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Retinoschisin is linked to retinal Na/K-ATPase 
signaling and localization

ABSTRACT Mutations in the RS1 gene cause X-linked juvenile retinoschisis (XLRS), a heredi-
tary retinal dystrophy. We recently showed that retinoschisin, the protein encoded by RS1, 
regulates ERK signaling and apoptosis in retinal cells. In this study, we explored an influence 
of retinoschisin on the functionality of the Na/K-ATPase, its interaction partner at retinal 
plasma membranes. We show that retinoschisin binding requires the β2-subunit of the Na/K-
ATPase, whereas the α-subunit is exchangeable. Our investigations revealed no effect of 
retinoschisin on Na/K-ATPase–mediated ATP hydrolysis and ion transport. However, we iden-
tified an influence of retinoschisin on Na/K-ATPase–regulated signaling cascades and Na/K-
ATPase localization. In addition to the known ERK deactivation, retinoschisin treatment of 
retinoschisin-deficient (Rs1h-/Y) murine retinal explants decreased activation of Src, an initial 
transmitter in Na/K-ATPase signal transduction, and of Ca2+ signaling marker Camk2. Immu-
nohistochemistry on murine retinae revealed an overlap of the retinoschisin–Na/K-ATPase 
complex with proteins involved in Na/K-ATPase signaling, such as caveolin, phospholipase C, 
Src, and the IP3 receptor. Finally, retinoschisin treatment altered Na/K-ATPase localization in 
photoreceptors of Rs1h-/Y retinae. Taken together, our results suggest a regulatory effect of 
retinoschisin on Na/K-ATPase signaling and localization, whereas Na/K-ATPase-dysregulation 
caused by retinoschisin deficiency could represent an initial step in XLRS pathogenesis.

INTRODUCTION
X-linked juvenile retinoschisis (XLRS; Online Mendelian Inheritance 
in Man #312700) is a hereditary degenerative disease of the macula 
(Pagenstecher, 1913). The disease is characterized by a bilateral 
splitting of central retinal layers (foveal schisis), which leads to cystic 
degeneration of the retina. In addition, serious defects in visual sig-

nal transmission from photoreceptor to bipolar cells are evident 
(Khan et al., 2001). Due to the X-chromosomal recessive mode of 
inheritance, XLRS predominantly affects young males, with preva-
lence estimates between 1:5000 and 1:20,000 (George et al., 1995; 
Sauer et al., 1997; Sikkink et al., 2007).

XLRS is caused by mutations in the RS1 gene on chromosome 
Xp22.1 (Sauer et al., 1997). XLRS mouse models, generated via tar-
geted disruption of the murine orthologue of RS1, the Rs1h gene, 
exhibit structural and functional changes that closely resemble the 
clinical features of XLRS patients (reviewed by Sikkink et al., 2007; 
Molday et al., 2012). This renders these mouse lines excellent disease 
models to study functional aspects of retinoschisin or explore novel 
therapeutic approaches (Sikkink et al., 2007; Molday et al., 2012).

The RS1 gene is specifically expressed in photoreceptors and 
bipolar cells of the retina, as well as in pinealocytes of the pineal 
gland (Sauer et al., 1997; Molday et al., 2001; Takada et al., 2006). It 
encodes a protein of 224 amino acids (aa) termed retinoschisin, 
which is exported as oligomers (Wu et al., 2005; Tolun et al., 2016). 
In the retina, it binds to plasma membranes of inner segments and 
plexiform layers (Molday et al., 2007).
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signaling transducers. Finally, retinoschisin treatment markedly 
affected Na/K-ATPase localization in Rs1h-/Y retinae. From these 
data, we speculate that retinoschisin deficiency may be a trigger for 
disease pathogenesis by causing defective control of Na/K-ATPase–
mediated signaling and localization in the retina. 

RESULTS
Specific interaction of retinoschisin with the β2-subunit of 
the retinal Na/K-ATPase
Our previous studies revealed that the retinal Na/K-ATPase, com-
posed of subunits α3 (ATP1A3) and β2 (ATP1B2), is required for an-
chorage of retinoschisin to the plasma membrane (Friedrich et al., 
2011). We now aimed to further delineate the interaction between 
retinoschisin and the Na/K-ATPase.

We tested retinoschisin binding to Hek293 cells heterologously 
expressing different Na/K-ATPase α-subunit isoforms in combination 
with different β-subunit isoforms (α1-β1, α1-β2, α1-β3, α2-β1, α2-β2, 
α2-β3, α3-β1, α3-β2, or α3-β3). We addressed membrane transport 
of all coexpressed subunits via Western blot of isolated cell surface 
proteins (Supplemental Figure S1A), fluorescence-activated cell sort-
ing (FACS; Supplemental Figure S2), and on-cell Western analyses 
(Supplemental Figure S3). Our data reveal that all coexpressed α- 
and β-subunit isoform combinations are transported to the mem-
brane (Supplemental Figures S1–S3). Efficient retinoschisin binding 
(Figure 1A) was found with all Hek293 cells heterologously express-
ing β2, independent of the coexpressed α-subunit. Quantification of 
the binding efficiency showed increased retinoschisin binding of α1-
β2–expressing Hek293 cells (1.50 ± 0.33 compared with α3-β2 in 
three independent replications, p = 0.12). Our analyses do not reveal 
whether this increase is caused by increased membrane expression 
or increased retinoschisin affinity of α1-β2 Na/K-ATPases. No retinos-
chisin binding was detected in Hek293 cells heterologously express-
ing β1 or β3 in combination with any of the α-subunit isoforms.

To specify the retinoschisin interaction domain of ATP1B2, we 
generated chimeras of ATP1B1 and ATP1B2 consisting of the inner-
membrane and transmembrane domains of ATP1B2 (aa 1–79) fused 
to the outer domain of ATP1B1 (aa 74–303; ATP1B1-OD), as well 

as constructs composed of the inner-
membrane and transmembrane domains of 
ATP1B1 (aa 1–71) and the outer domain of 
ATP1B2 (aa 77–291; ATP1B2-OD). ATP1B1-
OD was exported to the plasma membrane, 
as revealed by anti-β1 Western blot analyses 
of isolated cell surface proteins (Supplemen-
tal Figure S1B). However, in contrast to the 
regular β1-subunit, the construct containing 
the outer domain of ATP1B1 was only weakly 
recognized in FACS (Supplemental Figure 
S2) and on-cell Western analyses (Supple-
mental Figure S3). This could be explained 
by altered outer domain folding of the chi-
meric construct compared with regular 
ATP1B1. Proteins were not denatured before 
subjection to antibodies in FACS or on-cell 
Western analyses. The epitope recognized 
by the anti-β1 antibody could thus be less 
accessible in the native ATP1B1-OD con-
structs but take on an open configuration 
after denaturation for Western blot analysis, 
a discrepancy observed for many other pro-
teins (e.g., Laman et al., 1993; McKnight 
et al., 1996).

The retinal Na/K-ATPase consisting of the two subunit isoforms 
ATP1A3 (α3) and ATP1B2 (β2) was identified as a direct interaction 
partner of retinoschisin (Molday et al., 2007), anchoring retinoschisin 
to retinal plasma membranes (Friedrich et al., 2011). Na/K-ATPases 
are integral membrane proteins found on the plasma membrane of 
essentially all eukaryotic cells (Geering, 2008). Their minimal func-
tional unit is composed of two subunits (α and β), organized as a 
heterodimer (Geering, 2008). Na/K-ATPases primarily act as active 
ion pumps, transporting Na+ and K+ ions across the plasma mem-
brane. Their function is indispensable for cellular homeostasis, as it 
maintains the cellular membrane potential, enables secondary 
active transport, regulates cell volume and osmolarity, and allows 
excitability of neuronal cells (for reviews, see Therien and Blostein, 
2000; Geering, 2008; Friedrich et al., 2016). Furthermore, Na/K-
ATPases are important regulators of intracellular signaling cascades. 
On binding of cardiac glycosides such as ouabain, Na/K-ATPases 
induce mitogen-activated protein (MAP) kinase signaling, phospha-
tidylinositol 3-kinase (PI3K)/Akt signaling, and Ca2+ signaling 
(reviewed by Aperia et al., 2016). Finally, Na/K-ATPases are impli-
cated in intercellular adhesion (Krupinski and Beitel, 2009). In many 
tissues, Na/K-ATPases are associated with a specific class of trans-
membrane proteins—members of the FXYD family. These FXYD 
proteins modulate the Na/K-ATPase–mediated ion transport and 
intercellular adhesion (Geering, 2006; Tokhtaeva et al., 2016).

Recently we showed that retinoschisin is a novel antiapoptotic 
regulator of MAP kinase signaling in the retina (Plössl et al., 2017). 
However, the mechanism of signal transduction from externally 
bound retinoschisin to the MAP kinase cascade remained unresolved, 
although it might be reasonable to speculate that retinoschisin af-
fects MAP kinase signaling via its effect on Na/K-ATPase–mediated 
signaling.

In this study, we show that retinoschisin specifically interacts with 
the β2-subunit of the retinal Na/K-ATPase. Retinoschisin binding 
showed no influence on active ion transport and substrate affinity of 
the retinal Na/K-ATPase but modulated Na/K-ATPase–regulated in-
tracellular signaling cascades. The retinoschisin–Na/K-ATPase com-
plex also overlapped with Na/K-ATPase–associated intracellular 

FIGURE 1: Binding of retinoschisin to Na/K-ATPases of different subunit compositions. 
(A) Hek293 cells were transfected with expression vectors for ATP1A1, ATP1A2, or ATP1A3 in 
combination with expression vectors for ATP1B1, ATP1B2, or ATP1B3. (B) Hek293 cells were 
transfected with an expression vector for ATP1A3 in combination with an expression vector for 
ATP1B2 or ATP1B1 or expression vectors for ATP1B1-OD (outer domain of ATP1B1 fused to 
inner and transmembrane domains of ATP1B2) or ATP1B2-OD (outer domain of ATP1B2 fused 
to inner and transmembrane domains of ATP1B1). After transfection, Hek293 cells were 
incubated for 60 min with retinoschisin-containing supernatant of cells stably transfected with a 
retinoschisin expression vector. Cells were then centrifuged and intensively washed. Retinoschisin 
binding was assessed by subjecting cell pellets to Western blot analyses with antibodies 
against retinoschisin. The Actb immunoblot was performed as loading control. Densitometric 
quantification of retinoschisin binding was based on immunoblot evaluation from three 
independent experiments. Signals were normalized against Actb and calibrated against binding 
to ATP1B2-ATP1A3–transfected cells. Data represent mean ± SD. Underlined asterisk marks 
statistically significant (p < 0.05) differences.
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(Jones et al., 2005). We thus explored the influence of retinoschisin 
on substrate affinity of the retinal Na/K-ATPase by testing the affini-
ties for Na+, K+, and ATP via the ouabain-sensitive ATP hydrolysis 
assay in retinal membrane fractions (Jones et al., 2005). Comparing 
Na/K-ATPase activities of membrane fractions from murine Rs1h-/Y 
retinae to those from wild-type retinae, we observed no significant 
differences in substrate affinities for Na+ (Figure 2B), K+ (Figure 2C), 
and ATP (Figure 2D). The corresponding Michaelis–Menten con-
stants for Na+, K+, and ATP were derived from the Michaelis–Menten 
equation and reveal no statistically significant differences (Table 1).

In addition, we investigated the direct effect of externally added 
retinoschisin on the retinal Na/K-ATPase activity. Membrane frac-
tions from each of 11 murine Rs1h-/Y retinae were incubated for 
30 min with or without recombinant retinoschisin before performing 
the ouabain-sensitive ATP hydrolysis assay. Retinoschisin treatment 
did not affect specific Na/K-ATPase activities (p = 0.76; 5.6 ± 1.3 nmol 
Pi/(μg protein h) with retinoschisin and 5.5 ± 1.1 nmol Pi/(μg protein 

ATP1B2-OD was recognized on the surface of transfected 
Hek293 cells via all three methodological approaches (Supplemen-
tal Figures S1B, S2, and S3). Nevertheless, differences in the FACS 
signals were obvious when compared with regular ATP1B2 (Supple-
mental Figure S2), probably also indicating a slight difference in the 
three-dimensional structure of the outer domain of the chimeric 
ATP1B2-OD construct compared with regular ATP1B2.

We tested the ability of the chimeric constructs to bind recom-
binant retinoschisin, which was observed only with ATP1B2-OD 
(Figure 1B). Nevertheless, binding efficiency of retinoschisin to 
ATP1B2-OD was strongly reduced compared with ATP1B2 (0.36 ± 
0.16, p = 0.02, in three independent assays), which could be an 
effect of a slightly altered outer domain structure of ATP1B2-OD, as 
suggested by the FACS signals.

Influence of retinoschisin on active ion transport of the 
retinal Na/K-ATPase
To characterize the functional effect of retinoschisin binding on the 
retinal Na/K-ATPase, we investigated whether retinoschisin binding 
affects the active ion pump activity of the Na/K-ATPase.

We investigated Na/K-ATPase catalyzed (ouabain-sensitive) ATP 
hydrolysis in retinal membrane fractions of retinoschisin-deficient 
and wild-type mice. Previous analyses showed that retinoschisin de-
ficiency in Rs1h-/Y mice had no effect on protein levels of Atp1a3 and 
Atp1b2 in the murine retina (Friedrich et al., 2011). Now, our enzy-
matic assay revealed no significant differences (P = 0.287) in enzy-
matic activity between 11 retinal membrane fractions from Rs1h-/Y 
and wild-type mice (Figure 2A). Specific activities were 4.9 ± 1.6 nmol 
phosphate (Pi) per hour and microgram protein (nmol Pi/μg protein 
h) for wild-type mice and 5.6 nmol ± 1.5 nmol Pi/(μg protein h) for 
Rs1h-/Y mice, in line with published Na/K-ATPase activities in en-
riched membrane fractions (e.g., Delamere and King, 1992).

Binding of FDXY2 to the Na/K-ATPase was reported to influence 
its substrate affinity but not its activity under optimal test conditions 

FIGURE 2: Influence of retinoschisin on ATP hydrolysis and substrate affinity of the retinal Na/K-ATPase. (A) Na/K-
ATPase–catalyzed (ouabain sensitive) ATP hydrolysis in retinal membranes fractions from each of 11 Rs1h-/Y and 
wild-type (wt) mice. (B–D) Na/K-ATPase–catalyzed ATP hydrolysis in retinal membrane fractions from Rs1h-/Y 
(closed circles) and wild-type (open circles) mice as a function of Na+ (B, n = 4), K+ (C, n = 4), and ATP (D, n = 3). 
(E) Na/K-ATPase–catalyzed (ouabain-sensitive) ATP hydrolysis in each of 11 Rs1h–/Y murine retinal membranes fractions 
preincubated for 30 min with or without recombinant retinoschisin (1 µg/ml). (F–H) Na/K-ATPase–catalyzed ATP 
hydrolysis in Rs1h–/Y retinal membrane fractions preincubated with (open circles) or without (closed circles) retinoschisin 
as a function of Na+ (F, n = 4), K+ (G, n = 4), and ATP (H, n = 3). The maximal enzymatic activity was determined in 
complete buffer system for each preparation separately. Data are given as mean ± SD. Primary data for ATP hydrolysis 
with or without ouabain are given in Supplemental Figure S4.

Michaelis–Menten 
constant (mM) Rs1h-/Y Wild type p

Km (Na+) 10.48 ± 2.79 10.53 ± 2.40 0.979

Km (K+) 2.35 ± 0.37 2.33 ± 0.35 0.925

Km (ATP) 0.30 ± 0.07 0.27 ± 0.05 0.573

Rs1h-/Y control Rs1h-/Y + RS1 p

Km (Na+) 12.32 ± 0.42 12.17 ± 0.60 0.698

Km (K+) 2.20 ± 0.16 2.20 ± 0.45 1.000

Km (ATP) 0.29 ± 0.06 0.29 ± 0.06 0.956

TABLE 1: Michaelis–Menten constant for retinal Na/K-ATPase from 
Rs1h-/Y and wild-type mice, as well as for retinal Na/K-ATPase from 
Rs1h-/Y mice incubated with or without recombinant retinoschisin (RS1).
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of Hek293 cells heterologously expressing Myc-tagged retinos-
chisin. This was compared with explants treated with the same 
volume of control protein eluate (prepared from supernatant of 
empty vector–transfected cells). As a control, we also tested the 
effect of the purified XLRS-associated retinoschisin mutant RS1-
C59S (NM_000330.3(RS1):c.175T>A [p.Cys59Ser]; https://databases 
.lovd.nl/shared/variants/RS1/unique?search_var_status=%3D%22
Marked%22%7C%3D%22Public%22). A fourth batch of explants 
was incubated with control protein plus PP2. As shown in Figure 4A, 
10 min of retinoschisin treatment slightly reduced Src phosphoryla-
tion (86.8 ± 2.9%) compared with control treatment but with a 
statistically highly significant difference between retinoschisin and 
control treatment (p = 4.9 × 10-4). RS1-C59S did not cause down-
regulation of Src activity (110.9 ± 23.8% compared with control). 
After 30 min of treatment, an influence of retinoschisin on Src 
phosphorylation was no longer detectable. PP2 treatment resulted 
in almost complete dephosphorylation of Src (pSrc level ∼25% at 
10 min and 10% at 30 min). A change in total Src levels by retinos-
chisin or PP2 was not observed (Figure 4A), indicating that expres-
sion or stability of Src was not affected by the various treatments.

We previously reported that 30 min of retinoschisin treatment 
reduced Erk1/2 activation by ∼30% (68.7 ± 18.2% compared with 
control; Plössl et al., 2017). We show now that the inhibition of Src 
by PP2 leads to a strong and statistically highly significant down-
regulation of Erk1/2 phosphorylation after 30 min of incubation 
(50.0 ± 11.8%; p = 6.8 × 10-4 compared with control protein–treated 
samples; Figure 4B). Total Erk1/2 levels were not affected by PP2, 
excluding an effect on expression or stability of Erk1/2.

Effect of retinoschisin on PI3K/Akt signaling
In specific cell types, the Na/K-ATPase was capable of inducing 
PI3K/Akt signaling (Aperia et al., 2016). Therefore we investigated 
the influence of retinoschisin on PI3K/Akt signaling by following 
phosphorylation of Akt on serine 473 in Rs1h-/Y murine retinal 
explants (Figure 5). Explants treated with retinoschisin, RS1-C59S, 
or control protein showed no differences in Akt activation at 10 or 
30 min of incubation. The different treatments also had no effect on 
total Akt protein levels in murine retinal explants (Figure 5).

Effect of retinoschisin on Ca2+ signaling
In addition to ERK and PI3K/Akt signaling, the Na/K-ATPase was 
reported to influence Ca2+ signaling (Aperia et al., 2016). We exam-
ined an effect of retinoschisin on Ca2+ signaling by following phos-
phorylation of Ca2+/calmodulin-dependent protein kinase II (Camk2) 
on threonine 286 in Rs1h-/Y murine retinal explants (Figure 6A).

Camk2 activation was not affected by 10 min of treatment with 
retinoschisin or RS1-C59S. However, we observed a strong effect 
of retinoschisin on Camk2 activation in Rs1h-/Y murine retinal 
explants after 30 min of incubation time. Phosphorylated Camk2 
levels were significantly down-regulated in retinoschisin-treated 
explants (61.4 ± 15.5%) compared with control protein treated ex-
plants (p = 0.008) or explants treated with RS1-C59S (107.2 ± 
32.3%, p = 0.045; Figure 6A). Total Camk2 levels were not affected 
by retinoschisin, RS1-C59S, or PP2 treatment (Figure 6A).

Because Ca2+ signaling can also influence ERK activation (e.g., 
Illario et al., 2003; Rusciano et al., 2010), we tested the effect of Ca2+ 
signaling inhibitor 2-aminoethoxydiphenyl borate (2-APB; inhibits 
inositol 1,4,5-trisphosphate receptor function) on phosphorylation 
of Erk1/2 (Figure 6B). Of interest, treatment with 2-APB led to a 
strong decrease in phosphorylated Erk1/2 levels after 30 min of in-
cubation (36.0 ± 9.6%, p = 0.003), whereas total Erk1/2 levels were 
not affected.

h) without retinoschisin; Figure 2E), as well as affinities for Na+ 
(Figure 2F), K+ (Figure 2G), and ATP (Figure 2H). Michaelis–Menten 
constants are given in Table 1.

Finally, we assessed the effect of retinoschisin on the human reti-
nal Na/K-ATPase (ATP1A3 and ATP1B2) heterologously expressed 
in Xenopus laevis oocytes. As a common strategy to eliminate the 
contribution of endogenous Na/K-ATPases (Cougnon et al., 1998; 
Koenderink et al., 2000; Dürr et al., 2013; Spiller and Friedrich, 
2014), we used an ouabain-resistant ATP1A3 protein with an half-
maximal inhibitory concentration (IC50) in the millimolar range (Price 
and Lingrel, 1988; Dürr et al., 2013). The retinal Na/K-ATPase ion 
pump activity was assessed by measuring the amount of rubidium 
cation (Rb+) transported into the cells, which are recognized as con-
geners of K+ by the Na/K-ATPase (Post et al., 1972; Beauge and 
Glynn, 1979). Intracellular Rb+ was determined via atomic absorp-
tion spectrophotometry (Dürr et al., 2013). All assays were con-
ducted in the presence of 10 μM ouabain to inhibit endogenous 
Na/K-ATPase activity. On heterologous expression of the retinal 
Na/K-ATPase, Rb+ uptake by oocytes increased approximately six-
fold compared with untransfected oocytes (Figure 3). The average 
uptake was 7 ng Rb+ per transfected oocyte in 3 min (corresponding 
to 7899 nC), which is in line with published results for Na/K-ATPase 
activity in transfected oocytes (Dürr et al., 2013). Ouabain at 10 mM 
led to an inhibition of the heterologously expressed Na/K-ATPase 
by ∼80% (Figure 3). The addition of 1 μg/ml retinoschisin had no 
effect on ion-pumping activity of the Na/K-ATPase (Figure 3A). An 
increase to 8 μg/ml retinoschisin also revealed no effects (Figure 3B).

Effect of retinoschisin binding on Src activation
We recently showed that treatment with recombinant retinoschisin 
decreases the strong endogenous ERK pathway activation in reti-
noschisin-deficient retinal cell lines and Rs1h-/Y retinae (Plössl et al., 
2017). Activation of the tyrosine-protein kinase Src was described as 
one exemplary possibility to regulate ERK signaling by Na/K-
ATPases (Haas et al., 2002; Tian et al., 2006; Quintas et al., 2010; 
Reinhard et al., 2013; Banerjee et al., 2015; Yosef et al., 2016). We 
thus investigated whether retinoschisin affects Src activation by fol-
lowing Src phosphorylation on tyrosine 416 and determining the 
effect of the Src kinase inhibitor 4-amino-5-[chlorophenyl]-7-[t-butyl]
pyrazolo[3,4-d]pyrimidine (PP2) on Erk1/2 activation.

Murine Rs1h-/Y retinal explants were treated for 10 and 30 min 
with recombinant retinoschisin, which was purified from supernatant 

FIGURE 3: Influence of retinoschisin on active ion pump function of 
the retinal Na/K-ATPase heterologously expressed in X. laevis 
oocytes. Oocytes were injected with cRNAs for human ATP1A3 and 
ATP1B2 and incubated for 3 d. Rb+ uptake was determined with or 
without ouabain (10 mM) at pH 5.5 in a solution containing 5 mM Rb+. 
(A) Oocytes were preincubated for 1 h with or without 1 µg/ml 
retinoschisin. (B) Oocytes were preincubated for 1 h with or 
without 8 µg/ml retinoschisin. The number of replicates (number of 
cells/number of independent cell batches) is given in brackets. Data 
are presented as mean ± SEM.

https://databases.lovd.nl/shared/variants/RS1/unique?search_var_status=%3D%22Marked%22%7C%3D%22Public%22
https://databases.lovd.nl/shared/variants/RS1/unique?search_var_status=%3D%22Marked%22%7C%3D%22Public%22
https://databases.lovd.nl/shared/variants/RS1/unique?search_var_status=%3D%22Marked%22%7C%3D%22Public%22


2182 | K. Plössl et al. Molecular Biology of the Cell

Bai et al., 2016). We thus addressed colocalization of the retinal 
Na/K-ATPase with retinoschisin, scaffolding proteins, and intracel-
lular Na/K-ATPase–associated signal transmitters in 10-d-old murine 
wild-type retinae via immunohistochemistry.

As documented before (Friedrich et al., 2011), strong retinoschi-
sin signals were found in photoreceptor inner segments. Weak reti-
noschisin staining was also observed in the outer plexiform layer 
and outer nuclear layer (Supplemental Figure S5). A similar distribu-
tion was obtained for retinal Na/K-ATPase subunits Atp1a3 (Supple-
mental Figure S5A) and Atp1b2 (Supplemental Figure S5B). A focus 
on the retinoschisin-containing retinal layers (inner segments, outer 
nuclear layer, and outer plexiform layer) revealed colocalization be-
tween retinoschisin and Na/K-ATPase subunits Atp1a3 (Figure 7A) 
and Atp1b2 (Figure 7B). Pearson’s coefficients were >0.5 and over-
lap coefficients >0.9 (Supplemental Table S1).

In several tissues, Na/K-ATPase complexes are concentrated in 
caveolae by caveolin-1, a process affecting Na/K-ATPase–mediated 
signaling (Wang et al., 2004; Liang et al., 2007; Quintas et al., 2010; 
Bai et al., 2016). Immunohistochemistry depicted strong caveolin-1 
signals from outer to inner plexiform layers and in a horizontal line 
between inner segments and outer nuclear layer (Supplemental 
Figure S5C). In addition, weak signals were obtained in the inner 
segments and outer nuclear layer. This pattern is consistent with 

Colocalization of the retinoschisin–Na/K-ATPase complexes 
with scaffolding proteins and intracellular signal transducers
Scaffolding proteins such as ankyrin or caveolin that anchor Na/K-
ATPases to specific membrane microdomains, as well as a close as-
sociation or proximity to intracellular signal transmitters, play an 
important role in the regulation of Na/K-ATPase signaling (Wang 
et al., 2004; Liang et al., 2007; Liu et al., 2008; Quintas et al., 2010; 

FIGURE 4: Involvement of Src on retinoschisin-induced Erk 
deactivation. Murine Rs1h-/Y retinal explants were treated for 10 and 
30 min with retinoschisin, RS1-C59S, or control protein. Additional 
experiments were performed in the presence of Src inhibitor PP2 
(5 × 10–5 M). After treatment, the cells were subjected to Western blot 
analyses with antibodies against (A) phosphorylated Src (pSrc) and 
total Src, as well as against (B) phosphorylated Erk1 and Erk2 
(pErk1/2) and total Erk1 and Erk2 (Erk1/2). Actb staining served as 
control. Densitometric quantification was performed with 
immunoblots from five independent experiments. Signals were 
normalized against Actb and calibrated against the control. Data 
represent mean ± SD. Underlined double asterisks denote statistically 
highly significant (p < 0.01) differences between results of two 
different treatments; double asterisks on the PP2-treated sample 
denotes statistically highly significant difference (p < 0.01) from 
control treatment. 

FIGURE 5: Effect of retinoschisin on PI3K/Akt signaling. Rs1h-/Y 
retinal explants were treated for 10 and 30 min with retinoschisin, 
RS1-C59S, or control protein. After treatment, the cells were 
subjected to Western blot analyses with antibodies against 
phosphorylated Akt (pAkt), total Akt, and Actb as control. 
Densitometric quantification was performed with immunoblots from 
five independent experiments. Signals for pAkt and Akt were 
normalized against Actb and calibrated against the control.
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This makes the application of Pearson’s coefficients for quantifica-
tion of colocalization unsuitable (Dunn et al., 2011). Nevertheless, 
overlap coefficients had high values (∼0.9; Supplemental Table S1). 
As previously shown (Berta et al., 2011), the intracellular signal trans-
mitter Src had a very similar staining pattern as caveolin-1, with ad-
ditional signals in the outer segments (Supplemental Figure S5D 
and Figure 7D). Overlap coefficients of ∼0.9 were obtained (Supple-
mental Table S1).

In several vertebrate retinae, the Na/K-ATPase is restricted to the 
inner segment of photoreceptors by ankyrin-B (Kizhatil et al., 2009). 
Concentrated by ankyrin-B, the Na/K-ATPase formed signaling mi-
crodomains with the inositol-3-phosphate (IP3) receptor (Mohler 
et al., 2005; Liu et al., 2008), an endoplasmic reticulum membrane–
localized Ca2+ channel (Miyakawa-Naito et al., 2003; Yuan et al., 
2005), in several cell types. Colocalization of ankyrin-B and the reti-
nal Na/K-ATPase in murine and other vertebrate retinae has been 
demonstrated (Kizhatil et al., 2009). Our immunohistochemical 
analyses revealed a strong immunohistochemical IP3 receptor sig-
nal in inner segments, inner nuclear layer, and plexiform layers and 
a weak signal in the outer nuclear layer (Supplemental Figure S5E), 
in agreement with previous results (Day et al., 1993). Retinoschisin 
and the IP3 receptor partially overlapped in inner segments, outer 
nuclear layer, and outer plexiform layer (Figure 7E), with Pearson’s 
values of ∼0.5 and overlap coefficients of ∼0.9 (Supplemental Table 
S1). Phospholipase C (Plc), a signal transmitter possibly involved in 
Na/K-ATPase–mediated Ca2+ signaling (Miyakawa-Naito et al., 
2003; Yuan et al., 2005), had a similar distribution as the IP3 receptor 
over the entire retina but with signals extending to outer segments 
(Supplemental Figure S5F). Immunohistochemistry revealed a par-
tial overlap with retinoschisin (Figure 7E). Quantification resulted in 
overlap coefficients of ∼0.9 but low Pearson’s coefficients (∼0.2; 
Supplemental Table S1).

Effect of retinoschisin on Na/K-ATPase localization
Retinal cryosections from Rs1h−/Y eyes showed increasing mislocal-
ization of the Na/K-ATPase during retinal development (Friedrich 
et al., 2011). More precisely, Atp1a3 and Atp1b2 immunoreactivity 
was reduced in the inner segments of photoreceptors and increased 
in the outer nuclear layer (Friedrich et al., 2011), as specifically 
evident in retinae at postnatal day 18.

We now sought to assess whether retinoschisin directly affects 
retinal Na/K-ATPase localization. Thus we treated Rs1h−/Y retinal 
explants at postnatal day 18 with recombinant retinoschisin, RS1-
C59S, and control protein. After 1 wk of incubation, we followed 
retinoschisin binding and Na/K-ATPase localization via immunohis-
tochemistry against retinoschisin and Atp1a3 (Figure 8). Explants 
treated with RS1-C59S or control protein showed no retinoschisin 
signal and exhibited almost even distribution of Atp1a3 in inner 
segments and outer nuclear layer of photoreceptors (Figure 8, A 
and C). Of note, explants treated with recombinant retinoschisin 
had a strong clustering of the Na/K-ATPase and retinoschisin in the 
photoreceptor inner segments, accompanied by reduced Na/K-
ATPase signals in the inner nuclear layer (Figure 8B).

DISCUSSION
In this study, we were interested in evaluating the functional effect 
of retinoschisin on its binding partner in the retina, the retinal Na/K-
ATPase. Our data reveal a specific interaction of retinoschisin with 
the outer domain of Na/K-ATPase subunit β2. Investigations into 
the ion pump activity and substrate affinity of Na/K-ATPase failed to 
detect a regulatory effect of retinoschisin on these functions. In ad-
dressing the signal-transducing aspect of the Na/K-ATPase, we 

previous studies, in which caveolin-1 was expressed predominantly 
in Müller cells (Li et al., 2012; Gu et al., 2014) but also weakly in 
photoreceptor inner segments (Berta et al., 2011; Li et al., 2012). 
Focusing on the region from inner segments to outer plexiform 
layer, we observed an overlap between retinoschisin and caveolin-1 
staining in inner segments, outer nuclear layer, and inner plexiform 
layer but not with caveolin-1 signals from Müller cells (the horizontal 
line between inner segments and outer nuclear layer; Figure 7C). 

FIGURE 6: Effect of retinoschisin on Ca2+ signaling. (A) Rs1h-/Y retinal 
explants were treated for 10 and 30 min with retinoschisin, RS1-C59S, 
or control protein. After treatment, the cells were subjected to 
Western blot analyses with antibodies against phosphorylated Camk2 
(pCamk2), total Camk2, and Actb as control. Densitometric 
quantification was performed with immunoblots from five independent 
experiments. Signals for pCamk2 and Camk2 were normalized against 
Actb and calibrated against the control. Data represent mean ± SD. 
(B) Rs1h-/Y retinal explants were treated for 30 min with Ca2+ signaling 
(IP3 receptor) inhibitor 2-APB. To assess an effect of the Ca2+ pathway 
on Erk1/2 activation, the cells were subjected to Western blot analyses 
with antibodies against phosphorylated Erk1 and Erk2 (pErk1/2), total 
Erk1 and Erk2 (Erk1/2), and Actb as control. Underlined asterisk marks 
statistically significant (p < 0.05) and underlined double asterisks 
statistically highly significant (p < 0.01) differences between results of 
two different treatments.
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found that applying recombinant retinoschi-
sin to Rs1h-/Y murine retinal explants modu-
lated Src activation as well as Ca2+ signal-
ing, in addition to the known deactivation 
of the Erk pathway. As expected, the XLRS-
associated mutant RS1-C59S failed to re-
veal an effect on intracellular signaling. Im-
munohistochemistry demonstrated a good 
colocalization of retinoschisin with the reti-
nal Na/K-ATPase and an overlap of the 
retinoschisin–Na/K-ATPase complex with 
well-described mediators of Na/K-ATPase 
signaling, including caveolin, Src, Plc, and 
the IP3 receptor. Finally, recombinant reti-
noschisin affected localization of the Na/K-
ATPase in Rs1h-/Y murine retinal explants. 
Together, these findings suggest the exis-
tence of a retinoschisin–Na/K-ATPase sig-
nalosome modulating intracellular signaling 
pathways in the retina.

The activity of Na/K-ATPases is sub-
jected to a strict regulation at several levels, 
among which is via an interaction with Na/K-
ATPase–binding proteins, such as members 
of the FXYD family (Geering, 2006), caveolin 
(Liang et al., 2007; Quintas et al., 2010; 
Yosef et al., 2016), ankyrin, actin, and addu-
cin (Therien and Blostein, 2000). Similar to 
these proteins, retinoschisin may also act as 
a newly recognized modulator of Na/K-
ATPase activity.

Our experiments show that retinoschisin 
binding specifically requires the extracellu-
lar domain of the β2-subunit, whereas the 
α-subunit is exchangeable. This result is in 
line with data on the crystal structure of the 
Na/K-ATPase, for which a huge extracellular 

domain of the β-subunit was described to almost completely cover 
the extracellular parts of the α-subunit (Morth et al., 2007).

The α-subunit of Na/K-ATPases is the catalytic subunit, mediat-
ing active ion transport and steroid hormone–induced signaling, 
whereas the accessory β2-subunit controls membrane integration, 
stability, and activity of the α-subunit (reviewed by Geering, 2008). 
Binding of retinoschisin to the β2-subunit could alter the modula-
tory effect of β2 on the activity of the α-subunit and thus affect ion 
transport or signaling. We could not detect an influence of retinos-
chisin on active ion pump function or substrate affinity of the 
retinal Na/K-ATPase. However, our results suggest an influence 
of retinoschisin on Na/K-ATPase–mediated intracellular signaling 
cascades.

Recombinant retinoschisin reduced internal activation of nonre-
ceptor tyrosine kinase Src, an initial signal transducer of Na/K-
ATPase–mediated signaling (Tian et al., 2006; Reinhard et al., 2013; 
Banerjee et al., 2015; Yosef et al., 2016), in retinoschisin-deficient 
retinal explants. Studies have reported that ERK signaling by the 
Na/K-ATPase is induced via initial activation of Src (e.g., Haas et al., 
2002; Quintas et al., 2010). Consistent with this, recombinant reti-
noschisin reduced internal Src activation in retinoschisin-deficient 
retinal explants before Erk1/2 activation. Furthermore, the applica-
tion of Src kinase inhibitor PP2 inhibited Erk1/2 phosphorylation 
in our retinal model system. Thus our data are consistent with data 
on timeline and interdependence of Src and MAP kinase activation 

FIGURE 7: Colocalization of retinoschisin, the Na/K-ATPase, and Na/K-ATPase–associated 
signaling mediators in murine retinae. Retinal cryosections from wild-type mice at postnatal day 
10 were labeled with antibodies against retinoschisin (Rs1h) and Atp1a3 (A), Atp1b2 (B), caveolin 
(cav; C), Src (D), Plc (E), or the IP3 receptor (IP3R; F). Confocal microscope images were taken 
under 100× magnification. Retinal layers are indicated on the right; IS, inner segments; ONL, 
outer nuclear layer; OPL, outer plexiform layer. Scale bar, 10 µm.

FIGURE 8: Effect of retinoschisin Na/K-ATPase localization. Rs1h-/Y 
retinal explants harvested at postnatal day 18 were cultured for 1 wk in 
medium containing retinoschisin, RS1-C59S, or control protein. After 
washing and embedding, cryosections of these explants were subjected 
to staining for nuclei, Atp1a3, and retinoschisin. IS, inner segments; 
ONL, outer nuclear layer. Scale bar, 10 µm.
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In several vertebrate retinae, the Na/K-ATPase is restricted to the 
inner segment of photoreceptors by ankyrin-B (Kizhatil et al., 2009). 
Concentrated by ankyrin-B, the IP3 receptor and the Na/K-ATPase 
build a functional signaling complex that links plasma membrane to 
intracellular Ca2+ stores from the endoplasmic reticulum, and in-
volvement of intracellular signal transducer Plc in this complex is 
under discussion (Aizman and Aperia, 2003; Miyakawa-Naito et al., 
2003; Yuan et al., 2005; Liu et al., 2008). Although no specific enrich-
ment of the IP3 receptor and Plc was shown for plasma membrane 
regions of inner segments in our analyses, the retinoschisin–Na/K-
ATPase complex overlapped with the IP3 receptor, as well as with 
Plc, making a functional contact between the Na/K-ATPase and 
these signaling constituents arguable.

The assembly of Na/K-ATPase signaling complexes is signifi-
cantly involved in the induction and regulation of Na/K-ATPase–me-
diated signaling (Therien and Blostein, 2000; Xie and Askari, 2002; 
Xie and Cai, 2003; Wang et al., 2004; Yuan et al., 2005; Quintas 
et al., 2010; Reinhard et al., 2013). We previously showed that reti-
noschisin deficiency leads to an altered localization of the Na/K-
ATPase during retinal development (Friedrich et al., 2011). Our data 
now reveal a direct modulation of Na/K-ATPase localization in 
murine Rs1h-/Y retinal explants by recombinant retinoschisin. Specifi-
cally, retinoschisin treatment of murine Rs1h-/Y retinal explants re-
sulted in a concentration of retinoschisin–Na/K-ATPase complexes 
at the photoreceptor inner segments, producing a Na/K-ATPase 
distribution comparable to that in wild-type retinae (Friedrich et al., 
2011). These data indicate that retinoschisin binding is necessary to 
establish the proper localization of the Na/K-ATPase in the retina. It 
might also be reasonable to speculate about a role of retinoschisin 
in the correct assembly of retinal Na/K-ATPase signaling complexes 
and thus the regulation of Na/K-ATPase signaling.

Several studies have documented a major role for MAP kinase 
and Ca2+ dysregulation in the pathogenesis of neuronal degenera-
tive diseases such as Parkinson disease (Cali et al., 2014; Wang 
et al., 2014), Alzheimer disease (Gartner et al., 1999; Arendt et al., 
2000; Cali et al., 2013), and amyotrophic lateral sclerosis (Holasek 
et al., 2005; Cali et al., 2013). The contribution of MAP kinase and 
Ca2+ signaling to disease can be explained by their involvement in 
the regulation of cellular processes such as degeneration, adhesion, 
proliferation, differentiation, and development (Kolkova et al., 2000; 
Chang and Karin, 2001), processes also involved in the pathogene-
sis of XLRS (reviewed by Khan et al., 2001; Sikkink et al., 2007; 
Molday et al., 2012). It would thus be reasonable to assume a major 
contribution of retinoschisin deficiency–induced signal dysregula-
tion to the characteristic XLRS-associated degenerative processes 
of the retina. Similar effects on neuronal homeostasis were de-
scribed for other extracellular interaction partners of Na/K-ATPases, 
including cardiac glycosides such as ouabain (in low doses; Golden 
and Martin, 2006; Desfrere et al., 2009) and amyotrophic lateral 
sclerosis–associated glycoprotein nonmetastatic melanoma protein 
B (Ono et al., 2016), promoting neuronal survival and differentiation 
via manipulation of Na/K-ATPase–associated signaling.

Taken together, our results provide broad evidence that retinos-
chisin binds to the β2-subunit of retinal Na/K-ATPase, leading to the 
inhibition of Na/K-ATPase–associated signaling cascades and Na/K-
ATPase enrichment at photoreceptor inner segments. Retinoschisin 
and the Na/K-ATPase of the murine retina were found to overlap 
with intracellular signal tranducers Src, Plc, and the IP3 receptor, 
well-described mediators of Na/K-ATPase signaling. We suggest 
that retinoschisin is an important modulator of retinal Na/K-ATPase 
signaling complexes and any disturbance in Na/K-ATPase–mediated 
signaling and localization caused by retinoschisin deficiency might 

after external Na/K-ATPase stimulation (Haas et al., 2002). Never-
theless, with only 14% reduction, effects of retinoschisin on Src 
phosphorylation were rather small. This may be explained by the 
specific localization of Src in the murine retina. Immunohistochemi-
cal stainings revealed that Src and retinoschisin are expressed in the 
photoreceptor inner segments, the outer nuclear layer, and the 
outer plexiform layer. However, in contrast to retinoschisin, there is 
a strong enrichment of Src in the inner nuclear and inner plexiform 
layers. This Src pool is most likely not subjected to regulation by the 
retinoschisin–Na/K-ATPase complex. Another explanation for the 
weak effect of retinoschisin on Src is provided by a recent study 
showing that the α3-subunit isoform, which is the predominant α-
isoform in photoreceptor cells (85% α3 vs. 15% α1; Schneider and 
Kraig, 1990), is incapable of inducing Src activation (Madan et al., 
2017). Only Na/K-ATPase complexes containing the α1-isoform of 
the Na/K-ATPase could thus affect Src activation in our model sys-
tem. Finally, the question arises how the temporary effect of retinos-
chisin on Src inhibition can relate to the chronic in vivo situation, 
characterized by a constant hyperactivation of ERK signaling in the 
XLRS mouse (Gehrig et al., 2007). Of interest, α3–Na/K-ATPases 
were reported to induce ERK signaling in a Src-independent but so-
far-undetermined way (Madan et al., 2017). The observed chronic 
increase in ERK activation could thus be a consequence of constant 
misregulation of the predominant α3–β2 Na/K-ATPase isoforms by 
retinoschisin deficiency.

In addition to ERK signaling, Na/K-ATPase is known to regulate 
PI3K/Akt and Ca2+ signaling (Aperia et al., 2016). Our findings re-
vealed no influence of retinoschisin on PI3K/Akt signaling but dem-
onstrated an inhibiting effect on Ca2+ signaling: exposing murine 
Rs1h-/Y retinae to retinoschisin caused strong down-regulation of 
phosphorylated Camk2, a marker for activated Ca2+ signaling (Illario 
et al., 2003). Inhibition of the IP3 receptor–induced Ca2+ signaling 
pathway by 2-APB resulted in a strong Erk1/2 deactivation, demon-
strating involvement of Ca2+ signaling in the regulation of the ERK 
pathway, as observed in other cell types (Illario et al., 2003; Rusciano 
et al., 2010). One can thus speculate about a long-term effect of the 
retinoschisin–Na/K-ATPase complex on ERK signaling via its regula-
tion of Ca+ signaling.

The Na/K-ATPase serves as a docking station for a variety of 
protein interaction partners (Reinhard et al., 2013). In several tis-
sues, the Na/K-ATPase is concentrated in caveolae by caveolin-1, a 
process that significantly influences Na/K-ATPase–mediated signal-
ing (Wang et al., 2004; Liang et al., 2007; Quintas et al., 2010; Bai 
et al., 2016). Our immunohistochemical analyses revealed an over-
lap of the retinoschisin–Na/K-ATPase complex with caveolin-1 in 
murine photoreceptors but no specific enrichment of caveolin-1 
along with the retinal Na/K-ATPase in plasma membrane of inner 
segments as observed for the scaffolding protein ankyrin-B (Kizhatil 
et al., 2009).

Although it is widely accepted that the tyrosine-protein kinase 
Src is one possible initial signal transmitter in Na/K-ATPase–medi-
ated signaling, the mechanism is under debate. Whereas some 
studies suggest a direct interaction between the Na/K-ATPase and 
Src (Wang et al., 2004; Tian et al., 2006; Banerjee et al., 2015), sev-
eral others reported evidence against a direct interaction between 
the Na/K-ATPase and Src (Weigand et al., 2012; Clifford and Kaplan, 
2013; Gable et al., 2014; Yosef et al., 2016). Our immunohistochem-
ical data argue against an enrichment of Src along with the Na/K-
ATPase–retinoschisin complex at the photoreceptor membrane but 
show a partial overlap of both proteins in photoreceptors inner seg-
ments, suggesting that Src could be affected by Na/K-ATPase 
signaling in substructures of the retina.
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ATP1B2 are given in Supplemental Table S1. The coding sequences 
of all Na/K-ATPase subunits described were ligated into pCEP4 us-
ing restriction sites added with the primers.

The ouabain-insensitive pTLN/ATP1A3 construct was kindly pro-
vided by Jan B. Koenderink (Department of Pharmacology and Toxi-
cology, Nijmegen University, Netherlands). A ouabain-insensitive 
pcDNA3/ATP1A3 construct was generated by excising the ATP1A3 
coding sequence from the ouabain-insensitive pTLN/ATP1A3 con-
struct via HindIII and EcoRI.

The pTLN/ATP1B2 was generated by excising the ATP1B2 cod-
ing sequence from pCEP+ATP1B2 via KpnI and XhoI.

Generation of expression constructs for nontagged and Myc-
tagged RS1 variants is described in Plössl et al. (2017). The RS1 
variants include nonmutant RS1 (RS1, NM_000330.3) and the XLRS-
associated RS1 mutant (NM_000330.3(RS1):c.175T>A [p.Cys59Ser]), 
titled RS1-C59S.

RS1 binding to Hek293 cells
Retinoschisin binding to Hek293 cells heterologously transfected 
with expression constructs for different Na/K-ATPase subunits was 
assessed at least three times in independent assays as described by 
Friedrich et al. (2011) but with a prolonged incubation time of 1 h.

Isolation of cell surface proteins by using the Pierce Cell 
Surface Protein Isolation Kit 
To evaluate cell surface localization of different Na/K-ATPase sub-
unit isozyme combinations, Hek293 cells were transfected with 
expression constructs for the different isozyme combinations in a 
six-well format. At 48 h after transfection, cell surface proteins were 
biotinylated using the Pierce Cell Surface Protein Isolation Kit 
(Thermo Fisher Scientific) and purified according to the manufac-
turer’s instructions. Purified membrane proteins were subsequently 
analyzed by Western blotting.

On-cell Western assay 
Cell surface protein expression was additionally analyzed by staining 
unpermeabilized cells with antibodies against the different Na/K-
ATPase subunit isoforms. These “on-cell Western assays” were 
performed as established by LI-COR Biosciences (Bad Homburg, 
Germany), with the following modifications: Hek293 cells were 
grown on poly-l-lysine–coated 12-well plates and transiently trans-
fected with expression constructs for different Na/K-ATPase subunit 
isozyme combinations. At 48 h after transfection, cells were fixed in 
ice-cold 4% paraformaldehyde for 10 min at room temperature. 
Cells were then washed 5 × 5 min with 400 μl of 1× phosphate-buff-
ered saline (PBS) before being incubated in 300 μl of blocking solu-
tion (LI-COR Odyssey blocking buffer 1:1 diluted with Tris-buffered 
saline [TBS]) for 90 min at room temperature with gentle agitation. 
The blocking solution was removed, and cells were covered in 100 μl 
of primary antibody diluted 1:250 in blocking solution. The cells 
were then incubated overnight at 4°C with gentle rocking. After 5 × 
5 min washing with 400 μl of 1× TBS–Tween 20 (TBS-T), cells were 
incubated with secondary antibodies (IRDye 800CW anti-mouse and 
anti-rabbit secondary antibodies [LI-COR] diluted 1:800 in blocking 
solution) for 1 h at room temperature. Finally, cells were subjected to 
another 5 × 5 min washing with 400 μl of 1× TBS-T before plates 
were patted dry and imaged using a LI-COR Odyssey imager.

Fluorescence-activated cell sorting 
Hek293 cells were transiently transfected with expression constructs 
for different Na/K-ATPase subunit isozyme combinations. At 48 h 
after transfection, 3 × 105 cells were subjected to antibody staining 

contribute to the initial steps of XLRS pathology. Our findings neces-
sitate a novel look at therapeutic treatment options for this progres-
sive and currently untreatable disease.

MATERIALS AND METHODS
Animal models
The Rs1h-/Y mouse was generated as described previously (Weber 
et al., 2002) and kept on a C57BL/6 background. Mice were housed 
under specific pathogen-free barrier conditions at the Central Ani-
mal Facility of the University of Regensburg and maintained under 
conditions established by the institution for their use, in strict compli-
ance with National Institutes of Health guidelines. Mice were killed 
10, 16, or 18 d after birth by decapitation or cervical dislocation.

Cell culture
Hek293 (human embryonic kidney) cells (Invitrogen, Carlsbad, CA) 
were maintained in DMEM high-glucose containing 10% fetal calf 
serum (FCS), 100 U/ml penicillin/streptomycin, and 500 μg/ml 
G418. All media and cell culture supplies were purchased from Life 
Technologies (Carlsbad, CA). Hek293 cells were grown in a 37°C 
incubator with a 5% CO2 environment and subcultured when they 
reached 90% confluency.

Primary antibodies
Primary antibodies against phospho-Akt (Ser-473; 4060), Akt (pan; 
4691), phospho–Src family (Tyr-416; 6943), Src (2123), phospho-
p44/42 MAPK (Erk1/2) (Thr-202/Tyr-204; 4370), PLC-γ1 (5690), IP3 
receptor 1 (8569), and caveolin-1 (#3267) were obtained from Cell 
Signaling Technology (Danvers, MA). Primary antibodies against 
Na/K-ATPase subunits Atp1a3 (MA3-915) and Atp1b2 (PA5-26279) 
and phospho–CaM kinase II (Thr-286; PA1-14076), as well as CaM 
kinase II (PA1-14077) were obtained from Thermo Fisher Scientific. 
The primary actin beta (Actb; A5441) and Erk1/2 (M5670) antibodies 
were from Sigma-Aldrich (St. Louis, MO). Primary antibodies against 
Atp1a1 (55187-1-AP), Atp1a2 (16836-1-AP), and Atp1b1 (15192-1-
AP) were obtained from Proteintech (Rosemont, IL). The Atp1b3 
(H00000483-B01) antibody was from Abnova (Taipei, Taiwan), and 
pan-cadherin antibody (ab6528) was from Abcam (Cambridge, 
United Kingdom). All commercial antibodies were used to the manu-
facturer’s recommendations for Western blotting and immunohisto-
chemistry. The RS1 primary antibody (diluted 1:10,000 for Western 
blot and 1:1000 for immunohistochemistry) was kindly provided by 
Robert Molday (University of British Columbia, Vancouver, Canada).

Expression constructs
Generation of expression constructs for ATP1A1 (NM_000701.7), 
ATP1A2 (NM_000702.3), ATP1B1 (NM_001677.3), and ATP1B3 
(NM 001679.3) was performed as described in Friedrich et al. (2011) 
but with primers listed in Supplemental Table S1. Expression con-
structs for ATP1A3 (NM_152296.4) and ATP1B2 (NM_001678.4) 
were generated as described in Friedrich et al. (2011).

Chimeric constructs of ATP1B1 and ATP1B2 were generated as 
follows. For construct ATP1B1-OD, the outer domain of ATP1B2 
(aa 80–291) was replaced by the corresponding amino acids from 
ATP1B1 (aa 74–304). Inner domain and transmembrane domain 
from ATP1B2 (aa 1–79) were fused to the outer domain of ATP1B1 
using the endogenous MscI restriction site at aa 77–79 of the 
ATP1B2 subunit.

For construct ATP1B2-OD, the outer domain of ATP1B2 (aa 77–
291) was fused to the inner domain of ATP1B1 (aa 1–73) using the 
endogenous MscI restriction site (aa 77–79) of the ATP1B2 subunit. 
Primers for amplifying the partial coding sequences of ATP1B1 and 
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Measuring cation transport by the retinal Na/K-ATPase in 
X. laevis oocytes via atomic absorption spectrophotometry
Heterologous expression of ATP1A3 and ATP1B2 in X. laevis oo-
cytes was achieved using injection of mixtures of complementary 
RNAs (cRNAs) for both subunits as described (Dürr et al., 2013). To 
distinguish the activity of the heterologously expressed constructs 
from the endogenous Xenopus Na/K-ATPase, the mutations Q108R 
and N119D were introduced in the human α3-subunit to reduce the 
ouabain sensitivity (Price and Lingrel, 1988). The ouabain-insensitive 
pTLN/ATP1A3 construct was kindly provided by Jan B. Koenderink. 
The cRNA was prepared by in vitro transcription from pTLN expres-
sion constructs harboring ATP1B2 and ATP1A3 cDNA. Oocyte isola-
tion, cRNA injection, heterologous Na/K-ATPase expression in 
oocytes, and Rb+ uptake experiments were performed as described 
in Dürr et al. (2013). Rb+ uptake was assessed with an AAnalyst 800 
using the THGA Furnace System and evaluated as described in Dürr 
et al. (2013). Oocytes were incubated for 1 h with or without recom-
binant retinoschisin (1 or 8 μg/ml) before starting the experiment.

Retinoschisin binding to human retinal Na/K-ATPase comprising 
the ouabain-insensitive ATP1A3 variant and ATP1B2 was demon-
strated after heterologous expression in Hek293 cells as described 
earlier (Supplemental Figure S6C).

Analysis of signaling pathways in retinal explants
Preparation and treatment of retinal explants are described in Plössl 
et al. (2017). In brief, murine Rs1h-/Y retinae at postnatal day 10 were 
isolated and incubated in 800 μl of medium containing 1 μg of puri-
fied retinoschisin or RS1-C59S or equal volumes of control eluate. 
After 10 or 30 min of incubation at 37°C, retinal explants were re-
moved from medium and processed for subsequent Western blot 
analysis.

Src kinase inhibitor PP2 and IP3 receptor inhibitor 2-APB were 
obtained from Sigma- Aldrich and added at a final concentration of 
10 or 250 μM, respectively.

SDS–PAGE and Western blot analysis
SDS–PAGE, Western blot analyses, and densitometric quantification 
of Western blots were performed as previously described (Friedrich 
et al., 2011; Plössl et al., 2017).

Immunolabeling of retinal cryosections
Enucleation of murine eyes (wild-type mice, postnatal day 10) and 
fixing, embedding, and cryosectioning were performed as described 
in Friedrich et al. (2011). Immunolabeling was performed as de-
scribed in Friedrich et al. (2011), with antibodies against retinoschisin, 
Atp1b2, caveolin, Src, Plc, and the IP3 receptor (origin of antibodies; 
see earlier description), diluted as recommended by the manufactur-
ers. The sections were counterstained with 4′,6-diamidino-2-phenyl-
indol (1:1000; Molecular Probes, Leiden, Netherlands). Images were 
taken with a custom-made VisiScope CSU-X1 Confocal System 
(Visitron Systems, Puchheim, Germany) equipped with a high-resolu-
tion scientific complementary metal-oxide semiconductor camera 
(PCO, Kehlheim, Germany) under 40× or 100× magnification. Confo-
cal microscopy pictures were taken with 40× magnification (Supple-
mental Figure S3) to show the distribution of the proteins across the 
entire retinal layers, as well as with 100× magnification (Figure 7) to 
assess putative colocalization with the retinoschisin–Na/K-ATPase 
complex with the described Na/K-ATPase–associated signal trans-
ducers. Using the JACoB plug-in from ImageJ (imagej.nih.gov), the 
Pearson coefficients (normal and with Costes’ randomization), differ-
ent overlap coefficients (normal, application of manual threshold), 
and Manders coefficients with manual and Costes’ threshold) were 

for FACS analysis. During the procedure, cells were kept on ice, 
centrifugation steps were carried out at 4°C, and all solutions used 
were precooled. After harvesting, cells were washed twice in 300 μl 
of PBS plus1% FCS (5 min, 300 × g, 4°C) and then incubated in pri-
mary antibodies against Na/K-ATPase β-subunits ATP1B2, ATP1B2, 
and ATP1B3 for 25 min. After two washing steps in 300 μl of PBS 
plus 1% FCS (5 min, 300 × g, 4°C), cells were incubated in secondary 
antibody solution (Alexa Fluor 488–conjugated anti-mouse or anti-
rabbit [Thermo Fisher Scientific], 1:100 in PBS plus 1% FCS) for 
25 min and subsequently washed again twice. Cell pellets were re-
suspended in 100 μl of PBS plus 1% FCS and subjected to FACS 
analysis using a FACSCanto-II flow cytometer run by Diva software, 
version 7.0 (BD Biosciences, San Jose, CA).

Expression and purification of recombinant RS1 variants
Expression and purification of recombinant RS1 variants was per-
formed as described by Plössl et al. (2017), with all described con-
trols for protein purity.

For use as a treatment control, Hek293 cells were transfected 
with empty pCDNA3.1 expression vector (Invitrogen), and cultiva-
tion medium of these cells was subjected to a purification procedure 
exactly like that for the medium from cells transfected with RS1 
variants.

Dialysis of recombinant retinoschisin
Recombinant retinoschisin (100 μl) to be used in ATP hydrolysis as-
says was dialyzed against the respective ATP hydrolysis test buffers 
described later (2 × 500 ml) using a Slide-A-Lyzer MINI Dialysis De-
vice, 10K MWCO (Thermo Fisher Scientific), at 4°C overnight. The 
dialysis buffer was changed after 5 h, and total dialysis time was 18 h.

Analysis of Na/K-ATPase activity in murine retinal 
membranes
A plasma membrane–enriched fraction was collected from retinae of 
wild-type and Rs1h-/Y mice at postnatal day 16 as described before 
(Friedrich et al., 2011) and solubilized in the respective Na/K-ATPase 
buffer system. For testing the effect of recombinant retinoschisin, 
Rs1h-/Y retinal membrane fractions were incubated for 30 min with or 
without recombinant retinoschisin (1.25 μg/ml) before starting the 
experiment. ATP hydrolysis reactions were performed at 37°C for 
60 min in a buffer system containing 100 mM Tris/HCl, pH 7.4, 
120 mM NaCl, 20 mM KCl, 3 mM ATP, and 3 mM MgCl2, with and 
without 0.1 mM ouabain. Ouabain-sensitive Pi release (Jones et al., 
2005) was measured colorimetrically (Howard and Ridley, 1990). 
Na/K-ATPase activity was measured as a function of Na+ concentra-
tion (0-130 mM) at 20 mm K+ or as a function of K+ concentration 
(0–25 mM) at 120 mM Na+, as described by Jones et al. (2005). ATP 
affinity (0–3 mM) was determined in the foregoing complete buffer 
system. Less than 5% of the ATP was hydrolyzed during the assay. 
Data were analyzed by nonlinear regression using Sigma Plot Graph 
System 12.5 (Jandel Scientific). Activation curves were fitted accord-
ing to the Hill model for ligand binding. Michaelis–Menten constants 
(Km values) were derived from the Michaelis–Menten equation.

Western blot analyses revealed the persistence of retinoschisin 
in the enriched plasma membrane fraction of wild-type retinae 
(Supplemental Figure S6A). Binding of recombinant retinoschisin to 
murine Rs1h-/Y retinal membranes under the different buffer condi-
tions was demonstrated in binding assays (Supplemental Figure 
S6B) as described in Friedrich et al. (2011), with the following modi-
fications: recombinant retinoschisin (1 μg/ml) was applied, and the 
different Na/K-ATPase test buffers were used for incubation and 
wash steps.
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determined over the entire retinal sections from Figure 7 and are 
given in Supplemental Table S1.

Analysis of Na/K-ATPase localization in retinal explants
Eyes were enucleated from mice at postnatal day 18, and retinae 
were dissected as described (Hsiau et al., 2007). Retinae were 
subjected to treatment with retinoschisin, RS1-C59S, and control 
protein as described (Plössl et al., 2017). Retinal explants were 
transferred into prewarmed medium (DMEM/Ham’s F-12 containing 
10% FCS, 100 U/ml antibiotic–antimycotic, 2 mM l-glutamine, and 
2 μg/ml insulin, all from Life Technologies), rinsed once in pre-
warmed medium, and then transferred onto Track Etch Membrane 
Filters (Whatman, Maidstone, United Kingdom) in 35-mm tissue cul-
ture dishes containing 3 ml of medium to which 1 μg of purified reti-
noschisin, RS1-C59S, or control eluate had been added. The retinal 
explants on the filters were covered in a small droplet of medium. 
Cultivation was carried out under sterile conditions in a 37°C incu-
bator with a 5% CO2 environment. Medium was replaced every 
36 h, and total cultivation time was 1 wk. Subsequently the retinal 
explants were fixed, cryopreserved, and cut into 10-μm sections for 
subsequent histological analyses using antibodies against retino-
schisin and Atp1a3 as described.
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