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Strong communication and interaction between the retinal pigment epithelium (RPE) and the photoreceptor
(PR) cells is essential for vision. RPE cells are essential for supporting and maintaining PR cells by transporting
nutrients, waste products and ions, and phagocytosing photoreceptor outer segments (POS). POS phagocytosis
follows a circadian pattern, taking place in the morning in human, mice and other organisms. However, it
remains unknown whether other RPE processes follow a daily rhythm. To study the daily rhythm of RPE cells, we
isolated murine RPE cells at six diﬀerent time points during a 24 h period, after which RNA was isolated and
sequenced. Murine RPE ﬂatmounts were isolated at four diﬀerent time points to study daily rhythm in protein
abundance and localisation. EnrichR pathway analysis resulted in 13 signiﬁcantly-enriched KEGG pathways
(p < 0.01) of which seven showed a large number of overlapping genes. Several genes were involved in
intracellular traﬃcking, possibly playing a role in nutrient transport, POS phagocytosis or membrane protein
traﬃcking, with diﬀerent expression patterns during the day-night cycle. Other genes were involved in actin
cytoskeleton building, remodelling and crosslinking and showed a high expression in the morning, suggesting
actin cytoskeleton remodelling at this time point. Finally, tight junction proteins Cldn2 and Cldn4 showed a
diﬀerence in RNA and protein expression and tight junction localisation over time. Our study suggests that
several important processes in the RPE follow a day-night rhythm, including intracellular traﬃcking, and processes involving the actin cytoskeleton and tight junctions. The diﬀerential protein localisation of Cldn2 in the
RPE during the day-night cycle suggest that Cldn2 may facilitate paracellular water and sodium transport during
the day.

1. Introduction
The retinal pigment epithelium (RPE) is composed of a monolayer
of hexagonal, highly pigmented cells which are located adjacent to the
light sensitive photoreceptor (PR) cells. On the apical side, the RPE
faces the subretinal space and the PR cells, while its basolateral side
interacts with Bruch's membrane and the choroid, where it functions as
an essential component of the outer blood-retina barrier (Strauss, 2005;
Minasyan et al., 2017). It is well established that PR cells are highly
dependent on the RPE cells for maintaining healthy vision as RPE cells
transport nutrients such as glucose from the blood to the PR cells (Adler
and Southwick, 1992), while they transport PR cell waste products such
∗

as water and lactic acid from the PR cells to the blood (Strauss, 2005;
Booij et al., 2010). Furthermore, the RPE phagocytoses the shed discs of
the photoreceptor outer segments (POS) to relieve the PR cells from
photo-damaged proteins and lipids (LaVail, 1976, 1980; Ruggiero et al.,
2012).
Strong communication and interaction between the RPE and the PR
cells is essential for maintaining normal vision (Bok, 1993). Phagocytosis of POS by RPE cells is a daily rhythmic process and is crucial for
sustaining long-term vision since accumulation of undigested material
is harmful to the RPE and retina (Nandrot et al., 2004). Outer segment
shedding and subsequent phagocytosis by RPE cells occurs throughout
the day, however, a signiﬁcant increase in phagocytosis by RPE cells is
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Fig. 1. Network top 10 signiﬁcantly-enriched
pathways. A) Experimental set up. Time points
chosen for RNA and protein/tissue harvesting indicated in real time and Zeitgeber time (ZT). The
black arrow indicates the peak in phagocytic activity. B) Each node represents a signiﬁcantly enriched pathway, and a link between two nodes indicates that the two pathways have some similarity
in gene content. Groups of pathways have been indicated with the dotted circles.

Commission for Animal Experiments (CCD, AVD103002016620). The
RPE layer of 10 to 13-week-old male mice was isolated at six diﬀerent
time points (n = 5 per time point). To isolate the RPE, anterior segments (cornea, iris and lens) were removed to expose the posterior
eyecup. The retina was carefully peeled oﬀ, and the eyecup containing
the RPE, sclera and choroid were stored in RNAlater solution
(Thermoﬁsher, Amsterdam, The Netherlands) within 10 min after enucleation.

observed in the morning, 2 h after the onset of light (Fig. 1A, indicated
with an arrow) (LaVail, 1980; Grace et al., 1999). Moreover, exposure
of light induces major shifts in ion distribution in the subretinal space
between RPE and PR cells (Uehara et al., 1990). Light exposure closes
the cGMP-gated Na+/Ca2+ channels in the PR cells, which is accompanied by a reduced K+ leakage from the PR cells, reducing the K+
concentration in the subretinal space (Steinberg et al., 1970; Uehara
et al., 1990; Okawa et al., 2008). The RPE compensates for these
changes (Steinberg et al., 1983) however, how this is regulated remains
poorly understood and the majority of the data is based on in vitro data.
Transcellular transport is one of the possible mechanisms by which
the RPE can compensate for the ion changes in the subretinal space and
this process has been heavily studied in RPE (Reichhart and Strauss,
2014). Moreover, water is produced during the metabolic turnover in
the PR cells at night which also is eliminated from the subretinal space
by the RPE. The transcellular transport of Cl− and K+ is thought to
drive the water transport (Botchkin and Matthews, 1993; Bialek and
Miller, 1994). Defects in ion channel functions in the RPE are linked to
retinal degeneration and may lead to defective signalling cascades
leading to retinal degenerative diseases (Wimmers et al., 2007).
Considering the diﬀerent activities of the RPE during the day and
night, we previously set out to determine which RPE processes follow a
day-night rhythm in vivo and found that genes involved in energy metabolism are especially increased in expression during the night (Louer
et al., 2020). In addition, we identiﬁed seven other signiﬁcantly enriched pathways. Here, we investigated the potential physiological relevance of the remaining seven signiﬁcant pathways in depth and discovered, among others, a diﬀerential expression of claudins suggested
to be involved in paracellular Na+ and water transport. We further
studied their abundance and subcellular localisation during day and
night and interpreted these data in the physiological context of RPE
functioning.

2.2. RPE RNA isolation and sequencing
The RPE was removed gently from the choroidal layer using ﬁne
forceps. RPE RNA isolation was performed using the RNeasy Micro Kit
(Qiagen, #74004) according to the manufacturer's protocol. RNA from
ﬁve mice per time point was sent to ServiceXS (Genomescan, Leiden,
The Netherlands) for sequencing. All samples passed the quality control
prior to sequencing (Louer et al., 2020). 1.6 pM of cDNA was used for
input samples in Illumina Next Seq 500 sequencer (Illumina, San Diego,
USA) for 1 x 75 bp single-read sequencing, sequencing an average of 20
million reads per sample.
2.3. Analysis of RNA sequencing data for diﬀerentially expressed genes

2. Methods

RNA-seq reads were aligned to the mm10 reference genome and
purity of cellular population was assessed (Louer et al., manuscript
submitted). The DESeq2 package (Love et al., 2014) was used to detect
diﬀerentially expressed genes by performing pair-wise comparison
among the six described time points. Only genes with a BenjaminiHochberg-adjusted p-value < 0.05 and fold change > 1.5 were considered signiﬁcantly diﬀerentially expressed. Cuﬄinks (Trapnell et al.,
2010) was employed to estimate gene-level abundance in FPKM values
for ENSEMBL genes. The RNA-seq dataset was validated using qRTPCR. In total, 13 genes were selected for validation showing similar
expression patterns over time as identiﬁed in the RNA-seq dataset.

2.1. Eye isolation and dissection

2.4. Pathway analysis of diﬀerentially expressed genes

C57BL/6NCrl wild-type mice were housed under standardized
conditions (12 h dark/12 h light cycle) and fed ad libitum. Animal
experiments were approved by the animal ethics board of the Radboud
University, Nijmegen (RU DEC 2016-0054) and by the Dutch Central

KEGG-2016 pathway analysis was performed using the EnrichR
software (Chen et al., 2013; Kuleshov et al., 2016) (http://amp.pharm.
mssm.edu/Enrichr/) and online DAVID tool (Database for Annotation,
Visualization and Integrated Discovery; v6.8, https://david.ncifcrf.gov/
2
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scanning microscope (Zeiss LSM780, Jena, Germany).

Table 1
Signiﬁcant KEGG-pathway enrichment using EnrichR pathway analysis.
Term

# DEGs

Adjusted p-value
(p < 0.01)

Tight junction (hsa04530)
Circadian rhythm (hsa04710)
Alzheimer's disease (hsa05010)
Arrhythmogenic right ventricular
cardiomyopathy (ARVC) (hsa05412)
Leukocyte transendothelial migration
(hsa04670)
Regulation of actin cytoskeleton (hsa04810)
Hypertrophic cardiomyopathy (HCM)
(hsa05410)
Metabolic pathways (hsa01100)
Adherens junction (hsa04520)
Dilated cardiomyopathy (hsa05414)
Cardiac muscle contraction (hsa04260)
Parkinson's disease (hsa05012)
Calcium signaling pathway (hsa04020)

22
9
21
13

3E-06
0.000125
0.000125
0.00022

15

0.00189

21
12

0.002273
0.002273

73
11
12
11
15
17

0.002821
0.002821
0.003489
0.003592
0.006463
0.009249

2.8. Immunoblot
Protein contents of lysates were determined using bicinchoninic
acid (BCA) protein assay reagent (Pierce, Rockford, IL, USA) and
quantiﬁed with a plate reader (Tecan, Zürich, Switzerland). Protein
lysates were mixed with Laemmli Buﬀer, denatured at 95 °C for 5 min,
separated on SDS polyacrylamide gels (12.5%), and blotted on a PVDF
membrane (PerkinElmer, Boston, MA, USA). 20 μg/μl protein was
loaded per lane and a mouse kidney sample was loaded as a positive
control. Proteins were detected using antibodies against Cldn1, Cldn2,
Cldn4 and Cldn7 (Thermo Fischer Scientiﬁc, dilution 1:1000) and βactin (Sigma-Aldrich Chemie GmbH) as loading control (dilution
1:10,000). Peroxidase-conjugated secondary antibodies (1:10,000) in
combination with the Lumi-LightPLUS immunoblotting kit (Roche)
were used to detect bound primary antibodies. Signals were visualised
by luminescence imaging (Fusion FX7, Vilber Lourmat, France).
Densitometric analysis was performed using the AIDA Image Analyser
(Raytest, Straubenhardt, Germany) and Image studio software (LI-COR,
Omaha, NE). Finally, equal loading was conﬁrmed using Coomassie
Briliant blue staining. Statistical analyses were performed using
Graphpad Prism 5 software. Data was normalized to the sample with
the highest signal in order to combine the two blots. One-way ANOVA
with repeated measures, followed by Bonferroni post hoc test, was used.
P-values < 0.05 were considered signiﬁcant.

The number of diﬀerentially expressed genes (DEGs) found in our dataset which
overlap with the reference pathways and adjusted p-values are indicated. Pvalues indicate the signiﬁcance of enrichment and were benjamini corrected.

). The EnrichR pathway clustering option was used to identify the
overlap between the signiﬁcantly enriched pathways. STRING analysis
was performed to identify protein-protein interactions and to cluster
the proteins into 5 clusters (Szklarczyk et al., 2015).

3. Results

2.5. Data availability

3.1. Pathway analysis of diﬀerentially expressed genes

The RNA-seq data used in this paper has been deposited in the Gene
Expression Omnibus database (Edgar et al., 2002) with the accession
number GSE137005.

As reported (Louer et al., 2020), we isolated mouse RPE RNA at six
diﬀerent time points during a 24 h period. Using light as an external
que (Zeitgeber time (ZT)) we selected ZT0, 2, 4, 9, 14 and 19 (Fig. 1A).
ZT0 is the time point when light goes on. Time points were selected
with a special focus on the period of POS phagocytosis in the morning
(ZT0, 2 and 4). The other three time points were evenly distributed over
the remaining 20 h (ZT9, 14 and 19). Following RNAseq and bio-informatics analyses, we identiﬁed 756 diﬀerentially expressed genes
(DEGs, p-value < 0.05) and 13 signiﬁcantly enriched KEGG pathways
(Table 1, Louer et al., 2020).
Subsequent cluster analysis revealed three main groups of pathways
based on overlapping genes: 1) Alzheimer's disease and Metabolic
pathways, 2) Circadian rhythm, and 3) Dilated cardiomyopathy, tight
junctions, arrhythmogenic right ventricular cardiomyopathy (ARVC),
leukocyte trans-endothelial migration, hypertrophic cardiomyopathy
(HCM), regulation of actin cytoskeleton and adherens junctions
(Fig. 1B). Detailed interpretation of the ﬁrst two groups has been reported (Louer et al., 2020). Here, we focused on the DEGs of the third
group, which contains in total 55 genes.

2.6. Tissue isolation for immunohistochemistry and immunoblot
For immunoblot and immunostaining mouse eyes were isolated at
four time points (0, 4, 9 and 19). Adult male C56BL/6 wild-type mice
aged 11 to 28-week-old were arbitrarily distributed over the four time
points. Six animals were sacriﬁced per time point of which one eye was
prepared for immunostaining and from one eye, the RPE layer was
isolated and protein lysates were prepared for immunoblot. Mice were
sacriﬁced using CO2 and eyes were collected via enucleation. Anterior
segments (cornea, iris and lens) were removed to expose the posterior
eyecup. The retina was carefully peeled oﬀ, and the eyecup containing
the RPE, sclera and choroid were ﬁxed in 2% paraformaldehyde for
20 min at RT for immunostaining. For protein isolation, the RPE was
mechanically detached and collected into lysis buﬀer (10 mM Tris,
150 mM NaCl, 0.5% Triton X-100 and 0.1% sodium dodecyl sulphate
(SDS), and protease inhibitors (cOmpleteTM EDTA free; Roche, Basel,
Switzerland)).

3.2. Functional interpretation of DEGs using STRING analysis
2.7. Immunohistochemistry
Using z-score transformation of the gene expression values, we visualised the expression values of each gene identiﬁed in the third group
in a heatmap (Fig. 2). Genes are grouped according to their expression
clusters described previously (Louer et al., 2020) with high expression
depicted in red and low expression depicted in blue. Subsequent
STRING analysis (Szklarczyk et al., 2015) of the 55 genes revealed ﬁve
groups of genes for which the corresponding proteins are known to
interact, either physically or functionally (Fig. 3A). Grouping the expression values of the interacting proteins revealed that the majority of
proteins clustered together showed similar RNA expression patterns
over time (Fig. 3B).
The green set of ten proteins (Cacna1s, Des, Myh1, Myh4, Myh9,
Mylk2, Mylk4, Tpm1, Tpm2 and Ttn) are mainly involved in

After ﬁxation, the tissue preparations were permeabilized using
0.5% Triton X-100 in PBS and incubated in blocking solution (4% goat
serum in PBS). Tissue preparations were incubated over night at 4 °C
with primary antibodies against Cldn1, Cldn2, Cldn4 and Cldn7
(Thermo Fischer Scientiﬁc, dilution 1:50 or 1:100). On all tissue preparations, a co-staining with two antibodies against diﬀerent claudins
was performed. After washing with blocking solution, tissue preparations were stained using secondary antibodies (Jackson
ImmunoResearch, West Grove, PA, USA, dilution 1:500) and DAPI
(1:1000) for cell nuclei staining. The tissue preparations were mounted
on microscope slides using ProTag MountFluor (Biocyc, Luckenwalde,
Germany). Fluorescence images were obtained with a confocal laser
3
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intracellular traﬃcking and crosslinking the actin cytoskeleton, either
to itself or to other proteins, such as myosins and tropomyosin 1 and 2.
Nine out of these ten genes showed the same expression pattern over
time: a low expression at ZT0 and a high expression at ZT19. Only Myh9
showed a diﬀerent expression pattern, being low at ZT0 and ZT19 and
high at ZT9. Myh9 encodes for a subunit of myosin IIA which is involved in actin cytoskeleton remodelling (Kang et al., 2019). Myh9 is
linked to proteins of the brown group which contains proteins of the
actin cytoskeleton and those involved in actin cytoskeleton crosslinking
(Actb, Actc1, Actg1, Actn3, Actn4, Baiap2, Itga6, and Tjp1). Also,
proteins involved in intracellular traﬃcking (Myh14, Mylpf and Scin)
and actin cytoskeleton remodelling (Iqfap1) are represented in the
brown group. Nine genes showed a low expression at ZT19 and higher
expression at ZT0 and ZT2, whereas the remaining three genes showed
a high expression at ZT19 and a low expression at ZT0 and ZT2.
The aquamarine group contains eight proteins of which seven are
components of desmosomes and cadherins or other proteins involved in
cell-cell adhesion (Cdh1, Dsc2, Dsg2, Dsp, Itgb4, Jup and Pecam1). The
eighth protein is Vav3, which plays an important role in enhancing cell
barrier stability (Hilfenhaus et al., 2018). Of the eight proteins found in
the aquamarine group, seven genes showed the same expression pattern
during the day-night cycle; low at ZT19 and high at ZT0. One gene,
Pecam1, showed an opposite expression pattern and it has been reported to function as an adhesion molecule at intercellular junctions of
endothelial cells (Park et al., 2010, 2015).
The purple group contains two proteins that are involved in the
assembly of tight junctions, F11r (also known as JAM-1) and Pard6g
(Joberty et al., 2000; Ebnet et al., 2004). Both genes show a similar
expression pattern during the day-night cycle with a low expression at
ZT19 and higher expression at ZT0 and ZT2. The other two genes found
in the purple group, Jam3 and Prkci, show diﬀerent expression patterns
and are involved in enhancing cell-cell adhesion (Arrate et al., 2001)
and microtubule dynamics (Tisdale, 2002), respectively. The blue
group contains tight junction protein 3 (Tjp3, coding for the zonula
occludens protein ZO-3) and ﬁve claudins: Cldn1, Cldn2, Cldn4, Cldn7
and Cldn23. The corresponding genes Cldn4, Cldn7, Cldn23 and Tjp3
showed the same expression pattern; low at ZT19 and high at ZT0.
Cldn1 showed an opposite expression pattern; high at ZT19 and low at
ZT0. Cldn2 showed a high expression at ZT4 which gradually decreased
towards the lowest point at ZT2. The blue group of proteins is linked to
the brown group via Tjp1, coding for the tight junction protein ZO-1.
Claudins known to be expressed in the RPE, such as Cldn3 and Cldn19
(Peng et al., 2011, 2016), are found in our dataset but they did not
show a diﬀerential expression pattern over time.
3.3. Day-night rhythm of protein abundance and location of claudins
It is known that claudins located in the tight junction determine
whether these tight junctions are tight or selectively permeable for
particular ions. Since we observed diﬀerent RNA expression patterns
over time for several claudins, we next wanted to determine the differences in the abundance and localisation of Cldn1, Cldn2, Cldn4 and
Cldn7 during the day-night cycle. Therefore, mouse RPE was isolated at
four diﬀerent time points (ZT0, 4, 9 and 19; n = 6 per time point,
Fig. 1A) and subjected to immunoblotting using a mouse kidney sample
as positive control (Fig. 4). Quantiﬁcation and correction for β-actin
showed the lowest abundance of Cldn2 at ZT4, which was signiﬁcantly
increased at ZT9 and again at ZT19, after which it decreased again
towards ZT0 (Fig. 4A and 4B). Cldn4 had a tendency for a lowest
abundance at ZT9 (Fig. 4D), but the diﬀerences between the time points
were not signiﬁcant. No obvious trend in abundance over time was
found for Cldn1 and Cldn7 (Fig. 4C and E). Equal loading was conﬁrmed using Coomassie staining (Fig. 4A).
Although immunohistochemistry is not a quantitative method and
intensities between diﬀerent preparations cannot reliably be compared,
it will indicate diﬀerences in protein localisation and indicate whether

Fig. 2. Heatmap of diﬀerentially expressed genes. The expression data of
each gene is converted to heatmap colour using a z-score transformation. The
intensity scale of the standardized expression values ranges from dark blue (low
expression) to dark red (high expression). Gene names (X-axis) and ZT points
(Y-axis) are indicated. Genes are grouped according to their expression pattern
cluster identiﬁed previously (Louer et al., 2020).
4
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Fig. 3. Protein clustering using STRING analysis. A) Each node represents a protein corresponding to a diﬀerentially expressed gene identiﬁed in the third group
of pathways. Proteins with known interactions are clustered together and are depicted in the same colour. Interactions between clusters are indicated with dotted
lines, interaction within a cluster are indicated with solid lines. The thickness of the line indicates the conﬁdence of interaction. B) The expression data of diﬀerentially expressed genes are converted to heatmap colour using a z-score transformation for each gene. The intensity scale of the standardized expression values
ranges from dark blue (low expression) to dark red (high expression). Gene names (X-axis) and ZT points (Y-axis) are indicated. Genes are grouped according to the
protein clustering and protein cluster colours are indicated.

during the night (Louer et al., 2020). In the current study we identiﬁed
seven other signiﬁcantly enriched pathways that are diﬀerentially expressed during the day-night cycle, including genes involved in intracellular traﬃcking, the actin cytoskeleton and tight junctions.
During the day-night cycle diﬀerential protein expression and localisation in the RPE was observed for Cldn2, exhibiting highest expression
during the day.

the protein is in the correct position for the proposed function.
Immunohistochemistry of mouse RPE ﬂatmounts isolated at ZT0, 4, 9
and 19 (n = 6) revealed a diﬀerence in localisation over time for Cldn2
and Cldn4 (Fig. 5). Cldn2 showed a tight junction localisation at ZT0
and ZT9 and no tight junction localisation at ZT4 and ZT19 (co-staining
Cldn2-Cldn4, Fig. 5A–D and co-staining Cldn2-Cldn1, Fig. S1 E-H).
Cldn4 showed a tight junction localisation at ZT4 and ZT9 (Fig. 5E–H).
Cldn1 only showed tight junction localisation at ZT0 and a nuclear
staining at ZT19 (Fig. S1 A-D). The nuclear staining has been observed
in previous studies but the function is unknown (Hagen, 2017). Cldn7
was not detected using immunohistochemistry.

4.1. Daily rhythm of RNA expression
In our dataset, we identiﬁed several components of the actin cytoskeleton which are diﬀerentially expressed during the day-night
cycle. Actin is a highly abundant protein in the RPE (Haley et al., 1983)
and the actin cytoskeleton plays an important role in the phagocytosis
of POS (Bulloj et al., 2013). Our data suggest that the production of Factin components starts at night, before the phagocytosis process begins. POS phagocytosis is a slow process and POS binding precedes POS
internalisation (Finnemann et al., 1997; Finnemann and RodriguezBoulan, 1999) and F-actin components are involved the initiation of
POS phagocytosis (Mao and Finnemann, 2012). The other identiﬁed
DEGs of the cytoskeleton show a high expression in the morning and

4. Discussion
Since the RPE performs diﬀerent activities during the day and night,
we aimed to determine which RPE processes follow a day-night rhythm
in mice. Although the mouse is a nocturnal animal, the majority of the
processes in the RPE discussed here are regulated by the presence or
absence of light making this study relevant for both nocturnal and
diurnal animals. In a previous study we demonstrated that genes involved in energy metabolism are especially increased in expression
5

Experimental Eye Research 193 (2020) 107985

E.M.M. Louer, et al.

Fig. 4. Claudin protein abundance in murine RPE at diﬀerent time points. A) Immunoblot analysis of Cldn1, Cldn2, Cldn4 and Cldn7 in murine RPE isolated at
four diﬀerent ZT points using β-actin and Coomassie (Cm) as loading control. A mouse kidney sample (K) was taken along as positive control. B-E) Immunoblot
quantiﬁcation. White and black bars represent quantiﬁcations from two diﬀerent blots. Data represents mean + SEM (n = 3). Statistical analysis was performed on
combined data (n = 6). *, p < 0.05 by one-way anova.

Fig. 5. Subcellular localisation of Cldn2 and Cldn4 at diﬀerent time points. A-D) Representative images of Cldn2 staining at four diﬀerent ZT points. E-H)
Representative images of Cldn4 staining at four diﬀerent ZT points. I-L) Merge of Cldn2 and Cldn4 staining including DAPI in blue. Scale bars: 20 μm.

internalisation of POS are upregulated at a later time point than the
generation of F-actin components which are involved in an earlier step
of the phagocytosis.
Furthermore, we identiﬁed seven myosin genes in our dataset,
which show diﬀerent expression patterns during the day-night cycle.

they play a role in the internalisation of the POS which is a process that
follows after the POS binding (May and Machesky, 2001). To determine
the exact time point for the upregulation of genes involved in POS
phagocytosis, future studies should focus on time points between ZT19
and ZT0. Nonetheless, our data shows that the genes involved in
6
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Fig. 6. Model of paracellular and transcellular water transport across the RPE. The ion transporters and ion channels in the apical and basolateral membrane of
RPE cells induce a ion transport from subretinal space to the choroid, which is necessary for water ﬂux across the RPE, mediated by aquaporin water channels in both
membranes. The expression and localisation of Cldn2 under light conditions is an additional, alternative pathway for water to cross the RPE layer and the only
pathway for Na+ to cross from the apical to basolateral side.

tissues had shown that Cldn2 forms a Na+ and water-selective channel
(Amasheh et al., 2002; Rosenthal et al., 2010). Upon light exposure, the
ion concentration in the subretinal space changes, leading to a changed
activity of ion transporters and channels in the RPE (Reichhart and
Strauss, 2014). The dark-light transition is accompanied by an increase
in subretinal space volume, followed by an enhancement of water absorption (Dmitriev et al., 1999). With our ﬁndings regarding the localisation of Cldn2 in the tight junctions at ZT0 and ZT9, we suggest a
paracellular Na+-coupled water transport from the apical to the basal
side of the RPE (Fig. 6) in addition to the transcellular water reabsorption mediated by aquaporins.

Myosins are known to be important for intracellular traﬃcking, including the migration of internalized POS from the apical to basolateral
side of the RPE (Gibbs et al., 2003). Additionally, myosins are involved
in other processes such as the creation of phagocytic cups and generating contractile force (Stendahl et al., 1980; Swanson et al., 1999) or
intracellular cargo transport (Titus, 2018). Which myosin is important
for each process remains unclear, and this may explain the diﬀerences
in the observed expression patterns. However, the timing of gene expression may indicate to the process in which the individual myosins
are involved. Further research is needed to link the myosins to speciﬁc
RPE processes.
The actin cytoskeleton and myosins could also be involved in trafﬁcking membrane proteins to and from the membrane (Glotfelty et al.,
2014). We identiﬁed diﬀerences in expression during the day-night
cycle for genes encoding multiple components of the paracellular
transport pathway, including proteins involved in assembly of tight
junctions and transmembrane tight junction proteins.

4.3. Night-day adaptation
In the absence of light, large amounts of water need to be removed
from the subretinal space to maintain adherence and interaction between the retina and RPE (Hamann, 2002). Transcellular Cl− transport
across the RPE drives the transport of water away from the subretinal
space, speciﬁcally at night (Fujii et al., 1992; Botchkin and Matthews,
1993; Bialek and Miller, 1994; Quinn et al., 2001; Rymer et al., 2001)
(Fig. 6). Simultaneously, K+ enters into the RPE via the sodium-potassium ATPase, which coincides with high energy consumption
(Okawa et al., 2008). As a result of the sodium-potassium ATPase activity, the Na+ concentration of the subretinal space is increased, which
drives the entry of Na+, K+ and Cl− into the RPE via NKCC1 at the
apical side (Adorante and Miller, 1990). Cl− is transported out of the
cell at the basolateral side by BEST1 and CFTR, creating an osmotic
gradient, which is needed for transport of water (Reichhart and Strauss,
2014). Our previous work suggested an elevation in ATP production by
the RPE at night which coincides with the elevation in sodium-potassium ATPase activity (Louer et al., 2020). Taking this together, the
elevation in ATP production by the RPE at night might be due to the
elevation in sodium-potassium ATPase activity at this time point.
Cldn4 localizes at the tight junctions at ZT4 and ZT9, suggesting it
performs its function at these time points. Although the function of
Cldn4 is not studied in RPE cells, increased expression was correlated
with decreased permeability for Na+ and an increased permeability for
Cl− in kidney cells (Van Itallie et al., 2001; Hou et al., 2006). On the
contrary, Cldn4 may be responsible for an increased permeability of
Cl− in the RPE. Cldn4 was shown to interact with Cldn8 and both are
required for paracellular Cl− transport in the kidney (Hou et al., 2010)
and it was shown that Cldn4 phosphorylation increases Cl− permeability (Le Moellic et al., 2005). We have not distinguished between

4.2. Epithelial transport
Although the average RNA expression was highest for Cldn7 compared to the other claudins (Fig. S2), we could not identify robust
abundance at protein level. Furthermore, no Cldn7 was detected in the
IHC experiments. This discrepancy may be due to a low quality of the
used Cldn7 antibody. Alternatively Cldn7 RNA expression levels may
not relate to protein abundance, as is known for more RNA transcripts
(Khositseth et al., 2011). For Cldn1 we did ﬁnd a signiﬁcant diﬀerence
in RNA expression over time but this was not reﬂected in protein levels
on immunoblot. In the RPE, the function of nuclear localized Cldn1
seen at ZT19 is unclear. Nuclear Cldn1 localisation has been reported
before (for review see Hagen, 2017) but its function is unknown.
However, only claudins within the tight junctions are directly involved
in the regulation of the paracellular pathway and tight junction localisation of Cldn1 was clearly time-dependent and only detected at ZT0,
where it is assumed to contribute towards the barrier function of tight
junctions (Inai et al., 1999).
Cldn2 staining showed intense tight junction staining at ZT0 and
ZT9 where the immunoblot data showed highest amount of protein at
ZT19. The Cldn2 function is exclusively due to junctional Cldn2, which
can be detected with immunohistochemical staining. The immunoblot
analysis reﬂects the total Cldn2 in the cell. Thus, the total protein detected in immunoblot does not necessarily reﬂect the signal found in
immunohistochemistry analysis. Previous data obtained from other
7
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phosphorylated and unphosphorylated Cldn4 in our experiments,
therefore no conclusions regarding the selectivity of Cldn4 in the RPE
can be made.
In summary, we identiﬁed genes involved in intracellular traﬃcking
with diﬀerent expression patterns during the day-night cycle, possibly
playing a role in nutrient/waste transport, POS phagocytosis or membrane protein traﬃcking. Furthermore, we identiﬁed genes involved in
actin cytoskeleton building, remodelling and crosslinking with a high
expression in the morning, suggesting actin cytoskeleton remodelling
during this time point. Although increased levels of RNA do not necessarily mean that more (functional) protein is present, we focused on
whole pathways. Since the genes within a pathway showed similar
expression patterns over time, this suggests that these pathways are
active around the times we see the increase in RNA expression. Finally,
for the ﬁrst time, we have found indications for diﬀerentially regulated
paracellular transport over the RPE during the day-night cycle. Taken
this together, our data suggest a potential role for Cldn2 to facilitate
paracellular water and Na+ transport during the day (Fig. 6). Further
functional studies need to determine if the diﬀerences in claudin localisation during the day-night cycle result in diﬀerent permeability of the
RPE.
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