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Abstract
Proper function of the retina depends heavily on a specialized form of retinal glia called 
Müller cells. These cells carry out important homeostatic functions that are contingent on 
their polarized nature. Specifically, the Müller cell endfeet that contact retinal microvessels 
and the corpus vitreum show a tenfold higher concentration of the inwardly rectifying 
potassium channel Kir4.1 than other Müller cell plasma membrane domains. This highly 
selective enrichment of Kir4.1 allows K+ to be siphoned through endfoot membranes in a 
special form of spatial buffering. Here we show that Kir4.1 is enriched in endfoot membranes 
through an interaction with β1-syntrophin. Targeted disruption of this syntrophin caused a 
loss of Kir4.1 from Müller cell endfeet without affecting the total level of Kir4.1 expression in 
the retina. Targeted disruption of α1-syntrophin had no effect on Kir4.1 localization. Our 
findings show that the Kir4.1 aggregation that forms the basis for K+ siphoning depends on a 
specific syntrophin isoform that colocalizes with Kir4.1 in Müller endfoot membranes.

Keywords
Kir4.1, β1-syntrophin, PDZ domain, retina, polarization, anchoring, Müller cell

Main points
 Inwardly rectifying K+ channel Kir4.1 is concentrated at the perivascular and 

subvitreal Müller cell endfeet 
 Targeted deletion of  β1-syntrophin leads to significant loss of Kir4.1 at the Müller 

cell endfeet without changing its expression levels
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Introduction
The inwardly rectifying K+ channel Kir4.1 plays a critical role in retinal function (Bringmann 
et al., 2006; Kofuji et al., 2000; A. Reichenbach & Bringmann, 2013). This channel is 
essential for potassium homeostasis in retina (Connors & Kofuji, 2006; Ishii et al., 1997; 
Kofuji & Newman, 2004; Nagelhus et al., 1999; Nagelhus et al., 1998; Newman, Frambach, 
& Odette, 1984) and is strictly colocalized with the water channel AQP4 which is involved in 
water transport and volume control (Nagelhus et al., 1999; Nagelhus et al., 1998).

Evidence is accumulating to suggest that Kir4.1 is implicated in retinal pathophysiology, most 
notably in diabetic retinopathy (Hassan et al., 2017; Pannicke et al., 2006; Zhang, Xu, Ling, 
& Da, 2011). While Kir4.1 normally is concentrated in Müller cell membranes abutting 
retinal capillaries and corpus vitreum, this polarized expression of Kir4.1 is strongly reduced 
in experimental diabetes (Pannicke et al., 2006; Zhang et al., 2011).  A loss of the functional 
specialization of Müller cells and an impaired ion and volume homeostasis may be an 
essential prelude to the overt pathology that occurs in retinas of late stage diabetes.

What are the mechanisms that target Kir4.1 to specific domains of Müller cell membranes and 
hence uphold the functional specialization of these cells? Obviously, the spatially restricted 
aggregation of specific membrane molecules must rely on distinct anchoring processes. Kir4.1 
has a C-terminal sequence that ends with -Ser-Asn-Val (-SNV), a motif recognized by PDZ 
domain containing proteins which are typically involved in formation of macromolecular 
complexes (Harris & Lim, 2001; Horio et al., 1997; Lee & Zheng, 2010; Sheng & Sala, 2001; 
Takumi et al., 1995). The syntrophins represent an important class of PDZ containing 
proteins. The syntrophin family consists of five homologous isoforms (α1, β1, β2, γ1 and γ2) 
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(M. E. Adams et al., 1993; Alessi et al., 2006; Peters, Adams, & Froehner, 1997). All of these 
isoforms are expressed in retina (Puwarawuttipanit et al., 2006).

In vitro studies have provided evidence for association of Kir4.1 with α1-syntrophin (Hibino, 
Fujita, Iwai, Yamada, & Kurachi, 2004; Horio et al., 1997). However, targeted deletion of 
α1-syntrophin did not affect the localization of Kir4.1 in retina (Puwarawuttipanit et al., 
2006). This begs the question whether the perivascular anchoring of Kir4.1 in retina depends 
on one of the other members of the syntrophin family. Based on distribution of other 
syntrophins, β1-syntrophin was suggested to be the most likely candidate for anchoring Kir4.1 
in Müller cell endfeet (Puwarawuttipanit et al., 2006). Here we explore this hypothesis by use 
of a novel transgenic mouse line with a targeted deletion of the gene encoding β1-syntrophin. 
We show that the membrane domain specific expression of Kir4.1 depends on the presence of 
this syntrophin isoform. The unraveling of the mechanisms underlying Müller cell 
polarization opens new avenues for the understanding of glial function in retinal physiology 
and pathophysiology.

Materials and Methods
Animals
Adult (3-6 months old) mice with targeted deletion of the genes encoding α1-syntrophin or 
β1-syntrophin or both were used in this study. Mice of C57/BL6 background were used as 
wild type controls (WT). The β1-syntrophin knockout (β1-syn KO) mice were generated by 
using a targeting vector that upon homologous recombination placed lox-P sites on each side 
of exon 1 (Kim, Whitehead, Bible, Adams, & Froehner, 2019). The resulting mice were bred 
with transgenic mice expressing Cre recombinase under control of the CMV promoter 
(Jackson Labs, Bar Harbor, ME) to generate mice lacking all β1-syntrophin. The α1-
syntrophin knockout (α1-syn KO) mice were generated by removing exon 1 as described  
(Marvin E. Adams et al., 2000). The αβ1-syntrophin double knockout (αβ1-syn KO) mice 
were generated by crossing individual knockouts of α1-syntrophin and β1-syntrophin. 
Animals had access to food and water ad libitum. Animals of both sexes were used for this 
study. All the experimental procedures performed on mice were approved by the Institutional 
Animal Care and Use Committee of the University of Washington. In addition, mice lacking 
the gene for the inwardly rectifying K+ channel Kir4.1 (Kir4.1 KO) were used as controls for 
antibody specificity.

Perfusion and tissue preparation
The tissues were fixed as previously described (Mathiisen et al., 2006). Briefly, animals were 
anesthetized using isoflurane before transcardial perfusion with 2% dextran in 0.1 M 
phosphate buffer (PB) for 20-30 sec, followed by the fixative for 15 min at a rate of 6ml/min. 
The animals were fixed by pH-shift protocol where fixation was carried out using 
4% formaldehyde and 0.2% picric acid in 0.1 M PB at pH 6.0, followed by the same fixative 
at pH 10.0.  Following perfusion, the eyes were removed and post fixed by immersion in the 
fixative overnight and later stored in 1:10 dilution of the fixative in PB until further use.
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Post embedding immunohistochemistry
Post embedding procedure was performed as described (Hoddevik et al., 2016). Briefly, small 
pieces of retina from perfusion fixed eyes were dissected out and cryoprotected in graded 
concentrations of glycerol. The tissues were frozen in propane that was cooled to -170°C 
using liquid nitrogen, and then subjected to freeze substitution. Samples were embedded in 
methacrylate resin (Lowicryl HM20) and subjected to UV irradiation for polymerization 
below 0°. Sections of 90-100 nm thick were cut and were placed on formvar carbon coated 
support film in Ni-grids.

Immunogold electron microscopy
Immunogold labeling was performed as previously described (Hoddevik et al., 2016; Lunde 
et al., 2015). Briefly, the ultrathin sections were incubated with primary antibody against 
Kir4.1 (host: rabbit; 1:200 dilution; Alomone labs; Cat#: APC-035; RRID:AB_2040120) 
overnight, followed by incubation with goat anti-rabbit IgG antibody conjugated to 15 nm 
colloidal gold particle (1:20 dilution; Abcam; Cat#: ab27236; RRID:AB_954457) for 2 hr. 
The sections were counterstained using 2% uranyl acetate for 90 sec, followed by incubation 
in 0.3% lead citrate for 90 sec and were later examined in a Tecnai 12 electron microscope 
(FEI) at 80kV.

Immunogold quantitation and data analysis
Images (a total of ~1100) from different layers of retina were acquired at random with a 
magnification of 26,500x. Care was taken to distinguish the different retinal layers i.e. outer 
plexiform layer (OPL), inner plexiform layer (IPL), ganglion cell layer (GCL) and subvitreal 
membrane (SV). Linear densities were determined by counting the gold particles within  
23.5 nm of the inner leaflet of the membranes of interest (Amiry-Moghaddam & Ottersen, 
2013) using analySIS program (Soft Imaging Systems (SIS), Münster, Germany). The data 
obtained was transferred to SPSS Version 23 (SPSS, Chicago, IL) for statistical analysis. 
Retina sections from Kir4.1 KO animals were used as controls for antibody specificity in a 
separate experiment and the image of the vessels were acquired randomly, disregarding the 
layers of retina. The researcher was blinded to the genotype of the animals during 
quantification. Comparisons between groups were made by one-way ANOVA and post hoc 
Scheffé tests. Data are presented as mean ± SEM.

Immunofluorescence
For light microscopic experiments, the perfusion fixed eyes were cryoprotected in graded 
sucrose solution (10%, 20% and 30% sucrose in PB) and then frozen in OCT medium 
(Richard-Allan Scientific™ Neg-50TM, Thermo Fisher Scientific; Cat#: 6502) on dry ice. 
Sections were cut at a thickness of 14 µm, placed on glass slides and stored at -80°C until 
further use. Immunolabeling was performed as described in (Hoddevik et al., 2016). Briefly, 
the sections were rinsed with phosphate buffer saline (PBS; 0.01M) and immersed in 
blocking solution (10% normal donkey serum, 1% bovine serum albumin (w/v), 0.5% triton 
in PBS) for 60 min at room temperature. The sections were incubated with primary antibody 
diluted in blocking solution with addition of sodium azide (0.01%) for overnight followed by 
incubation with secondary antibody diluted in the same solution as blocking solution (Cy3 
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donkey-anti-rabbit; dilution 1:500; Jackson ImmunoResearch Labs; Cat#: 711-165-152; 
RRID:AB_2307443) for 1-2 hr. Nuclear staining was performed by incubating the sections 
with Hoechst 33258, (1:5000 dilution, Thermo Fisher Scientific; Cat#: H3569; 
RRID:AB_2651133) for 5 min. The sections were rinsed and mounted using Prolong® gold 
anti-fade reagent (Thermo Fisher Scientific; Cat#: P36934). Z-stack images were acquired 
using Zeiss LSM 710 confocal microscope, at 40x magnification and at an optical thickness 
of 0.5 µm. The stack images were 3D rendered using imageJ software, FIJI (Schindelin et al., 
2012). 

Primary antibodies were: i) affinity-purified rabbit polyclonal antibody against Kir4.1 (1:200 
dilution; Alomone Labs; Cat# APC-035, RRID:AB_2040120); ii) affinity-purified rabbit 
polyclonal antibody against β1-syn (Syn248; 1:100 dilution; (Peters et al., 1997)). Vessels 
were stained using DyLight® 649 conjugated tomato lectin (LEL, TL; Vector labs; Cat#: 
DL-1178).

Real time PCR
The mice (n=6 for WT and n=7 for β1-syn KO) were anesthetized and decapitated. Eyes were 
quickly removed and immediately frozen in liquid nitrogen and later stored in -80°C. The 
tissues were treated with RNAlater™-ICE (Ambion; Cat#: AM7030) and stored at -80°C 
until further processing. Total RNA was extracted using RNeasy Mini Kit (Qiagen) following 
the manufacturer’s protocol. 1 µg of total RNA was reverse transcribed to cDNA using oligo 
d(T)18 in a 25 µl reaction mixture using GoScript reverse transcription system (Promega; 
Cat#: A5001). The cDNA obtained was further diluted using Tris-EDTA, pH 8.0.

Real time PCR was performed using 5 ng of cDNA, in a 20 µl reaction mixture of SYBR® 
Green PCR Master Mix (Applied Biosystems) with specific primers at 200 nM concentration. 
Real time assays were carried out in 96 well plates using the StepOnePlus™ Real-Time PCR 
System (v2.3, Applied Biosystems). The amplification was performed in two steps (95°C for 
15 sec and 60°C for 60 sec, for 40 cycles). The Ct values >32 correspond to low copy number 
per ng of total RNA. The primers were designed online using Primer-BLAST and setting the 
amplicon size to a maximum of 200 bp, which spans exon-exon junctions. List of primers 
used are presented in Table 1. For each target gene, standards were prepared and absolute 
quantification was performed. Mean copy number per ng of total RNA was compared 
between genotypes using Mann-Whitney U-test.
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SDS-PAGE and Western blot
Total protein lysates were prepared from retinae of male WT and β1-syn KO mice (n = 5 for 
both). Total protein extraction, SDS-PAGE and Western blot were performed as previously 
described (Katoozi et al., 2017), with some modifications.

Briefly, samples containing 20 μg protein were separated on  10% Criterion™ 18-well TGX 
gels (BioRad; Cat# 5671034) using the Criterion™ (BioRad) Tris-glycine system at 160 V 
for 75 min. Proteins were transferred onto 0.2 µm Immun-Blot PVDF membranes by wet 
blotting at 100 V for 45 min at 4°C (BioRad). Uniform transfer of proteins was verified by 
reversible Ponceau S staining (0.1%w/v, 5% acetic acid; Sigma-Aldrich; Cat# P7170). The 
membrane was blocked 60 min, and then incubated with rabbit anti-Kir4.1 antibody overnight 
(1:1000 dilution; Alomone Labs; Cat# APC-035, RRID:AB_2040120), then washed and  
incubated with anti-rabbit HRP-conjugated secondary antibody (1:20000 dilution; GE 
Healthcare; Cat# NA934, RRID:AB_772206) for 60 min, washed  and developed. 
Subsequently, the membrane was incubated in rabbit anti-α-tubulin (1:5000 dilution; Abcam; 
Cat# ab4074, RRID:AB_2288001) for 60 min followed by anti-rabbit HRP-conjugated 
secondary antibody for development of loading control bands. 

Immunoreactive bands were detected by SuperSignal™ West Pico Chemiluminescent 
Substrate (Thermo Fisher Scientific; Cat#: 34580) on the ChemiDoc™ Touch Imaging 
System (BioRad) and bands quantified as arbitrary background-subtracted density units in 
Image Studio Lite (Ver 5.2, Licor Biosciences, Nebraska, USA). For Kir4.1, all 
immunoreactive bands were included in the analysis. Normalization was performed by 
dividing intensities of protein bands of interest with the normalizing control band intensity 
for their respective lane. Values are presented as percentage of the average WT values. The 
obtained values were transferred to SPSS Version 25 (SPSS, Chicago, IL) and compared 
using independent samples t-test. Data are presented as mean ± SEM and p < 0.05 was 
considered as significant.
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Results
PCR analysis confirms successful deletion of Sntb1 and Sntb1/Snta1
By targeted gene deletion, we have generated a new line of mice that lacks β1-syntrophin. 
We analyzed the expression of Sntb1 gene, which encodes for β1-syntrophin, using total 
RNA isolated from eye and with primers specific for mouse Sntb1. The total RNA was 
subjected to reverse transcription and the cDNA obtained was used for PCR amplification. 
RNA extracted from β1-syn KO mice did not show any signal for Sntb1 (Fig. 1a, b). 
Similarly, RNA from α1-syn KO mice showed no signal for Snta1 (Fig. 1a). Neither gene 
was expressed in tissue from crossbred animals (α1-syn KO x β1-syn KO, Fig. 1a).

Targeted deletion of Sntb1 does not affect total transcript levels of Kir4.1 or 
members of the DAP complex
To determine whether deletion of Sntb1 results in compensatory up- or downregulation of 
other syntrophins (Snta1, Sntb2, Sntg1, Sntg2), we performed quantitative PCR using gene 
specific primers on eye samples (Fig. 1b) from WT and β1-syn KO mice. We did not detect 
any changes in the transcript levels of the other members of the syntrophin family. In both 
genotypes, we found high expression of Sntg2, followed by Sntb2, while Snta1 and Sntg1 had 
lower expression.

Since syntrophins are part of the dystrophin associated protein (DAP) complex, we also 
looked at the gene expression levels of other members of this complex. We designed primers 
specific for full length Dystrophin (Dmd) and its short isoform (Dp71), as well as 
Dystroglycan (Dag1), Dystrobrevin-alpha and beta (Dtna and Dtnb) and Utrophin (Utrn). We 
did not detect any changes in the transcript levels of these genes when comparing WT and 
β1-syn KO mice (Fig. 1c). However, the Müller cells in the murine retina make up a small 
percentage of all retinal cell types (Andreas Reichenbach & Bringmann, 2010), and since 
some members of the DAP complex are also expressed in neurons, compensatory changes in 
gene expression in more abundant cell types may mask the effects in the glial population. No 
changes were observed in the total mRNA level of Kir4.1 (Fig. 1c).

β1-syntrophin is concentrated around retinal vessels and in the inner 
limiting membrane
Immunohistochemistry was performed using affinity purified antibodies directed against 
β1-syntrophin. This antibody has previously been tested and characterized (Bragg, Amiry-
Moghaddam, Ottersen, Adams, & Froehner, 2006; Peters et al., 1997; Puwarawuttipanit et al., 
2006). Immunofluorescence revealed distinct β1-syntrophin labeling around retinal vessels 
(Fig. 2a). Furthermore, immunolabeling was found in the innermost (subvitreal) layer of the 
retina corresponding to the inner limiting membrane. The β1-syntrophin antibody produced 
no specific signal in β1-syn KO mice (Fig. 2b). Moreover, qualitatively there were no 
obvious structural changes in the β1-syn KO retina as compared to WT.
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Perivascular and subvitreal Kir4.1 is lost after β1 and αβ1-syntrophin 
knockout

Immunofluorescence
Previous studies (Nagelhus et al., 1999; Puwarawuttipanit et al., 2006) have shown that Kir4.1 
is expressed in Müller cells throughout retina with particularly high concentrations in Müller 
cell processes encircling retinal vessels and abutting on corpus vitreum. Here we confirm this 
pattern of labeling (Fig. 3b, c; also see Supplement Fig. S1 and S2). Further, 
immunofluorescence analysis of retinae from β1- knockout showed a pronounced loss of 
perivascular Kir4.1 staining (Fig. 3e, f; also see Supplement Fig. S2). Radial processes and 
processes in the external plexiform layer retained Kir4.1 labeling after β1-syntrophin 
knockout. Similar observations were made in αβ1-syn KO retina (See Supplementary Figs. 
S1 and S2).

Quantitative immunogold cytochemistry
Extending our observation from light microscopy, we performed a quantitative analysis of 
Kir4.1 localization by use of immunogold electron microscopy. Specificity of the Kir4.1 
antibody was confirmed as incubation of retina samples from the Kir4.1 KO mice revealed 
only faint background labeling and quantitative analysis showed more than 90% loss of 
perivascular Kir4.1 labeling in the Kir4.1 KO mice compared to the WT (See Supplementary 
Fig. S3). Targeted deletion of β1-syntrophin caused a dramatic loss of perivascular Kir4.1 
labeling (Fig. 4c). Perivascular Kir4.1 labeling was lost also in the double knockout animals 
(Fig. 4d), but was retained in mice with targeted deletion of α1-syntrophin (Fig. 4b). This was 
true for perivascular processes in each of the three layers that were analyzed (ganglion cell 
layer, and outer and inner plexiform layers).  In WT animals, the latter two layers showed a 
higher linear density of Kir4.1 immunogold particles than the former layer (Fig. 5b).

Targeted deletion of α1-syntrophin did not cause any loss of perivascular Kir4.1 (Fig. 5c). 
Indeed, in the outer plexiform layer, Müller cell endfeet showed an increased density of 
Kir4.1 immunogold particles following deletion of α1-syntrophin (Fig. 5c).

Mice lacking β1-syntrophin or both α- and β1-syntrophin showed a loss of Kir4.1 not only 
from perivascular membranes, but also from those Müller cell membranes that are apposed to 
the corpus vitreum (Fig. 6c, d). The loss was restricted to those membrane domains that are in 
direct contact with the subvitreal basal lamina. The discrete nature of this change explains 
why this was not obvious in the immunofluorescence preparations (Fig. 3b, e). Again, no 
significant change in Kir4.1 immunolabeling density was observed after α1-syn KO (Fig. 7).

Total protein levels of Kir4.1 is unaltered after β1-syntrophin knockout
To determine whether the perivascular and subvitreal loss of Kir4.1 is due to a 
mislocalization, we performed Western blot analysis.  Immunoblots from retinal protein 
lysates of WT and β1-syn KO mice showed three distinct Kir4.1 immunoreactive bands at 
~40 kD (expected molecular weight for the monomer), ~130 kD and ~250 kD (Fig. 8a). The 
latter bands have been demonstrated in previous studies and may represent multimers of 
Kir4.1 protein (Olsen, Higashimori, Campbell, Hablitz, & Sontheimer, 2006). 

Page 9 of 32

John Wiley & Sons, Inc.

GLIA



Semiquantitative densitometric analysis of each band separately, monomer and ~250 kD 
multimer bands combined or all the bands combined did not show any difference between the 
two genotypes (Fig. 8b). These results confirmed the quantitative PCR data showing that 
targeted deletion of β1-syntrophin does not lead to a reduction in the total protein level of 
Kir4.1.

Discussion
Müller cells are a specialized class of glia that is essential for proper function of the retina 
and ion and volume homeostasis in particular. In a classical series of experiments, Newman 
et al discovered that the K+ conductance is unevenly distributed along the Müller cell plasma 
membrane, with a tenfold higher conductance in perivascular Müller cell processes than in 
Müller plasma membrane domains facing synaptic regions (Newman, 1984, 1985, 1987, 
1993; Newman et al., 1984). This uneven distribution of K+ conductance is the basis for 
retinal K+ homeostasis. Specifically, excess K+ generated by synaptic activity is taken up 
along adjacent Müller cell membranes and then redistributed to perivascular spaces via the 
high K+ conductance in the Müller cell processes. This mode of redistribution of K+ is called 
K+ siphoning and is a special case of K+ spatial buffering (Kofuji & Newman, 2004).

K+ siphoning is mediated by inwardly rectifying K+ channels (Kir). Among several different 
Kir channels expressed in Müller cells, Kir4.1 is the principal channel involved in K+ 
buffering (Ishii et al., 1997; Kofuji et al., 2002; Kofuji et al., 2000). In perfect agreement with 
the physiological data referred to above, quantitative immunogold analyses revealed a higher 
density of Kir4.1 channels in Müller cell membranes apposed to blood vessels than in Müller 
cell membranes facing synaptic regions (Nagelhus et al., 1999). Double labeling experiments 
revealed a strict colocalization between Kir4.1 and the water channel AQP4, with both 
channels being enriched in perivascular and subvitreal membranes (Nagelhus et al., 1999). 
Thus, the Müller cells are highly polarized with respect to their function. Loss of functional 
polarization occurs following experimentally induced diabetes (Pannicke et al., 2006). 
Notably, retinas of diabetic animals show reduced Kir4.1 expression in perivascular Müller 
processes along with an impaired volume homeostasis (Pannicke et al., 2006).

Given the important physiological and pathophysiological roles of the perivascular pool of 
Kir4.1 it is essential to resolve the mechanism that keeps Kir4.1 enriched at this site, thus 
upholding the functional polarization of Müller cells. The key finding in the present study is 
that the perivascular and subvitreal enrichment of Kir4.1 depends on β1-syntrophin. Targeted 
deletion of β1-syntrophin led to a loss of endfoot Kir4.1 without changing the total level of 
Kir4.1 expression in the retina. This is consistent with a redistribution of Kir4.1 along the 
Müller cell plasma membrane. α1-syntrophin, in contrast, does not appear to be engaged in 
the anchoring of Kir4.1 in the retina. The slight increase in Kir4.1 immunolabeling in OPL 
membranes of α1-syn-KO mice is difficult to explain. The possibility should be considered 
that targeted deletion of α1-syntrophin significantly reduces the density of (unknown) α1-
syntrophin dependent membrane proteins that normally compete with Kir4.1 for space in 
endfoot membranes. Alternatively, the enhanced Kir4.1 expression in the OPL of α1-syn KO 
mice could be of an indirect nature as there might be as-yet-unknown changes in neuronal 
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proteins at OPL and consequently, changes neuronal function inducing Müller cell adaptation 
in OPL.

Literature is scant when it comes to the role of β1-syntrophin in brain and in physiology and 
pathophysiology in general (Ishitobi et al., 2014). The novel β1-syntrophin knockout line 
generated for the purpose of the present study will help us explore the functions of 
β1-syntrophin in brain as well as in other organs where it is expressed.

β1-syntrophin is a PDZ domain-containing member of DAP complex that is instrumental in 
orchestrating the protein assemblies in glial endfeet in brain and retina. The DAP complex 
includes a dystroglycan bridge that exhibits strong affinity to laminin (Blake, Weir, Newey, 
& Davies, 2002). Dystroglycan helps couple the DAP complex, including dystrophin and its 
interacting proteins, to the basal laminae associated with brain and retinal microvessels. This 
explains why the DAP complex is accumulated next to the basal laminae of retinal capillaries 
and subjacent to the subvitreal basal lamina. So far, five different syntrophins (α1, β1, β2, γ1 
and γ2) have been identified and are encoded by different genes (Bhat, Adams, & Khanday, 
2013). Each DAP complex contains up to four different syntrophins. Several different 
syntrophins are associated with the DAP complex in the CNS (Bragg et al., 2006). Among 
these, α1-syntrophin has been studied in much detail and has been found to serve as an 
important anchor of AQP4 in astrocyte endfeet in different brain regions (Amiry-
Moghaddam, Otsuka, et al., 2003; Amiry-Moghaddam, Williamson, et al., 2003; Amiry-
Moghaddam et al., 2004; Camassa et al., 2015; Hoddevik et al., 2016; Neely et al., 2001) . 
We are the first to compare the overall expression pattern of different types of syntrophins in 
mouse retina at the mRNA level. As noted earlier, α1- and β1-syntrophins are mainly 
expressed in the glial cells, while β2-syntrophin is predominantly present in the OPL, 
possibly in the neuronal synapses. Furthermore, immunostaining has revealed γ2-syntrophin 
to be expressed in neurons. Although we detected the presence of γ1-syntrophin mRNA, 
immunostaining has failed to detect its presence in the retina (Puwarawuttipanit et al., 2006). 
The present study brings β1-syntrophin to the fore as another syntrophin that is important for 
orchestrating the protein complexes in glial endfeet.

Previous studies have shown that genetic deletion of dystrophin Dp71 also results in 
perivascular loss of Kir4.1 in retina (Fort et al., 2008; Sene et al., 2009). Our study 
complements and advances these earlier observations by identifying the mechanism by which 
Kir4.1 is attached to the DAP complex. Our findings indicate that the β1-syntrophin knockout 
line presently used will serve as an important tool for exploring the functional role of the 
perivascular Kir4.1 pool, in the same way as the α1-syntrophin knockout line has provided 
fundamental new insight in the role of perivascular AQP4 in the brain (Amiry-Moghaddam, 
Otsuka, et al., 2003; Amiry-Moghaddam, Williamson, et al., 2003). Our findings also call for 
future studies of β1-syntrophin in retinal disease. Thus, reduction of K+ conductance along 
with loss of polarized Kir4.1 expression have been observed in experimental models of 
several types of  retinal pathology (Iandiev et al., 2006; Pannicke et al., 2004; Pannicke et al., 
2005). Changes in β1-syntrophin expression might be at the root of these observations. This 
hypothesis should be explored in future studies.
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Figure Legends
Figure 1: Gene expression analysis in β1-syn KO mice
a) Representative DNA agarose gel electrophoresis showing the expression profile of Snta 
and Sntb in mouse eye samples. PCR products were generated using representative cDNA 
samples of WT (lane 1), β1-syn KO (lane 2), α1-syn KO (lane 3) and αβ1-syn KO (lane 4) as 
indicated above each lane on the gel. Lane 5 is the control for detecting genomic DNA 
contamination where the reverse transcription enzyme was excluded. Primers were tested for 
α1-syntrophin (top), β1-syntrophin (middle) and Tbp (bottom). TATA-box Binding Protein 
(Tbp) was used as a loading control across samples in the 40-cycle endpoint PCRs using 
Paq5000 DNA Polymerase (Agilent Genomics) and specific primers (Table 1). PCR product 
sizes in base pairs are shown to the left.

b) Quantitative real time PCR analysis showed differential expression of syntrophin family of 
genes. Tbp was used as the normalization gene. We did not detect any signal for β1-syn KO 
when compared to WT (104±12 vs. 1.4±0.1 mean copy number/ng of total RNA). No 
statistical difference was observed in any of the other syntrophins between WT and 
β1-syn KO. The mean copy number was found to be highest for Sntg2, followed by Sntb2 
where as Sntb1, Snta1 and Sntg1 had lower expression. Data presented as 
mean±SEM. ***p<0.001.

c) Quantitative real time PCR analysis was performed on members of dystrophin associated 
protein complex. The following genes were tested to compare the expression levels between 
WT and β1-syn KO: full length Dystrophin (Dmd) and its shorter isoform (Dp71), 
Dystroglycan (Dag1), Dystrobrevin-alpha and beta (Dtna and Dtnb), Kir4.1 (Kcnj10) and 
Utrophin (Utrn). We did not find any statistical difference between the two genotypes. Data 
presented as mean±SEM.

Figure 2: Immunofluorescence localization of β1-syn in retina
Sections of retina were stained using antibody against β1-syntrophin (Red). The 
β1-syntrophin labeling was concentrated at the perivascular (arrows) and in subvitreal 
endfoot domains (arrowheads on top). Lack of β1-syntrophin immunofluorescence can be 
seen in the retina of β1-syn KO. Nuclear staining is shown in blue. GCL, ganglion cell layer; 
IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer 
nuclear layer. Scale bar=20µm.

Figure 3: Immunofluorescence localization of Kir4.1 in retina
3D rendered confocal images showing the endothelial marker lectin (green) and Kir4.1 (red) 
immunofluorescence labeling in WT (panels a-c) and in β1-syn KO (panels d-f) mice. Kir4.1 
is concentrated at the perivascular region (arrows) in WT animals (Fig.3b) and can be seen 
overlapping the vessel marker lectin when merged (Fig. 3c). Kir4.1 labeling is also found in 
the subvitreal endfoot domain (arrowhead in Fig. 3b and 3c). In mice lacking β1-syntrophin 
(Fig. 3e), Kir4.1 labeling is lacking around perivascular and subvitreal region compared to 
WT (compare Fig. 3e with 3b). Kir4.1 is retained in the non-perivascular regions of β1-syn 
KO (crossed arrow). Insets in 3b and 3e show higher magnification of the perivascular Kir4.1 
labeling around the vessels shown in the stippled boxes. Nuclear staining is shown in blue. 
GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer 
plexiform layer; ONL, outer nuclear layer. Scale bar=20µm.
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Figure 4: Electron micrographs showing immunogold labeling for Kir4.1 in perivascular 
endfoot domain of Müller cell
Immunogold labeling of Kir4.1 can be seen along the length of the perivascular endfoot 
process of Müller cells in WT mice (a). In mice lacking α1-syntrophin, the labeling is 
retained (b). Absence of perivascular Kir4.1 labeling is seen in β1-syn KO (c) and in 
αβ1-syn KO retinae (d). The arrowheads indicate the Müller cell endfoot domain facing the 
blood vessel. Scale bar=500nm; L, Lumen; E, Endothelium; *=Basement membrane.

Figure 5: Immunogold quantitation in different subregions of retina in WT, β1-syn KO 
and αβ1-syn KO mice
a) Toluidine blue staining of retina showing different layers. GCL, ganglion cell layer; IPL, 
inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer 
nuclear layer.

b) Schematic representation of a Müller cell enwrapping vessels in different layers of retina. 
Immunogold quantification revealed differential distribution of Kir4.1 labeling in perivascular 
regions of different retinal layers. Kir4.1 immunogold labeling in GCL was significantly 
lower than in IPL and OPL. Data presented as mean±SEM. *p<0.05.

c) Quantitative analysis of immunogold labeling for Kir4.1 in different subregions of retina. 
In all three layers, there was a pronounced reduction of perivascular labeling of Kir4.1 in 
β1-syn KO, when compared with WT. Similarly, in mice lacking both α- and β1 syntrophin, 
there was a complete loss of Kir4.1 in perivascular domains while no loss of Kir4.1 was 
observed in mice lacking α1-syntrophin. Data presented as mean±SEM. ***p<0.001.

Figure 6: Electron micrographs showing immunogold labeling for Kir4.1 in subvitreal 
endfoot domain
Immunogold labeling of Kir4.1 can be seen along the length of the subvitreal endfoot process 
in WT mice (a). In mice lacking α1-syntrophin, the labeling is retained (b). However, 
significant reduction in subvitreal Kir4.1 labeling is seen in β1-syn KO (c) and in αβ1-syn KO 
(d). Note that in β1-syn KO (c) and in αβ1-syn KO (d), the Kir4.1 immunogold labeling can 
be seen in the lateral domains (white arrowhead). The black arrowheads point to inner 
limiting membrane. Scale bar=500nm; V, Vitreous; *=Basement membrane.

Figure 7: Quantitative analysis of linear density of gold particles in subvitreal endfoot 
domain of Müller cells in retina of WT controls, β1-syn KO and αβ1-syn KO
The immunogold density of Kir4.1 in α1-syn KO was not different from that of WT mice. We 
did not find any statistical difference between the two genotypes. However, in mice lacking 
β1-syntrophin and both α- and β1 syntrophin, there was a near complete loss of Kir4.1 in 
subvitreal endfood domain. Data presented as mean±SEM. ***p<0.001.

Figure 8: Western blot analysis for Kir4.1 in WT controls and β1-syn KO retina
Immunoblots and quantitation of Kir4.1 tetramer and monomer protein bands in total protein 
lysates from WT and β1-syn KO retina (arrows in a). α-tubulin was used as the loading 
control. Densitometric values are expressed as the percentage of average WT controls (b). No 
statistically significant differences were observed between the two genotypes.
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Gene Protein names Accession Forward (5’) Reverse (3’)
Dag1 Dystroglycan NM_010017.3 CCGAGAAGAGCAGTGAGGAC AGCTCATCCGCAAAGATGAT
Dmd Dystrophin (full length) NM_007868 GAGTTGCAAAGGGCCATAAA ACGGGAGTTTCCATGTTGTC
Dp71 Dystrophin-71 NM_007868.5 CAAGCTTACTCCTCCGCTCT GAGCCTTCTGAGCTTCATGG
Dtna Dystrobrevin alpha NM_001285807 ACCAGCACCAAATGAAGGAG GCCAAGTTGAGTGGCTTTTC
Dtnb Dystrobrevin beta NM_001162465 TGCCTGTGCGTTCTACATCT AGCGTGTTAAGGCCATTGTC

Kcnj10 ATP-sensitive inward rectifier 
potassium channel 10 (Kir4.1) NM_001039484.1 AGAGCAGCCACTTCACCTTC CGTATTCCTGGGGCCACTAG

Snta1 Alpha-1-syntrophin NM_009228.2 GCAGTGTACTGGGACTTCGAG AGTTCCAGCAACCCGGTG
Sntb1 Beta-1-syntrophin NM_016667.3 AGGTCCAGGGAAAGGATCAC TTCTGTAGGTGCAGGCTGTG
Sntb2 Beta-2-syntrophin NM_016667.3 AGGTCCAGGGAAAGGATCAC TTCTGTAGGTGCAGGCTGTG
Sntg1 Gamma-1-syntrophin AF367759.1 AGCAAAGAGCAGAGCTGTCG CCCAGCATTCCGAAGAACCT
Sntg2 Gamma-2-syntrophin NM_172951.3 TGGGATTCACCTGCTTTGAC GCTCCTTCGTTTCAATCTGC
Tbp TATA-box-binding protein NM_013684.3 ACGGACAACTGCGTTGATTT CAAGGCCTTCCAGCCTTATAG
Utrn Utrophin NM_011682 AGAATGCCCGATTGTTGGGT CTTCCCCAGATGTTGTCGGT

Table1: List of primers used for the quantitative RT-PCR
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qPCR data comparing between WT and β1-syn KO 
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Immunofluorescence localization of β1-syn in retina 
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Immunofluorescence localization of Kir4.1 in retina 
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Figure 4: Electron micrographs showing immunogold labeling for Kir4.1 in perivascular endfoot domain of 
Müller cell 
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Immunogold quantitation in different subregions of retina in WT, β1-syn KO and αβ1-syn KO mice 
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Figure 6: Electron micrographs showing immunogold labeling for Kir4.1 in subvitreal endfoot domain 
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Quantitative analysis of linear density of gold particles in subvitreal endfoot domain of Müller cells in retina 
of WT controls, β1-syn KO and αβ1-syn KO 
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Western blot analysis of Kir4.1 
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TOCI 
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Supplement figure legends:

Figure S1: Confocal z-stacked images of Kir4.1 (red) immunofluorescence labeling in WT (panels a-c) 
and in αβ1-syn KO (panels d-f) mice along with the endothelial marker lectin (green). Kir4.1 is 
concentrated at the perivascular region (arrows) in WT animals (panel b) and can be seen 
overlapping the vessel marker lectin when merged (panel c). Kir4.1 labelling is also found in the 
subvitreal endfoot domain (arrowhead in panels b and c). In mice lacking αβ1-syntrophin (panel e), 
Kir4.1 labelling is lacking around perivascular and subvitreal endfeet (compare panel e with b). Kir4.1 
is retained in the non-endfoot Müller cell processes of the αβ1-syn KO retina (crossed arrow). GCL, 
ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; 
ONL, outer nuclear layer. Scale bar=20µm.

Figure S2: Single plane confocal images showing Kir4.1 (red) and the endothelial marker lectin 
(green) immunofluorescence labeling in WT (left panel), β1-syn KO (middle panel) and αβ1-syns KO 
(right panel) mice. Kir4.1 is concentrated at the perivascular region (arrows) in WT animals (panel a) 
and can be seen overlapping the vessel marker lectin (panel d). In mice lacking β1-syntrophin (panel 
b), Kir4.1 labelling is lacking around perivascular region compared to WT (compare panel d with e). 
Similarly, in mice lacking both αβ1-syntrophin (panel c), Kir4.1 labelling is absent around the vessels 
when compared to WT (compare panel d with f). Kir4.1 is retained in the non perivascular regions of 
β1-syn KO and αβ1-syn KO. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear 
layer; OPL, outer plexiform layer; ONL, outer nuclear layer. Scale bar=20µm.

Figure S3: Quantitative analysis of Kir4.1 immunogold labeling in WT and Kir4.1 retinae. Specificity of 
the Kir4.1 antibody was confirmed as only faint background labeling was observed in the Kir4.1 KO 
retina section. Quantitative analysis showed more than 90% less perivascular Kir4.1 immunogold 
labeling in the Kir4.1 KO mice as compared to WT. Data presented as mean±SEM. ***p<0.001
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