikon, France) and a Nikon digital camera
(DS-Ri2, Nikon) equipped with the Nikon Nis BR software.
Images were analyzed with ImageJ software. Proliferation was
evaluated as a ratio between the numbers of cells stained by Ki-
67 to total cells stained by DAPI.

2.12 Statistical Analysis
Statistical analysis was performed using GraphPad Prism v6.05
(GraphPad software, United States). For gene and protein
expression, comparisons between two groups were
performed using a non-parametric Mann-Whitney test. For
the calcium wave quantitative analysis, Pearson correlation
coefficients were determined to assess linear associations
between astrocytes activation time and their distance from
the ATP-stimulated Müller cell. Radius-dependent
comparisons between groups were performed by Mann &
Whitney test. A p value lower than 0.05 was considered as
statistically significant and noted by one star (*). Two (**) and
three stars (***) were used for p values lower than 0.01 and
0.001, respectively.

3 RESULTS

3.1 Plasmalogen Deficiency is Associated
With Retinal Cx43 Downregulation
Cx43 gene and protein expression were quantified in 13 weeks-
old DAPAT+/+ and DAPAT−/- mice retinas. Both Cx43 gene
(Gja1) and protein were significantly downregulated in a similar
fashion, as RT-qPCR revealed a reduction of Gja1 expression by
83% (p < 0.01, n = 6–8) (Figure 2A), while western-blots revealed
a reduction of Cx43 protein expression by 89% (p = 0.05; n = 3)
(Figure 2B).

3.2 Plasmalogens Are Synthesized and
Concentrated in Retinal Müller Glial Cells
Immunohistochemical staining of retinal cryosections revealed
DHAPAT expression in several layers corresponding to the
ganglion cell layer (GCL), the inner nuclear layer (INL) and
the photoreceptors inner segments (IS) (Figures 3A,B). Such a
pattern is consistent with the localization of Müller cells endfeet,
Soma and distal processes, respectively. DHAPAT expression in
Müller glia was then further confirmed by
immunocytochemistry. A glutamine synthetase (GS)-DHAPAT
double immunolabeling first confirmed the purity of our Müller
cells culture and that Müller cells strongly express DHAPAT
(Figures 3C–F). Finally, in order to assess the extent of
plasmalogen biosynthesis activity in Müller glia, plasmalogen
concentrations were compared in total lipid extracts from
primary rat Müller cells and whole mouse retinas. A
significantly higher concentration of plasmalogen in Müller
cells compared to whole retina extracts (17.67 ± 0.30% vs.
7.53 ± 0.30% of total phospholipids, p < 0.001) (Figure 3G),
confirmingMüller glia as a major reservoir of plasmalogens in the
retina. These data also reinforce the idea that plasmalogens might
play specific roles in Müller cells physiology.

3.3 DHAPAT-Targeting siRNA Treatment is
Associated to a Depletion of Plasmalogen
Cell Content
In a second series of experiments, we decided to assess the
efficiency of our siRNA-based plasmalogen depletion protocol.
Plasmalogen content in Müller cells was assessed by a double
transfection of primary Müller cells with a DHAPAT-targeted
siRNA (siDHAPAT). siDHAPAT treatment induced a significant
decrease in DHAPAT protein expression (−56%, p < 0.01)
(Figure 4A) as well as a significant 56%-decrease in the
cellular plasmalogen content (7.74 ± 0.59% vs. 17.61 ± 0.35%
of total phospholipids, p < 0.001) (Figure 4B).

3.4 Plasmalogen Depletion of Müller Cells is
Associated With Cx43 Protein
Downregulation
Reduced levels of plasmalogens were significantly associated with
a 47%-decrease in Cx43 protein expression (p < 0.01)

FIGURE 2 | Downregulation of Cx43 gene and protein expression in the
retina of plasmalogen-deficient DAPAT adult mice. (A) RT-qPCR analysis of
Gja1 expression shows a significant downregulation in 13 weeks-old
plasmalogen-deficient DAPAT−/- mice retina compared to DAPAT+/+

mice retina (**p < 0.01; n = 6–8). (B)Western-blot analysis of Cx43 expression
reveals a downregulation in 13 weeks-old plasmalogen-deficient DAPAT−/-

mice retina compared to DAPAT+/+ retina (p = 0.05; n = 3). Mann & Whitney
test. Data shown as mean ± SEM.
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(Figure 5A). RT-qPCR analyses further showed that Gja1
expression was also significantly downregulated in
siDHAPAT-transfected Müller cells (−47%, p < 0.01)
(Figure 5B). In order to determine whether other Cx43-
dependent mechanisms are involved in Cx43 downregulation,
we assessed Cx43 phosphorylation status, as it was shown that
phosphorylation of Cx43 on S368 and Y265 residues triggers its
degradation through the ubiquitin-proteasome pathway (Leithe

FIGURE 3 | Müller glia express DHAPAT and concentrate plasmalogens in the retina. (A–C) Immunohistochemical staining of glutamine synthetase (GS) and
DHAPAT in retinal slices. GS expression pattern confirmed the radial Müller cells localization (A,B). DHAPAT-positive cells showed a strong expression pattern in the
ganglion cells layer (GCL), the inner nuclear layer (INL) and photoreceptors inner segments (IS) (B,C), corresponding to the localization of Müller cells endfeet, Soma and
distal processes, respectively. (D–F) Micrographs of primary rat Müller cells labeled with GS and DHAPAT primary antibody showing that GS-positive Müller cells
also displayed a strong expression of DHAPAT. (G) Plasmalogen quantification by GC-FID reveals a strong concentration in Müller glia compared to whole retina
extracts, suggesting a particular function of these ether-lipids in their physiology. n = 10. Mann &Whitney test. ***p < 0.001. Data shown asmean ± SEM. GCL = ganglion
cell layer; IPL = inner plexiform layer; INL = inner nuclear layer; ONL = outer nuclear layer; OS = outer segments of the photoreceptors. Scale bars = 50 µM.

FIGURE 4 | Loss of DHAPAT expression in siDHAPAT-transfected
Müller glial cells. (A) Western-blot analysis shows a significantly reduced
expression of DHAPAT in primary Müller cells transfected with a DHAPAT-
targeting siRNA (siDHAPAT) compared to control siRNA-transfected
Müller cells (siCTL). (B) Plasmalogen concentrations determined by GC-FID
are significantly reduced in siDHAPAT-transfected cells. Mann &Whitney test.
**p < 0.01; ***p < 0.001. n = 10. Data shown as mean ± SEM.

FIGURE 5 | Plasmalogen depletion impacts Cx43 expression in primary
Müller cells culture. (A) Cx43 protein expression is significantly decreased in
siDHAPAT-transfected primary Müller cells. (B) Reverse transcription
quantitative PCR (RT-qPCR) indicates that siDHAPAT transfection
significantly downregulated Gja1 expression. (C,D) Western-blot analyses
show a significant increase in the phosphorylation status of Cx43 on its S368
residue (C) but not on its Y265 residue (D). n = 6–8 cell cultures. Mann &
Whitney test. *p < 0.05; **p < 0.01. Data shown as mean ± SEM.
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et al., 2018). We found that plasmalogen depletion was associated
with a significant increase by 52% on the S368 (p < 0.05)
(Figure 5C) but not on the Y265 residue (Figure 5D).

3.5 Plasmalogen Depletion Affects Müller
Glia Response to ATP
To evaluate whether Cx43 downregulation could be associated
with functional defects of Müller cells, we investigated Müller
cells direct response to ATP stimulation (Figure 6). Müller cells
treated with siDHAPAT exhibited a significant increase of the
ATP-mediated calcium response, which was 36%-higher when
compared to siCTL-treated cells (149 ± 5% vs. 113 ± 12%, p <
0.05) (Figures 6A,B).

3.6 Plasmalogen Depletion Alters Retinal
Glial Cells Gap Junction-dependent
Intercellular Communication
In the retina, Müller cells not only engage in GJIC with other
Müller cells, but also with astrocytes, which are critical for
numerous physiological features, including vascular
development (O’Sullivan et al., 2017). We then used calcium
imaging to determine whether plasmalogen depletion affects
Müller cells-astrocytes intercellular calcium-based
communication. siDHAPAT or siCTL-treated Müller cells
were selectively activated in response to topical ATP
application using a glass micropipette placed adjacently to the
cell (Figure 7A). Astrocytes could be morphologically
distinguished from Müller cells (Figures 7A,B), and the
activation of neighboring astrocytes could be effectively
monitored as the calcium wave propagated among the
astrocytic network (Figures 7C,D). Astrocytes activation time
data were plotted against the radius from the stimulated Müller
cell and Pearson’s correlation coefficients were determined to
assess the statistical relationship between these two variables. The
data showed positive linear associations for each group,
confirming that astrocytes activation time is directly correlated

to their distance from the ATP-stimulated Müller cell (rPearson:
siCTL = 0.517; siDHAPAT = 0.5175) (Figure 8A). To further
analyze astrocytes responses, we decided to split these data among
3 radius tertiles according to their distance from the ATP-
stimulated Müller cell (T1 = 0–50 µm; T2 = 50–100 µm; T3 >
100 µm). Tertiles analyses confirmed that the increase in
activation delay of neighboring astrocytes was maintained as
the distance increased from the ATP-stimulated stimulated
Müller cell (Figure 8B). Plasmalogen-depletion of Müller cells
was associated to an increase of astrocytes activation time
(Figure 8B) as well as a decrease of calcium wave velocity
(Figure 8C), regardless of the distance between the astrocyte
and the Müller cell (0–50 µm, p < 0.05; 50–100 µm, p < 0.001;
>100 µm, p < 0.01). ATP stimulation of plasmalogen-depleted
Müller cells also led to a significant increase in the activation
amplitude of astrocytes whatever their distance to the ATP-
stimulated Müller cells (p < 0.05) (Figure 8D), suggesting that
the previously shown over-activation of plasmalogen-depleted
Müller cells (Figure 5) is maintained throughout the calcium
propagation to neighboring astrocytes.

Taken together, these results suggest that plasmalogens are
involved in the regulation of ATP-stimulated calcium response of
retinal Müller cells as well as its propagation through gap
junctions to the neighboring astrocyte networks.

3.7 Plasmalogen Depletion Alters Müller
Cells Migration
Through wound healing assays, we observed that the wound
closure was about 70% after 72 h for siCTL-treated cells (Figures
9A,B). Inhibition of plasmalogen biosynthesis strongly affected
the migration ability of retinal Müller cells as the rate of wound
closure was significantly reduced by 35–40% after 72 h in
siDHAPAT-treated Müller cells (p < 0.05) (Figures 9A,B).
Interestingly, plasmalogen depletion was also associated with a
28%-decrease in GFAP protein expression (p = 0.057)
(Figure 9E), but not that of other cytoskeleton proteins such
as β-Actin (Figure 9F) or β-Tubulin (Figure 9G). Finally,

FIGURE 6 | Plasmalogen depletion enhances the calcium response of ATP-stimulated Müller cells. (A) Mean kinetic curves responses of control (siCTL) and
plasmalogen-depleted (siDHAPAT) primary Müller cells stimulated with ATP. (B) Activation amplitude of ATP-stimulated Müller cells show that plasmalogen-depleted
Müller cells display a significantly increased calcium response. n = 4. Mann & Whitney test. *p < 0.05. Data shown as mean ± SEM.
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FIGURE 7 | Evaluation of GJIC between retinal Müller cells and astrocytes. (A,B) Calcium imaging. Müller cells (red arrow) can be morphologically distinguished
from astrocytes (yellow circles) under brightfield (A) and fluorescent (B)modes. (C) ATP-stimulated calcium response of the Müller cell and neighboring astrocytes could
be monitored under fluorescent microscopy as a function of time (white arrows). Pseudocolor images were obtained by the 340 nm/380 nm fluorescence ratio and the
pseudocolor scale indicates fluorescence ratio values. (D)Graphical representation of astrocytes calcium response curves with the parameters selected for further
analyses: cell activation threshold (Imax10), activation amplitude (% of baseline increase) and cell activation threshold time (T Imax10) were analyzed. Scale bars = 50 µm.
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alteration of Müller cells migration was not associated with
modifications of cell proliferation as plasmalogen-depleted
Müller cells did not exhibited any change in Ki-67 labeling
(Figures 9C,D).

4 DISCUSSION

In this study, we used a double approach that relied on both in
vivo and in vitromodels to investigate the role of plasmalogens in
Cx43-related functions of Müller cells. First, we used a
plasmalogen-deficient mouse model (DAPAT mice) to assess
the existence of an association between plasmalogens and
Cx43 in the retina, which was previously identified in
plasmalogen-deficient mice brains (Rodemer et al., 2003). Our
results show that plasmalogen deficiency is associated with a
significant downregulation of both Cx43 protein and gene (Gja1)
in the retina of 13 weeks-old mice. To our knowledge, this is the
first time that Cx43 downregulation is highlighted in the retina of
adult DAPAT−/- mice, thereby confirming previously published
results in the brain and the heart of plasmalogen-deficient mice
(Rodemer et al., 2003; Todt et al., 2020) and suggesting that
several tissues may face the same dysregulation mechanisms
regarding Cx43 expression. Further studies are required to
determine if such a Cx43 downregulations takes place
progressively during post-natal growth or if mice pups are
born with these alterations already in place, which could be

another mechanism underlying the vascular development and
glial abnormalities described in the developing DAPAT−/- mouse
(Saab et al., 2014).

We then confirmed that not only Müller cells do express the
plasmalogen-synthetizing enzyme DHAPAT, but that they also
concentrate plasmalogens when compared to whole retinal
extracts, suggesting a specific role for these ether-lipids in
Müller cells. Yet, we did not know to what extent they are
significant for their physiological functions. Furthermore,
considering that plasmalogen metabolism seem to be
associated with Cx43 regulation, we decided to further
investigate this association and the main mechanisms involved
in vitro using primary Müller cells.

Using molecular and biochemical approaches, we showed that
plasmalogen depletion was sufficient to trigger Cx43
downregulation by affecting both transcriptional and post-
translational mechanisms in Müller cells in vitro. Gja1
expression is known to be regulated by numerous mechanisms
such as transcription factors, epigenetic mechanisms (Oyamada
et al., 2013), and even vitamin-associated compounds (Vine et al.,
2005). It would be of particular interest to conduct dedicated
studies in order to determine the mechanisms leading to Gja1
downregulation in plasmalogen-depleted Müller cells. Moreover,
one of the key features of the Cx43 stands to its C-terminus tail.
Cx43 C-terminus consists in an unusually long intracytoplasmic
tail with many binding sites for several enzymes, making it a
target for various regulation mechanisms such as

FIGURE 8 | GJIC alterations in astrocytes neighboring plasmalogen-depleted Müller cells. (A,B) Astrocytes stimulated by plasmalogen-depleted Müller cells
display a significant increase in the activation time (A,B) and amplitude (D), as well as in calcium wave velocity in all tertiles of distance (C). n ≥ 75 astrocytes. Student
t test. *p < 0.05; **p < 0.01; ***p < 0.001. Data shown as mean ± SEM.
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phosphorylation (Leithe et al., 2018), which is known to regulate
its degradation by the ubiquitin-proteasome pathway (Leithe and
Rivedal, 2004; Kimura and Nishida, 2010). Here we focused on
the main phosphorylation sites linked to PKC (S368) and Src
(Y265) activities. Our results indicate that plasmalogen depletion
resulted in Cx43 overphosphorylation by PKC, but not by Src.

Therefore, we suggest that Cx43 degradation is increased by a
PKC-mediated overphosphorylation that may be further
reducing cell content in Cx43. Cx43 overphosphorylation by
PKC in plasmalogen-depleted Müller cells could be a direct
consequence of the changes in cell membrane composition.
Indeed, previous studies have shown that unlike usual diacyl

FIGURE 9 | Plasmalogen depletion of primary Müller cells is associated with a decrease of cell migration as well as GFAP expression, but does not modify cell
proliferation or other cytoskeleton-related proteins expression. (A) Representative micrographs of primary Müller cells treated with a control siRNA (siCTL) or a DHAPAT-
targeting siRNA (siDHAPAT) in a wound closure assay before treatment (T0), 36 and 72 h after treatment. (B)Quantification of wound closure assays. Summary graph of
Müller cells migration speed represented as a percentage of wound closure at indicated time points. Plasmalogen-depleted Müller cells exhibited a significant
reduction of migration speed when compared to controls (siDHAPAT vs. siCTL, p < 0.05) (n = 10 for siCTL, n = 9 for siDHAPAT). Two-way ANOVA with Tukey’s multiple
comparisons test. (C)Müller cells proliferation. Ki-67-labeled Müller cells were quantified as a percentage (%) of DAPI-positive cells. Plasmalogen-depleted Müller cells
did not show any alteration of proliferation when compared to controls (siDHAPAT vs. siCTL) (n = 10 for siCTL, n = 9 for siDHAPAT). (D) Fluorescence microphotographs
of DAPI and Ki-67-labeled Müller cells in siCTL and siDHAPAT-transfected groups. (E–G) Western-blot analyses show a reduction of GFAP expression in siDHAPAT-
transfectedMüller cells (p = 0.05) (E), while other cytoskeleton-related proteins expression such as β-Actin (F) or β -Tubulin (g) remained unchanged. n = 4-5 cell cultures.
Mann & Whitney test. *p < 0.05. Data shown as mean ± SEM.
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glycerol (DAG) generated from phospholipids by phospholipase
C (PLC) activity, alkenylacyl-glycerides (plasmalogen-derived
DAG) does not induce PKC activation despite being ligands of
the enzyme (Cabot and Jaken, 1984; Ganong et al., 1986;
Heymans et al., 1987; Daniel et al., 1988). Instead, they would
rather act as DAG competitive inhibitors, therefore representing
an inhibition mechanism for PKC activity (Clark and Murray,
1995; Warne et al., 1995; Mandal et al., 1997). Besides, PKC
activation requires prior docking to the cell membrane. Several
phospholipid species of the choline (PC) and serine (PS)
subgroups, as well as DAG or even phosphoinositides such as
phosphatidylinositol bisphosphate (PIP2) are involved in this
mechanism (Gould and Newton, 2008; Guerrero-Valero et al.,
2009; Lucic et al., 2016). Accordingly, one could hypothesize that
plasmalogen depletion induces spatial and molecular
rearrangements of the cell membrane, leading to a facilitated
recruitment of PKC. Further studies are needed to elucidate the
association between plasmalogens and Cx43 expression and
phosphorylation in Müller cells.

Moreover, Cx43 being the major component of retinal gap
junctions, we aimed to look for potential alterations of GJIC in a
two-steps manner: 1) the initiation steps in Müller cells, and 2)
propagation of the calcium wave to neighboring cells. By using
the Flexstation 3® plate reader device, we were able to precisely
study the isolated calcium response of Müller cells to ATP-
stimulation with reproducible and well-calibrated parameters.
Our data reveal an increase in the activation amplitude of
plasmalogen-depleted Müller cells (siDHAPAT = 85% vs.
siCTL = 64%). Interestingly, previous research reported a
decrease of the activation amplitude in Cx43 KO astrocytes
(Scemes et al., 1998). Even though our model only exhibited
partial Cx43 depletion, this suggests the existence of some distinct
mechanisms between Müller cells and astrocytes to ATP-induced
calcium response. To our knowledge, our data are the first
reporting an increase of ATP-induced calcium response
following a plasmalogen depletion in Müller cells.
Interestingly, previous studies have linked calcium release
from the endoplasmic reticulum (ER) to n-3 polyunsaturated
fatty acids (PUFAs) such as docosahexaenoic acid (DHA) in
astrocytes (Sergeeva et al., 2005; Begum et al., 2012) showing that
DHA reduces astrocytic calcium response amplitudes, partly by
inhibiting the IP3 receptors activity. As plasmalogens are known
to be “reservoirs” of PUFAs (including DHA) in the cell
membrane (Nagan and Zoeller, 2001), we could hypothesize
that plasmalogen depletion is associated to a lower DHA
bioavailability in Müller cells, thereby preventing its inhibitory
effects on the calcium release from the ER. This hypothesis is
supported by a significant reduction of the n-6/n-3 PUFAs ratio
in siDHAPAT-treated Müller cells (data not shown), and by a
previous work from our laboratory showing that inhibiting
PUFAs release from plasmalogens leads to alterations similar
to plasmalogen deficiency in mouse (Saab et al., 2014).

Considering that Müller cells also engage in GJIC with
astrocytes, which are crucial for vascular development of the
retina (Saab et al., 2014) and other key features of retinal
physiology like blood flow regulation (Metea and Newman,
2006; Newman, 2015), we aimed at checking for potential

alterations of GJIC between plasmalogen-depleted Müller cells
and astrocytes. Our data show that siDHAPAT-treated Müller
cells evoked calcium waves that propagated slower than calcium
waves originating from control Müller cells (Figure 8C), thus
resulting in a delayed activation of neighboring astrocytes
(Figure 8B). The average activation time of astrocytes closer
than 50 µm from the Müller cell was 1.8 s for the siCTL group,
while it rose to 2.5 s for the siDHAPAT group. Here, we show that
calcium waves from control Müller cells propagated at an average
speed of 37.3 μm/s, which is consistent with previous studies
(Newman and Zahs, 1997; Scemes et al., 1998) measuring calcium
wave velocities of 25.3 μm/s and 18.8 μm/s, respectively. Calcium
waves originating from plasmalogen-depleted Müller cells
propagated at 23.7 μm/s, which represents a 37%-diminution
in propagation velocity. Interestingly, Scemes, Dermietzel and
Spray also found a 36% reduction of calcium wave velocity in
Cx43-KO astrocytes (Scemes et al., 1998). However, they also
found that knocking out Cx43 induced a reduction in astrocytes
activation amplitude, while we found that astrocytes stimulated
by plasmalogen-depleted Müller cells (with downregulated Cx43)
exhibited stronger activation amplitudes (Figure 8D), which
seems consistent with the fact that plasmalogen-depleted
Müller cells displayed an increase in their ATP-induced
calcium response (Figure 6). Accordingly, our results allow us
to hypothesize that astrocytes alteration in the plasmalogen-
deficient DAPAT−/- mouse could be associated with (at least
partly) functional defects of Müller cells. In order to validate our
findings, it would be of particular interest to assess Müller cells
response to ATP and the subsequent GJIC in situ on whole retinas
or on isolated Müller cells from ex vivo DAPAT−/- mice retinas
using previously described procedures (Uckermann et al., 2002;
Kurth-Nelson et al., 2009; Tchernookova et al., 2018). Further
studies would then be needed to evaluate to what extent the
defects in GJIC between Müller cells and astrocytes participate to
the abnormal astrocytic template formation in the DAPAT−/-

mice as observed previously (Saab et al., 2014).
Besides, the functions of Cx43 in glial cells are not restricted to

GJIC since several studies pointed out the implication of Cx43 in
other cellular mechanisms such as cell migration (Homkajorn
et al., 2010; Lagos-Cabre et al., 2019; Olk et al., 2010). Indeed,
Cx43 is a transmembrane protein that acts as a membrane anchor
for cytoskeletal proteins (Butkevich et al., 2004; Crespin et al.,
2010; Matsuuchi and Naus, 2013), thereby regulating cell
cytoskeleton network. Therefore, it seemed likely that
alterations of Cx43 may induce modifications of the
cytoskeleton network organization and subsequent cell
migration (Figures 9A,B), potentially even without altering
the expression of its protein actors like β-actin or β-tubulin
(Figures 9F,G). Surprisingly, we found that reducing levels of
plasmalogens was associated with a downregulation of GFAP
(Figure 9E) in Müller cells. As GFAP is overexpressed in
activated Müller cells during gliosis and considering its
implication in cell migration mechanisms, our data suggest
that lowering Müller cells plasmalogen content may influence
the reactivity of Müller cells to gliosis but also their ability to
migrate. To our knowledge, this is the first time that plasmalogen
metabolism is associated with such functional alterations of
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Müller cells. Although these data could provide an interesting
insight into retinal gliosis mechanisms, further studies are needed
to unravel the precise cellular and molecular mechanisms linking
plasmalogen levels to GFAP and Cx43 protein metabolism.
Several mechanisms can be hypothesized. First, GFAP and
Cx43 have several common transcription factors regulating
sites in their promoter sequence such as NFkB, AP-1 or AP-2
(Geimonen et al., 1996; Gomes et al., 1999; Wu et al., 2013;
Brenner et al., 2019). Quantifying these transcriptional regulators
could therefore be of great interest. Secondly, it has been shown
that plasmalogens regulate Protein Kinase C (PKC) activity
(Daniel et al., 1988; Sejimo et al., 2018), which is responsible
for Cx43 phosphorylation and subsequent degradation by the
ubiquitin-proteasome pathway (Leithe, 2016). Interestingly,
GFAP is also regulated by several mechanisms including
phosphorylation (Harrison and Mobley, 1991; Inagaki et al.,
1994), and it have been suggested that phosphorylation status
of GFAP in glial cells may play an important role in astrocyte
remodeling during development and disease (Sullivan et al.,
2012). Accordingly, we can hypothesize that plasmalogen
depletion could induce a greater activity of PKC and then
contribute at least partially to Cx43 and/or GFAP
downregulation.

It can be underlined that our model of partial reduction of
cellular plasmalogens presented in this study could be of
particular interest to investigate the plasmalogen-related
cellular mechanisms, as it may mimic biochemical alterations
that are closer to pathological conditions when compared to fully-
deficient cell lines, which are only relevant for rare diseases such
as Rhizomelic chondrodysplasia punctata (RCDP).

To conclude, we show that cell levels of plasmalogens
influence the expression and phosphorylation of Cx43, the
major protein in gap junctions. In addition to the Cx43
downregulation, plasmalogen-depleted Müller cells displayed
defects in both the ATP-stimulated calcium response
(initiation) as well as calcium wave’s propagation to
neighboring astrocytes. Finally, we show that plasmalogen
depletion of Müller cells was associated with an alteration of
their migration abilities, as well as a downregulation of GFAP
expression, a glia-specific cytoskeleton protein involved in glial
activation, but not with other cytoskeleton-related proteins.
Therefore, our data support the hypothesis that plasmalogen

metabolism is involved in the regulation of Cx43 in the retina
and Müller cells, and regulates crucial functions of Müller cells
such as GJIC and cell migration.
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