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PURPOSE. Diabetes leads to the downregulation of the retinal Kir4.1 channels and Müller cell
dysfunction. The insulin receptor substrate-1 (IRS-1) is a critical regulator of insulin signaling
in Müller cells. Circadian rhythms play an integral role in normal physiology; however,
diabetes leads to a circadian dysrhythmia. We hypothesize that diabetes will result in a
circadian dysrhythmia of IRS-1 and Kir4.1 and disturbed clock gene function will have a
critical role in regulating Kir4.1 channels.

METHODS. We assessed a diurnal rhythm of retinal IRS-1 and Kir4.1 in db/db mice. The Kir4.1
function was evaluated using a whole-cell recording of Müller cells. The rat Müller cells (rMC-
1) were used to undertake in vitro studies using a siRNA.

RESULTS. The IRS-1 exhibited a diurnal rhythm in control mice; however, with diabetes, this
natural rhythm was lost. The Kir4.1 levels peaked and troughed at times similar to the IRS-1
rhythm. The IRS-1 silencing in the rMC-1 led to a decrease in Kir4.1 and BMAL1. The insulin
treatment of retinal explants upregulated Kir4.1 possibly via upregulation of BMAL1 and
phosphorylation of IRS-1 and Akt-1.

CONCLUSIONS. Our studies highlight that IRS-1, by regulating BMAL1, is an important regulator
of Kir4.1 in Müller cells and the dysfunctional signaling mediated by IRS-1 may be detrimental
to Kir4.1.

Keywords: diabetic retinopathy, Müller cell, circadian rhythm, insulin receptor substrate 1,
Kir4.1 channels

Diabetic Retinopathy (DR) is the most common complica-
tion of both type 1 and type 2 diabetes (T1D and T2D),

leading to distorted vision and even blindness. Due to its
increasing prevalence around the world, it is important to
understand DR and its risk factors that may affect its prognosis.1

Several studies suggest that diabetes-induced changes to
neurons and glia can lead to vascular injury.2,3 Notably,
diabetes-induced changes in retinal neurons and glia precede
the onset of clinically evident vascular injury.4–9 Müller cells are
at the core of this neurovascular unit, acting as a principal glia
of the retina.2 Due to their role as glial cells, Müller cells
produce numerous cytokines, neurotransmitters, support
factors, and display a variety of ion channels and transporters.10

Previous studies have shown that diabetes leads to a decrease in
Kir4.1 expression and potassium currents, resulting in a Müller
cell swelling, as well as an altered distribution of the Kir4.1
protein.10 The Kþ concentration in Müller cells is largely
regulated via the Kir4.1 channels, and the transcellular water
transport is facilitated by the aquaporin-4 (AQP4) water
channel.11 Furthermore, diabetes is associated with Müller cell
gliosis, due to an increase of glial fibrillary acidic protein
(GFAP) and an upregulation of proinflammatory molecules.10,12

Insulin receptor substrate 1 (IRS-1) is an important regulator
of insulin signaling and low levels of IRS-1 are regarded as a
marker of insulin resistance in clinical studies.13,14 Upon insulin

binding to its receptor, IRS-1 is phosphorylated at tyrosine
residues. This phosphorylated tyrosine residue then becomes a
major docking point for proteins like PI 3-kinase that mediate
the action of insulin,15 such as cell cycle progression and
maturation.16,17 The phosphorylation of Tyr608 and Tyr 628 in
rats generates the major docking sites for the PI 3-kinase.18 In
particular, in the retina, the IRS-1 deletion promotes Müller cell
apoptosis.19 Furthermore, it has been shown in retinal Müller
cells phosphorylation of Ser307 in IRS-1 can lead to inhibition
of insulin signaling.20 Insulin-mediated signaling has been
shown to be critical for optimum Kir4.1 expression21; however,
the precise mechanism(s) remains unknown.

Aryl hydrocarbon receptor nuclear translocator-like protein
1 (ARNTL) or BMAL1 is a protein in humans encoded by the
ARNTL gene. BMAL1 is an important component of autoregu-
latory transcription-translation negative feedback loop, which is
responsible for generating molecular circadian rhythms. Previ-
ous studies demonstrated that clock disrupted Bmal1-knockout
mice lack a natural rhythm of insulin release, develop resistance
to insulin action, and obesity.22 Importantly, restoration of Bmal
by a constitutively expressed promoter corrects insulin
resistance and obesity in Bmal knockout mice.23 We previously
reported that Müller cells exhibit a diurnal rhythm of Kir4.1 and
that the BMAL1 directly modulates Kir4.1 rhythm,24 possibly by
interacting with E-box elements.
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The IRS-1 displays a diurnal rhythm in adipocytes25;
however, it is not yet known whether retinal IRS-1 exhibits a
similar rhythm. In this, study using an animal model of T2D
(i.e., db/db mice, we demonstrate that the IRS-1 displays a
diurnal rhythm in the retina). Furthermore, we found that IRS-1
regulates Kir4.1 channels via clock gene Bmal, thereby
suggesting an important role of circadian rhythms and Müller
cell dysfunction observed in diabetes.

METHODS

Animal Studies

The B6.BKS (D)-Leprdb/J db/db and control Leprdb/þ db/m
mice were purchased from The Jackson Laboratory. All animal
care and experimental procedures were in accordance with
the guiding principles in the care and use of animals (NIH) and
the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. The animal protocol was approved by the
institutional animals care and use committee (IACUC) at
Indiana University (Indianapolis, IN, USA). The animals were
maintained under a 12-hour light/12-hour dark condition. The
zeitgeber time (ZT) corresponds to the turning of lights on (ZT-
0 ¼ 7 AM) and off (ZT-12 ¼ 7 PM) in animal facilities. The
animals were euthanized at 6 months of diabetes and the
retinas were processed for, Müller cell isolation, Western blot,
and agarose embedding.

Electrophysiologic Recordings

The retinas were dissected and incubated in Ringer’s solution,
containing 0.3 mg/mL of papain and 2.5 mM l-cysteine for 30
minutes at 378C. After short incubation in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 0.2 mg/mL DNase 1 at room temperature, the
tissue was gently triturated. The triturated cells were layered
over a discontinuous Percoll gradient, consisting of layers of 15%,
30%, and 45% Percoll and centrifuged at 800g for 5 minutes. The
Müller cells enriched fraction on top of the 30% Percoll was
collected, washed with DMEM containing 10% FBS, and
transferred to a Poly-L-Lysine laminin coated coverslip allowing
cells to adhere. The whole-cell voltage-clamp recordings for
Kri4.1 currents were measured as described previously.26

Immunofluorescence Staining of Retinal Sections

The retinas from db/m and db/db mice were fixed in 4%
paraformaldehyde for 15 minutes at room temperature
followed by washing in PBS. The fixed retinas were embedded
in 3% agarose and sectioned using a vibratome. The agarose
slices were washed in a PBS buffer and blocked with 5% goat
serum in a washing buffer (PBS containing 3% DMSO and 0.3%
Triton X-100) at room temperature for 2 hours, and then
incubated overnight at 48C in primary antibodies diluted in
blocking solution. The slices were washed in a washing buffer
and incubated 1 hour in appropriate secondary antibodies
diluted in a blocking buffer. The following primary antibodies
were used: Kir4.1 (Cat. # APC-035, Alomone Labs, 1:200),
glutamine synthetase GS-1 (Cat. # MAB302, 1:200; Millipore),
or IRS-1 (Cat. # 2382, 1:200; Cell Signaling Technology). The
immunofluorescence images were taken using a confocal
microscope (Zeiss LSM 510 META, Carl Zeiss MicroImaging
GmbH, Jena, Germany).

The Culture of rMC-1 Cells

The rat Müller cells (rMC-1) were obtained as a gift from Vijay
Sarthy, Northwestern University, Chicago, Illinois, United

States. Cells were cultured in DMEM media that was
supplemented with 10% fetal bovine serum (Thermo Fisher
Scientific, Waltham, MA, USA) and 1% of antibiotic-antimycotic
(Thermo Fisher Scientific). The rMC-1 cells were authenticated
using short tandem repeat analysis, contamination for inter-
species and mycoplasma (IDEXX Bioresearch, Columbia, MO,
USA). For insulin study, cells were serum starved in DMEM for
18 hours and then stimulated with 10 nM insulin (Sigma-
Aldrich Corp., St. Louis, MO, USA) in the presence or absence
of the inhibitor, SecinH3 (Tocris Bioscience, Bristol, UK).
DMSO-treated cells (0.2% final concentration of DMSO) were
used as a control. Cells were collected, washed with PBS and
stored at �808C.

The Culture of Human Retinal Müller Cells

Fresh donor eyes were obtained from Saving Sight Eye Bank
(Kansas City, MO, USA), provided by Weiming Mao, Depart-
ment of Ophthalmology, Indiana University. Müller cells were
isolated as described previously.27 Retinas were minced and
incubated in 0.25% trypsin (Thermo Fisher Scientific) at 378C
for 1 hour. The tissue pieces were gently triturated by pipetting
and washed in high glucose DMEM/Ham’s F-12 medium (1:1
ratio, 2.25 g/L glucose) containing 20% fetal bovine serum and
1% antibiotic-antimycotic. After attachment in a high glucose
medium, cells were fed with low glucose DMEM/Ham’s F-12
medium (1:1 ration, 0.5 g/L glucose) supplemented with 20%
FBS and 1% antibiotic-antimycotic. The Müller cells were
characterized using antibodies to vimentin (Cat. #C9080,
1:200; Sigma-Aldrich Corp.), glial fibrillary acidic protein
(Cat. #12389S, 1:200; Cell Signaling Technology), and gluta-
mine synthetase (Cat. #MAB302, 1:200; Millipore Corp.). Cells
used in this study were of passages 3 to 6.

siRNA Transfection for IRS-1

rMC-1 were grown and transfected with 50 nM IRS-1 siRNA
(Thermo Fisher Scientific) using reagent (Lipofectamine
RNAiMax; Thermo Fisher Scientific). The cells were harvested
24 hours post-transfection for RNA analysis and protein
analysis by Western blot. Cells transfected with negative
control siRNA (Thermo Fisher Scientific) were used as a
control.

qRT-PCR for mRNA Analysis

Total RNA was isolated using TRIzol reagent (Thermo Fisher
Scientific) according to the manufacturer’s protocol and 1 lg of
RNA was reverse transcribed using cDNA Synthesis Kit
(SuperScript VILO; Thermo Fisher Scientific). Gene-specific
primers were used along with a master mix (TaqMan Fast
Universal; Thermo Fisher Scientific) and respective mRNA
levels were determined using quantitative PCR (Viia7; Thermo
Fisher Scientific). All genes were normalized to b-actin. Primers
used were Kcnj10 (gene for Kir4.1; Rn00581058_m1), IRS-1
(Rn02132493_s1), b-actin (Rn00667869_m1), and Arntl
(Rn00577590_m1).

Western Blotting

The retina samples or rMC-1 cells were lysed in a RIPA buffer
(R0278, Sigma-Aldrich Corp.) containing protease inhibitor
mixture. Protein concentration was estimated using the BCA
assay (Pierce, Thermo Fisher Scientific) and equal amounts of
proteins were loaded and separated on 4% to 12% Bis-Tris Gel
(Novex; Thermo Fisher Scientific). Proteins were transferred to
a PVDF membrane (Thermo Fisher Scientific) and blocked with
4% BSA in TBS-T buffer. The following antibodies were used for
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probing: a-Tubulin (Cat. # T9026, 1:5000; Sigma-Aldrich
Corp.), Kir4.1 (Cat. # APC-035, 1:2000, Alomone Labs), Akt
(Cat. # 4691, Cell Signaling Technology), p-AktS473 (Cat. #4060,
1:500; Cell Signaling Technology), IRS-1 (Cat. # 2382, 1:200,
Cell Signaling Technology), phospho-IRS-1Ser307 (Cat. #2381,
1:200; Cell Signaling Technology), phospho-IRS-1Tyr612 (Cat. #
�44-816G, 1:200; Thermo Fisher Scientific), BMAL1 (Cat.
#NB100-2288, 1:2000; Novus Biologicals). The bands were
visualized using ECL2 Western blotting substrate (Thermo
Fisher Scientific) on laser scanner (Typhoon FLA 9500; GE

Healthcare Life Sciences, Pittsburgh, PA, USA). The protein
bands were quantified using ImageJ.

Statistics

The data were expressed as mean 6 SEM and the statistical
analysis was performed using graphing software (GraphPad
Prism 7; GraphPad Software, La Jolla, CA, USA). The data were
analyzed using the 1-way ANOVA followed by the Tukey-
Kramer or Newman Keul’s test for post hoc analysis unless

FIGURE 1. IRS-1 follows a diurnal rhythm in the retina. (A) Western blot showing IRS-1 levels in db/m and db/db mice. (B) Line chart showing a
peak increase in IRS-1, retinas of db/db mice did not exhibit any diurnal rhythm. Retinal slices are stained with IRS-1 (green) and glutamine
synthetase (GS-1; red), representative photomicrographs showing staining pattern for IRS-1 and GS-1 in (C) db/m, (D) db/db mice, and (E) a line
chart showing the quantification of immunofluorescence (n¼ 3).
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otherwise specified. The data were considered to be statisti-
cally significant when the value of P < 0.05.

RESULTS

Loss of Diurnal Rhythm for IRS-1 in db/db Mice

While the IRS-1 has been reported as a critical regulator of
insulin signaling in Müller cells28, it remains unknown whether
IRS-1 exhibits any diurnal rhythm. To test this, we examined
IRS-1 expression in retinal slices at different time intervals. We
observed that IRS-1 expression was at a peak at ZT-9, while at
the lowest at ZT-3 (Fig. 1A). In the retinas of diabetic mice, we
observed an overall decrease in the levels of IRS-1 and a lack of
peak response for IRS-1 (Fig. 1B). In order to see the nature of
IRS-1 staining in Müller cells, the agarose-embedded retinal
slices were costained with glutamine synthetase (GS-1) and
IRS-1 antibodies. The IRS-1 mainly stained around the blood
vessels and near the outer plexiform layer. The IRS-1
expression was highest at ZT-9 similar to Western blot data
and with diabetes, and we observed an overall decrease in IRS-
1 levels (Figs. 1C–E).

BMAL1 Rhythm Reduced in db/db Mice

BMAL1 is known to oscillate in different tissues and we
previously reported that BMAL1 regulates Kir4.1 in retinal
Müller cells24; however, its oscillatory pattern in db/db mice is
not known. To test this, we determined levels of clock
regulatory protein BMAL1 in the retinas of db/db and db/m
mice using a Western blot. The BMAL1 peaked at ZT-9 in db/m
mice, for the db/db mice the peak response was also at ZT-9.
There was an overall decrease in BMAL-1 in db/db mice (Figs.
2A, 2B).

The Retinas of Diabetic Mice Lack a Diurnal
Rhythm of Kir4.1

Next, we determined the levels of Kir4.1 at time points similar
to IRS-1. The Kir4.1 protein levels were peaked at ZT-9, while
these levels were at the lowest at ZT-15 (Fig. 3A). The retinas of
diabetic mice exhibited an overall decrease in Kir4.1 levels
with an apparent lack of any rhythm (Fig. 3B). Next, we
evaluated whether Kir4.1 in Müller cells also display a similar
diurnal rhythm. To test this, we stained retinal sections with
GS-1 and Kir4.1 antibodies. The Kir4.1 mainly stained internal

limiting membrane and near the blood vessels, similar to
previous reports.2,10 In db/m mice, the Kir4.1 was peaked at
ZT-9 (mostly near the blood vessels) similar to Western blot
studies (Fig. 3C). The db/db mice displayed an overall decrease
in Kir4.1 levels without any diurnal rhythm (Figs. 3D, 3E).

The Decrease in Kir4.1 Currents in db/db Mice

To determine the functional defect, we freshly isolated Müller
cells at two-time points, ZT-3 and ZT-15. The Kir4.1 currents
were determined using whole cell patch clamp. The currents
were elicited by applying 50 ms depolarizing potentials
ranging from �140 mV to þ30 mV from a holding potential
of �60 mV in increments of 10 mV. We observed a biphasic
response to Kir4.1 currents, at ZT-3 the response for Kir4.1
currents was higher when compared to ZT-15 time point. The
db/db mice exhibited a similar response to Kir4.1 currents;
however, there was an overall decrease in a current amplitude
(Figs. 4A, 4B).

IRS-1 Regulates Kir4.1 in Retinal Müller Cells

Based on previous studies, which suggest that insulin is
necessary for optimum levels of Kir4.121 and our observation
of a parallel rhythm for Kir4.1 and IRS-1, we hypothesized that
IRS-1 regulates Kir4.1 in retinal Müller cells. To test this, we
first transfected rMC-1 cells with an IRS-1 siRNA or a scrambled
control siRNA. The siRNA transfection resulted in a 1.5-fold
decrease in IRS-1 levels (Fig. 5A). IRS-1 silencing resulted in a
decrease in IRS-1 and phospho-AktSer473 (Figs. 5B–D). The IRS-1
silencing led to a 1.5-fold decrease in Bmal1 mRNA (Fig. 5E), a
similar change was observed in BMAL1 protein levels (Figs. 5F,
5G). The IRS-1 silencing led to a 1.25-fold decrease in Kcnj10

levels (Fig. 5H; P < 0.05). The Kir4.1 protein was reduced by a
2-fold following siRNA silencing of IRS-1 (Figs. 5I, 5J). To see
whether a similar correlation between IRS-1, KIr4.1, and Bmal
exists in human Müller cells, we cultured Müller cells from
human retinas. The human Müller cells stained brightly for
vimentin and were negative for GS-1 and GFAP (Supplementary
Fig. S1). The IRS-1 silencing of human Müller cells resulted in a
downregulation BMAL1 and Kir4.1 similar to rMC-1 cells
(Supplementary Fig. S2). Taken together this suggests that IRS-
1, BMAL1, and Kir4.1 are in synchrony in the Müller cells.

Restoration of IRS-1 Signaling Corrects Kir4.1
Levels

Considering the critical role of IRS-1 in regulating Kir4.1, we
reasoned whether restoration of IRS-1 signaling would
modulate Kir4.1 channels. We first tested our hypothesis using
rMC-1 cells treated with insulin, a well-established modulator
of IRS-1. We observed that Kir4.1 levels were at the peak in
between 20 and 30 minutes after treatment with insulin, the
increase in Kir4.1 corresponded with a gradual increase in
BMAL1 and phosphorylation of IRS-1Tyr612 and AktSer473 (Fig.
6A). The Akt phosphorylation continued to climb up over 60
minutes; however, the BMAL1 and IRS-1Tyr612 were peaked at
20 and 30 minutes, respectively, and then declined over the
course of time points studied (Fig. 6B).

To further study whether IRS-1 regulates Kir4.1, we treated
the rMC-1 cells with a pharmacologic inhibitor of IRS-1, Secin
H3.29 The rMC-1 cells were treated with Secin H3 (10 and 50
lM) and protein expression of phosphorylated IRS-1, BMAL1,
AktSer473, and Kir4.1 were determined. The Secin H3 treatment
inhibited IRS-1Tyr612 phosphorylation and downstream activa-
tion of Bmal1-Kir4.1 as well as AktS473 phosphorylation
(Supplementary Fig. S3).

FIGURE 2. Diurnal rhythm of Bmal1 in db/db mice. (A) Western blot
showing BMAL1 levels in the retina at different time points, (B) A line
chart showing quantification of BMAL1 at the respective time points (n
¼ 3).
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In the next phase of the study, we treated retinal explants of
db/m and db/db mice with insulin ex vivo. The insulin
treatment increased phosphorylation of IRS-1Ser307 in both db/
m and db/db mice; however, this difference did not reach
statistical significance (Figs. 6C, 6D). Interestingly, the insulin
treatment of retinas exhibited a profound increase in IRS-
1Tyr612 in both db/m and db/db mice (Figs. 6E, 6F). There was
an increase in AktSer473 phosphorylation following an insulin
treatment (Figs. 6G, 6H). The BMAL1 was upregulated in both
groups; however, for db/m mice, this change was greatest

(Figs. 6G, 6I). Finally, the insulin treatment resulted in an
upregulation of Kir4.1 in both db/m and db/db mice (Figs. 6J,
6K).

DISCUSSION

In the present study, we demonstrate that insulin signaling
mediated by IRS-1 is critical to Kir4.1 channel function in
Müller cells and that the diurnal rhythm of Kir4.1 is in sync

FIGURE 3. The lack of diurnal rhythm of Kir4.1. (A) Western blot showing the Kir4.1 protein levels in db/m and db/db mice. (B) Quantification of
Kir4.1 protein showing a peak increase at ZT-9. The retinal slices were stained with glutamine synthetase (GS-1; red) and Kir4.1 antibodies (green),
representative images showing Kir4.1 and GS-1 staining pattern in (C) db/m and (D) db/db mice. (E) Line chart showing quantification of
immunofluorescence (n ¼ 3).
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with the IRS-1 rhythm. In retinas of db/db mice, the IRS-1 levels

were decreased irrespective of the time and BMAL1 was

dysrhythmic. One of the salient features of our study is a

decrease in Kir4.1 channel function, as demonstrated by a

decrease in Kir4.1 currents in db/db mice. Circadian regulatory

protein BMAL1 serves as an important linkage between IRS-1

and Kir4.1. Overall, our studies unravel a novel mechanism of

Kir4.1 decrease in diabetes and shed new light on understand-

ing how circadian dysrhythmia is involved in Müller cell

dysfunction observed in diabetes.

We observed that Kir4.1 and IRS-1 levels peaked at ZT-9 in
our study for control mice, with diabetes there was a loss of
diurnal rhythm for both proteins. The diurnal rhythm of IRS-1
has been shown previously in adipocytes, liver and heart, our
study extends this process to the retina by showing a diurnal
rhythm for IRS-1. Interestingly, the peak time of IRS-1 gene is
different in these tissues; for example, in the liver the IRS-1
peaks at ZT-24,30 in the heart at ZT-22,31 and in the lung at ZT-
6. We previously reported a peak increase in the retinal Kir4.1
at ZT-1824 in the rat retina while in this study the Kir4.1 levels
were peaked at ZT-9. A couple of possible explanations of this
anomaly could be a species difference (mouse versus rat) and
age of the animals, the mice used in this study were 7 to 8
months old while the rat study was performed on younger
animals (8 weeks). Previous studies suggest that aging
dramatically affects the rhythmic pattern of clock genes.32

While DR is primarily a microangiopathy, the reactive
changes in Müller cells attributed to dysfunctional ion channels
and transporters might play a critical role in the pathogenesis
of DR. The Kir4.1 channels are important for Müller cell health;
in situ hybridization, immunofluorescence, and immunogold
studies demonstrate that the large enrichment of Kir4.1
channels to Müller cell’s end feet and processes enveloping
the retinal blood vessels.21,33 Our studies demonstrate a
decrease in Kir4.1 channels in perivascular regions and altered
Kþ conductance, this could lead to the development of DR.
Reduced function of Kir4.1 channels in diabetes could
potentially cause an imbalance in Kþ concentration leading
to neuronal excitation, glutamate toxicity, and neuronal
death.34,35 This mechanism could be particularly important
since neurodegeneration is reported to precede clinical
evident DR.36 As the water transport in Müller cells is coupled
to Kþ currents, the downregulation of Kþ channels by retinal
Müller cells may impair transglial water transport, a common
feature observed in DR. A decrease in Kir4.1 channels may
cause the accumulation of Kþ ions within the Müller cells
resulting in an increase in osmotic pressure and Müller cell
swelling.10 The Kir4.1 decrease in our studies was coupled

FIGURE 4. Biphasic response of Kir4.1 currents and decrease in
diabetes. (A) Representative current traces of freshly isolated Müller
cells from db/m and db/db mice. (B) Mean amplitude of the inward
potassium currents elicited at�140 mv (db/m, n¼ 15; db/db, n¼ 13).

FIGURE 5. IRS-1 inhibition downregulates Kir4.1 and Bmal1 in Müller cells. The rMC-1 cells were transfected with an IRS-1 siRNA or a scrambled
control siRNA (NC), bar chart showing mRNA levels of (A) IRS-1. (B) Representative Western blot showing a decrease in IRS-1 and phospho-
AktSer473. Bar chart showing a quantification of (C) phospho-AktSer473 and (D) IRS-1. (E) IRS-1 siRNA-transfected rMC-1 cells showing a decrease in
Bmal1 mRNA, (F, G) BMAL1 protein, (H) Kcnj10 mRNA, and (I, J) Kir4.1 protein (n ¼ 4).
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with a downregulation of IRS-1 and BMAL1; previously the IRS-
137 and Bmal38,39 decrease are individually linked in the
pathogenesis of the DR. Taken together our studies highlight
the interplay of IRS-1, Bmal1 and Kir4.1 in Müller cell
dysfunction and which subsequently may lead to the develop-
ment of DR.

Previous studies demonstrate that a change in circadian
timing may lead to short-duration and poor quality of sleep,
triggering obesity and the development of T2D.40 Our study
further highlights timely expression of Kir4.1 is lost in db/db
retinas, the dampened rhythm of Kir4.1 expression was
coupled with a decrease in Kir4.1 channel function as
demonstrated by a decrease in Kir4.1 currents. This may have
potential relevance in the development of DR. Kir.4.1 channels
being the major bidirectional Kþ channels involved in
potassium siphoning by Müller cells.34 Several studies suggest
that the retinal Müller cells buffer extracellular retinal
potassium concentration by siphoning excessive potassium
ions in the vitreous humor.41,42 Thus, vitreous humor serves as
a sink for the excessive potassium ions and alteration of the
diurnal rhythm of Kir4.1 channels might affect this potassium
clearance. Moreover, the potassium activity is vastly suscepti-
ble to the light stimulus43,44; the increase in Kþ levels in inner
and outer plexiform layers occurs shortly after the light stimuli,
while the subretinal increase of Kþ occurs when the lights are
off. Therefore, timely expression of Kir 4.1 channels in Müller
cells is necessary in the uptake of Kþ released by neurons in

response to light and in siphoning these Kþout to the vitreous
and vasculature.45 We speculate that the effects of altered
diurnal rhythm of Kir4.1 channels are multitude the Müller
cells may remain10 consistently swollen throughout the course
of diabetes resulting in an increase in oxidative stress and
arachidonic acid metabolism; decreased light exposure (e.g.,
cataract) may lead to a decrease in potassium clearance in the
vitreous; finally, change in vitreal composition in diabetes46,47

may independently affect the Kþ homeostasis and normal
retinal function, contributing together to the pathogenesis of
DR. Our study certainly paves a way for pursuing these
possible pathogenic mechanisms of DR in future.

The mice used in this study were leptin receptor resistant,
the leptin plays an important role in signaling properties in the
brain for control of energy homeostasis. Due to the mutation in
leptin receptor, the db/db mice exhibit a variety of circadian
rhythm defects such as an alteration of sleep regulation, arousal
and sleep time, which may, in turn, affect energy metabolism.48

We speculate that dysfunctional leptin signaling may also have
a potential role in altered diurnal rhythm of Kir4.1 and IRS-1, in
additional to the diabetic milieu.

One of the striking findings of our study is that Kir4.1 rhythm
is synchronized with signaling mediated by insulin. The IRS-1 is a
critical regulator of insulin signaling in Müller cells.28 The low
amount of IRS-1 and decreased phosphorylation of IRS-1 is
reported in diabetic individuals. The previous study in insulin-
resistant models and humans demonstrate the importance of

FIGURE 6. Restoration of IRS-1 signaling corrects Kir4.1 levels. (A) rMC-1 cells were treated with 10 nM insulin, Western blot showing an increase in
phosphorylation of IRS-1Tyr612, AktSer473, BMAL-1, and Kir4.1. (B) Line chart showing quantification of the respective protein. The retinal explants
from db/m and db/db mice were treated with insulin. (C) Western blot. (D) Bar chart showing an increase in phosphorylation of IRS-1Ser307. (E)
Western blot showing IRS-1Tyr612 phosphorylation after insulin treatment and (F) quantification of phospho-IRS-1Tyr612. (G) Western blot showing a
concurrent increase in BMAL1 and phosphorylation of AktSer473. (H) Bar chart showing a quantification of phospho-AktSer473 and (I) BMAL1. (J)
Western blot showing Kir4.1 protein levels in insulin-treated explants. (K) Bar chart showing the quantification of Kir4.1 (n ¼ 5).
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insulin signaling via the IRS-1/Pi3-K pathway.49 Indeed, disruption
of IRS-1 leads to diabetic ketoacidosis.50,51 The tyrosine
phosphorylation of the IRS provides a binding site for numerous
signaling molecules, including phosphoinositide 3 kinase (PI3K),
which play a major role in insulin function, mainly via the
activation of the Akt/PKB and the PKCf cascades.17 The Akt
activates a variety of downstream targets involved in cell survival,
metabolism, and apoptosis.52 Our studies suggest that IRS-1
blockade inhibits Kir4.1 indirectly via downregulation of IRS1-
Akt-BMAL1 axis. However, there is insufficient infrormation about
the role of BMAL-1 in Kir4.1 regulation, it is likely that BMAL1
directly binds Kcnj10 based on the presence of an E-box in a
promoter region of Kcnj10 and our previous studies demonstrat-
ing that Bmal1 silencing indeed downregulates Kir4.1.24 Further
studies are necessary to substantiate this assertion.

A proinflammatory cytokine tumor necrosis factor alpha
(TNF-a) is known to be elevated in diabetic retina. We
previously reported that the treatment of Müller cells with
TNF-a results in a downregulation of the Kir4.1 channels.
Interestingly, TNF-a is known to activate the suppression of
cytokine signaling pathway (SOCs3) pathway and is involved in
repressing the IRS-1 signaling in Müller cells.20,28 While not
studied in this manuscript, we predict that the inflammatory
milieu of TNF-a may further influence IRS-1-Kir4.1 signaling via
the involvement of the SOCs3 pathway.

Previous reports21 and studies performed in our laboratory
suggest that insulin is necessary for optimum levels of Kir4.1.
This study further reiterates the importance of insulin signaling
in restoring Kir4.1 channels in db/db mice. In conclusion, our
study identified a novel role of IRS-1 in regulating Kir4.1 levels in
retinal Müller cells. By demonstrating BMAL1 as an important
trigger, we further highlighted the critical role of circadian
rhythms in Müller cell dysfunction observed in diabetes.
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